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Abstract—Key problems of high-latitude environmental dynamics are discussed 
including present-day and paleo environmental changes. We review a range of 
international and national programs aimed at informing of knowledge and understanding 
of these changes through further development of observation systems, multivariate 
multidisciplinary analysis, and numerical simulation modeling approaches.

Key-words: global change, global climate change, Arctic system, Arctic ocean, 
thermohaline circulation, sea ice extent, permafrost, stratospheric ozone, 
Arctic shelf, paleoclimate, atmospheric pollution, Arctic haze, extended 
cloudiness, Siberian rivers, ice sheets.

1. Introduction

Recent growing attention to the Arctic environmental problems is motivated by 
a number of circumstances, including (Arctic Climate System Assessment 
(ACIA), 2000; Arctic Science..., 1999; CAFF..., 2001; Everett and Fitzharris, 
2001; Johannessen et al., 2000; Kalabin, 2000; Kondratyev et al., 1996; 
Rapley, 1999; Toward an Arctic..., 1998; Toward Prediction..., 1998; 
Vörösmarty et al., 2001; Wadhams et al., 1997; Weller and Lange, 1999; 
White et al., 2000; Yudakhine, 2000; Zakharov and Malinin, 2000): a stronger 
sensitivity of high latitude environment to various external forcings; increasing 
understanding of the importance of numerous interactions and feedbacks 
between components of the Earth’s system; growing necessity to use natural 
resources located at high latitudes (Arctic shelf especially). It is fair to say
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('Vörösmarty et al., 2001), that “the Arctic system constitutes a unique and 
important environment with a central role in the dynamics and evolution of the 
earth system”.

Some of the recent scientific results have been pointed out in the ACIA 
Implementation Plan (2000):

There has been increased coastal erosion in the Bering Sea from storm 
surges resulting from reduced sea ice.

-  Sea ice extent in the Arctic has decreased Arctic-wide by 0.35% per year 
since 1979. During summer of 1998, record reduction of sea ice coverage 
was observed in the Beaufort and Chukchi Seas.

-  Sea ice thickness has also been reduced by between 1-2 meters in many 
parts of the Arctic Ocean and the sub-Arctic seas.

-  Streamflow discharge of major Siberian rivers into the Arctic Ocean has 
increased in recent years and is associated with a warmer climate and 
enhanced precipitation in the river basins.

-  Since 1970, the Arctic Oscillation, which is a measure of the strength of 
the circumpolar vortex, has strengthened. This has been found to be 
consistent with temperature and sea ice coverage changes in the Arctic.

-  There has been an increased warming of the Arctic Ocean’s Atlantic layer 
and an approximate 20% greater coverage of Atlantic water types.

-  Record low levels of ozone were measured in 2000 in the Arctic with 
increasing evidence that these levels are likely to continue for at least the 
next 20 years.

-  Ongoing studies indicate that the current UV levels can have a significant 
effect of fish larvae survival rates.
General warming of soils in regions with permafrost, derived primarily 
from Alaskan data, has been observed over recent year.
It has been emphasized in ACIA (2000), that past assessments indicated that 

the Arctic is important to global-scale processes in at least four important ways:

-  Thermohaline circulation dominated by the Arctic Ocean and Nordic Seas 
is responsible for a considerable part of the Earth’s poleward heat 
transport, and may also serve as a sink as well as a source for C 02. 
Alterations of this circulation, as have been observed during climatic 
changes of the past, can affect global climate and in particular the climate 
of Europe and North America.

-  Melting of the Arctic land ice sheets can cause sea level rise around the 
world. A compilation of studies suggests that a global warming of 1°C 
will lead to ~  1 mm per year of sea-level rise from small ice caps and
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glaciers. The Arctic will supply over half of this total, with an additional 
0.3-0.4 mm per year contributed from Greenland although uncertainties 
remain about the mass balance of the Greenland ice sheet.

-  Arctic soils can act as either sinks or sources of greenhouse gases 
depending on temperature and moisture changes within the Arctic. 
Moisture has opposing effects on the concentrations of the two major 
trace gases: CH flux declines with soil drying, while C 02 flux initially 
increases. These changes can influence greenhouse gas warming globally.

-  Our current understanding of the Arctic climate system suggests that 
positive feedbacks in high-latitude systems, including the snow and ice 
albedo effect, amplify anthropogenically-induced atmospheric changes, 
and that disturbances in the circumpolar Arctic climate may substantially 
influence global climate.

In the context of the health of the Arctic marine environment, from the 
viewpoint of proper functioning of economically important ecosystems, D. 
Drewry and O. Orheim (Arctic Science..., 1999) have formulated a number of 
key questions:

-  How was the polar basin formed, where are the plate boundaries?
-  What has been the detailed paleo-climatic history of the high Arctic Ocean 

during the last 1 million years?
-  Do decreases in ice extent and upper stratification of the ocean signal a 

different sea ice regime?
-  What is the stability of the sea ice cover, what are the effects of radiative 

feedback in the Arctic, and how do they modulate global ocean 
circulation?

-  What is the role of continental shelves in the cycling of C, N, Si, and 
other chemicals?

-  What is the productivity of the Arctic Ocean, and what is the structure 
and diversity of higher trophic levels?

-  What are the effects of environmental change, both of climate and of 
pollutants and contaminants such as the introduction of POPs (persistent 
organic pollutants) into the food chain?

High-latitude climate dynamics is of particular interest. According to 
Weller and Lange (1999), “While considerable uncertainty still exists about the 
exact nature of the future impacts of global climate change, there can no 
longer be any doubt that major changes in the climate have occurred in recent 
decades in the Arctic, with visible and measurable impacts following the



climatic changes. Greater impacts are likely in the future and while some of 
them will be positive, others will be detrimental to human activities” .

Recent analysis of ice cores from the Arctic (Everett and Fitzharris, 2001) 
has revealed large-scale and rapid paleo-climate changes. Rapid warming took 
place ~  11,500 years ago, at the end of the last glacial period. The coldest parts 
of ice cores had been as much as 21°C colder than the present temperature in 
Central Greenland; and the temperatures increased by more than 10°C in a few 
decades. There is evidence of even more rapid change in the precipitation 
pattern, rapid reorganizations of atmospheric circulation, and periods of rapid 
warming during the previous 20,000 years. Rapid warmings of ~ 10°C in a few 
decades during the last glacial period in Central Greenland had been followed 
by periods of slower cooling over a few centuries, and then a generally rapid 
return to glacial conditions. About 20 such intervals, each lasting between 500 
and 2,000 years, occurred during the last glacial period.

It has been emphasized (Everett and Fitzharris, 2001), that the polar 
systems are extremely sensitive to the variability of temperature, and several 
aspects of these systems will be affected by any further climate change. 
Primary impacts will be on the physical environment, including ice, 
permafrost, and hydrology; on biota and ecosystems, including fisheries and 
terrestrial systems; and on human activities, including social and economic 
impacts on settlements, resource extraction and transportation, and existing 
infrastructure. Scenario predictions of potential future global warming indicate 
a necessity to particularly take into account various phenomena, such as 
thermocarst erosion in lowland areas, thawing of permafrost accompanied by 
hydrological and climatic changes. Climate change will affect terrestrial 
ecological systems through changes in permafrost as well as direct climatic 
changes, including changes in precipitation, snow cover, and temperature. 
Terrestrial ecosystems are likely to change from tundra to boreal forests, 
although vegetative changes are likely to lag behind climatic change. Major 
shifts in biomass will be associated with changes in microbiological (bacteria, 
algae, etc.) and insect communities (some of them may diminish while others 
prosper).

It has been pointed out (Everett and Fitzharris, 2001), that in the recent 
geologic past, tundra was a carbon sink, but recent climatic warming in the 
Arctic, coupled with the concomitant drying of the active layer and lowering of 
the water table, has shifted areas of the Arctic from sinks to sources of C 02 
(this problem is, however, far from being solved). An important potential 
consequence of permafrost thawing is emission of methane -  a greenhouse gas. 
Changes in an other greenhouse gas, the tropospheric ozone, might happen due 
to warming of the troposphere (Kondratyev and Varotsos, 2000).
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An interesting illustration of potential future surprises due to interactions 
and feedbacks has been discussed by Stevenson et al. (2000), who obtained 
future estimates of tropospheric ozone radiative forcing and methane turnover 
in the context of the impact of climate change. (It should be pointed out, that 
studies of the contribution of tropospheric ozone, 0 3T, as a greenhouse gas, as 
well as assessments of potential impact of global warming on permafrost 
melting and methane emissions are still at the preliminary stage of 
development.) Interactive simulations of climate dynamics and 0 3T changes 
during the time period 1990-2100 for scenarios of “high” (A2) or “central” 
(B2) cases of CO, emissions resulted in tropospheric ozone radiative forcing 
(RF) equal to +0.27(A2) or +0.09(B2) W/m2. If climate-ozone coupling was 
neglected, relevant RF values would be equal to +0.43 ( + 0.22) W/m2. When 
climate change was included, CH4 lifetime fell by 0-5%. Hence, climate 
warming exerts a negative feedback on itself by enhancing 0 3T and CH4 
destruction.

Three principal achievements have stimulated recent progress in studying 
the Arctic environment (Dickson, 1999): (1) further development of 
observation programs with the use of various observation means (including 
satellites and submarines); (2) declassification of the military Soviet-American 
archive of ocean “climatology” data; (3) discovery of the fact that the climatic 
forcing in the region of Arctic and northern seas in the 1990s has increased in 
comparison with that observed during the previous century (similar situation 
also took place with respect to climate dynamics indicators (such as Arctic 
Oscillation (AO) and North Atlantic Oscillation (NAO)).

Overland and Adams (2001) have pointed out that “decadal differences 
between the 1990s and 1980s in winter (JFM) sea-level pressure and 300 hPa 
zonal winds have an Arctic-centered character with nearly equal contributions 
from the Atlantic and Pacific sectors. In contrast, the differences between 
positive and negative AO composites defined from monthly values of Principal 
Components from the same period have similar magnitudes in the Pacific and 
Arctic, but have additional large NAO signature in the Atlantic sector. Thus 
Arctic changes of decadal scales are more symmetric with the pole than 
suggested by the standard AO index definition. Change point analysis of the 
AO shows that a shift in value near 1989 is an alternative hypothesis to a linear 
trend. Analysis of zonal and meridional winds by longitudinal sectors shows 
the importance of the standing wave pattern in interpreting the AO, which 
supplements the view of the AO as a simple zonal average (annular) mode”. 
Thus, the Arctic Oscillation should be considered as a physical phenomenon 
connected with the enhancement of circumpolar vortex and relevant mass and 
temperature changes in the troposphere and stratosphere.
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By the end of the 1980s -  beginning of the 1990s, a very strong NAO 
enhancement resulted in powerful transport of warmer and fresher Norwegian 
Atlantic waters to the north of the Fram Strait and the Barents Sea. Entering 
the Arctic, the sub-layer of Atlantic waters was becoming thinner, warming 
(by about 2°C) and increasing its horizontal extent (~20% ). At smaller depths, 
the cold haloclyne (which thermally isolates the sea ice cover from the warm 
Atlantic layer located below) shifted towards the euroasiatic basin, which 
resulted in substantial changes of mass and energy balances of the ice cover 
surface. This and other phenomena have been studied within a number of 
recent programs (Aagard et al., 1998; Allison et al., 2001; Arctic Science..., 
2000; Barry, 1998; Climate Change..., 2001; Toward an Arctic..., 1998; 
Toward Predictiion..., 1998; Wadhams et al., 1997). Climatic impact of 
polynyas is of particular interest (Holland, 2001; Lemke, 2001).

Alekseev (1998) has emphasized that the Arctic is in many respects a key 
part of the global climatic system, where the strongest natural fluctuations of 
climatic characteristics develop. The global impact of the Arctic is primarily 
accomplished through the Arctic Ocean, which is capable of changing the 
structure of its circulation regime under the influence of changes in fresh 
water, salt, and heat exchange with the non-polar parts of the global system. 
The freshened upper layer and sea ice located above it turn out to be most 
active components, with fresh water, heat, and salt transport being the major 
processes responsible for coupling between the high-latitude environment and 
its lower-latitude parts.

Specific features of the arctic atmosphere, such as phenomena of arctic 
haze as well as extended cloudiness and radiation, have been studied during the 
period of the First GARP (Global Atmospheric Research Programme) Global 
Experiment -  FGGE {Kondratyev et a l., 1992; Kondratyev, 1999).

Important progress has been achieved in the field of arctic climate 
diagnostics (.Adamenko and Kondratyev, 1999; Nagurny and Maistrova, 2002). 
Basic features of arctic climate dynamics have been demonstrated, such as 
strong space and time variability of various scales. Nagurny and Maistrova 
(2002) have shown, for instance, that as far as interannual lower troposphere 
temperature variations are concerned, before the 1980s negative anomalies had 
prevailed, while later on, for the whole troposphere, positive temperature 
anomalies were typical. Total polar atmosphere energy (potential plus internal) 
during the previous 40 years has not changed, however.

A much more difficult situation exists in the field of numerical modeling 
of high-latitude climate change. It has been mentioned in the Report... (2001), 
that current estimates of future changes to the Arctic vary significantly. The 
model results disagree as to both the magnitude of changes and regional 
aspects of these changes.
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2. Climate and cryosphere

An important step forward in studying the Arctic environment is the Climate 
and Cryosphere (CliC) Project (Allison et al., 2001). The term “cryosphere” 
describes those portions of the earth’s surface, where water is in solid form. 
This includes all kinds of ice, snow, and frozen ground such as permafrost. 
The cryosphere is an important part of the global climate system. It is strongly 
influenced by temperature, solar radiation, and precipitation, and, in turn, 
influences each of these properties. It also has an effect on the exchange of 
heat and moisture between the Earth’s surface (land or sea) and the 
atmosphere, clouds, river flow (hydrology), and atmospheric and oceanic 
circulation. Parts of the cryosphere are strongly influenced by changes in 
climate. The cryosphere may therefore act as an early indicator of both natural 
and human-induced climate changes.

As a core project of the World Climate Research Programme, the 
“Climate and Cryosphere” (CliC) project encourages and promotes research 
into the cryosphere and its interactions as part of the global climate system. It 
seeks to focus attention on the most important issues, encourage 
communication between researchers with common interests in cryospheric and 
climate science, promote international co-operation, and highlight the 
importance of this field of science to policy makers, funding agencies, and the 
general public. CliC also publicizes significant findings regarding the role of 
the cryosphere in climate, and recommends directions for future study.

CliC aims to improve understanding of the cryosphere and its interactions 
with the global climate system, and to enhance the ability to use parts of the 
cryosphere for detection of climate change. To attain scientific goals, CliC 
seeks to develop and coordinate national and international activities aimed at 
increasing the understanding of four main scientific themes:

Interactions between the atmosphere and snow and ice on the land surface. 
-  Interactions between glaciers and ice sheets and sea level.

Interactions between sea ice, oceans, and the atmosphere.
Interactions of the cryosphere with the atmosphere and oceans on a global 
scale.
CliC encourages the use of observations, process studies, and numerical 

modeling within each of the above topic areas. In addition, CliC promotes the 
establishment of new cryospheric monitoring programs.

The cryosphere is also considered as an indicator of climate variability 
and change. It has been pointed out in (Allison et al., 2001):

“Atmosphere-snow/ice-land interactions are concerned with the role of the 
terrestrial cryosphere within the climate system and with improved 
understanding of the processes, and of observational and predictive capabilities
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applicable over a range of time and space scales. Better understanding of the 
interactions and feedback of the land/cryosphere system and their adequate 
parameterization within climate and hydrological models are still needed. 
Specific issues include the interactions and feedback of terrestrial snow and ice 
in the current climate and their variability; in land surface processes; and in 
the hydrological cycle. Improved knowledge is required of the amount, 
distribution, and variability of solid precipitation on a regional and global 
scale, and its response to a changing climate. Seasonally-frozen ground and 
permafrost modulate water and energy fluxes, and the exchange of carbon, 
between the land and the atmosphere. How do changes of the seasonal thaw 
depth alter the land-atmosphere interaction, and what will be the response and 
feedback of permafrost to changes in the climate system? These issues require 
improved understanding of the processes and improved observational and 
modeling capabilities that describe the terrestrial cryosphere in the entire 
coupled atmosphere-land-ice-ocean climate system.

Over a considerable fraction of the high-latitude global ocean, sea ice 
forms a boundary between the atmosphere and the ocean, and considerably 
influences their interaction. The details and consequences of the role of sea ice 
in the global climate system are still poorly known. Improved knowledge is 
needed of the broad-scale time-varying distributions of the physical character­
istics of sea ice, particularly ice thickness and the overlying snow-cover 
thickness, in both hemispheres, and the dominant processes of ice formation, 
modification, decay, and transport which influence and determine ice 
thickness, composition, and distribution. We do not know how accurate 
present model predictions of the sea ice responses to climate change are, since 
the representation of much of the physics is incomplete in many models, and it 
will be necessary to improve coupled models considerably to provide this 
predictive capability.

Key issues on the global scale are: understanding the direct interactions 
between the cryosphere and atmosphere, correctly parameterizing the 
processes involved in models, and providing improved data sets to support 
these activities. In particular, improved interactive modeling of the 
atmosphere-cryosphere surface energy budget and surface hydrology, 
including fresh-water runoff, is required.

The scientific strategy for a CliC project is similar in each of the areas of 
interaction: a combination of measurement, observation, monitoring, and 
analysis, field process studies and modeling at a range of time and space 
scales. A CliC modeling strategy must address improved parameterization in 
models of the direct interactions between all components of the cryosphere, 
atmosphere, and ocean. It will need to do this at a variety of scales from the 
regional to global; and with a hierarchy of models ranging from those of



individual processes to fully coupled climate models. It will also be essential to 
provide the improved data sets needed for validation of models and 
parameterization schemes.”

Data presented in Table 1 characterize major components of the cryosphere 
(Allison et al., 2001). It has been mentioned (Allison et al., 2001), that the 
processes operating in the coupled cryosphere-climate system involve three time 
scales -  intraseasonal-interannual, decadal-centennial, and millennial or longer. 
The longest time scale is addressed through the IGBP PAGES program, although 
abrupt climate shifts evidenced in ice core and ocean sediment records (Heinrich 
events, involving extensive deposition of ice-rafted detritus in the North Atlantic) 
are also highly relevant to CliC. The other two time scales are commensurate 
with WCRP interests, as it is manifest in ACSYS, GEWEX, and CLIVAR. In the 
space domain, cryospheric processes and phenomena need to be investigated 
over a wide range of scales from meters to thousands of kilometers.

Table 1. Areal and volumetric extent of major components of the cryosphere

Component Area (106 km2) Ice volume (106 km3) Sea level
equivalent (m) (a)

LAND SNOW COVER (b)
Northern Hemisphere 
Late January

46.5 0.002

Late August 3.9
Southern Hemisphere 
Late July

0.85

Early May 0.07
SEA ICE
Northern Hemisphere 
Late March

14.0 (c) 0.05

Early September 6.0 (c) 0.02
Southern Hemisphere 
Late September

15.0 (d) 0.02

Late February 2.0 (d) 0.002
PERMAFROST (underlying the exposed land surface, excluding Antarctica and Southern 
Hemisphere high mountains)
Continuous (e) 10.69 0.0097-0.0250 0.024-0.063
Discontinuous and 
Sporadic

12.10 0.0017-0.0115 0.004-0.028

CONTINENTAL ICE AND ICE SHELVES
East Antarctica (f) 10.1 22.7 56.8
West Antarctica and 
Antarctic Peninsula (f)

2.3 3.0 7.5

Greenland 1.8 2.6 6.6
Small ice caps and 
Mountain glaciers

0.68 0.18 0.5

Ice shelves (f) 1.5 0.66 -
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(a) Sea level equivalent does not equate directly with potential sea-level rise, as a 
correction is required for the volume of the Antarctic and Greenland ice 
sheets that are presently below  sea level. 400,000 km3 of ice is equivalent to 
1 m of global sea level.

(b) Snow cover includes that on land ice, but excludes snow-covered sea ice.

(c) Actual ice areas, excluding open water. Ice extent ranges between approximately 
7.0 and 15.4 x 106 km2.

(d) Actual ice area excluding open water. Ice extent ranges between 
approximately 3.8 and 18.8 x 106 km2. Southern Hemisphere sea ice is mostly 
seasonal and generally m uch thinner than Arctic sea ice.

(e) Data calculated using the Digital Circum-Arctic Map of Permafrost and Ground- 
Ice Conditions, and the GLOBE-1 km Elevation Data Set.

(f) Ice sheet data include only grounded ice. Floating ice shelves, which do not 
affect sea level, are considered separately.

2.1 Cryosphere dynamics

Studying the cryosphere dynamics has a great importance for many 
applications. Data of Table 2 illustrate some of the applications {Allison et al., 
2001).

Four overarching goals, that address major concerns for the WCRP, can 
be identified {Allison et al., 2001). These are:

• To improve understanding of the physical processes and feedbacks 
through which the cryosphere interacts within the climate system.

• To improve the representation of cryospheric processes in models to 
reduce uncertainties in simulations of climate and predictions of climate 
change.

• To assess and quantify the impacts of past and future climatic variability 
and change on components of the cryosphere and their consequences, 
particularly for global energy and water budgets, frozen ground 
conditions, sea level change, and the maintenance of polar sea-ice 
covers.

• To enhance the observation and monitoring of the cryosphere in support 
of process studies, model evaluation, and change detection.
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Table 2. Examples of socio-economic sectors affected by changes in the cryosphere

SOCIO-ECONOMIC COMPONENT CRYOSPHERE FACTOR

A. Direct effects
Loss of coastal land and population 
displacement:

• Land ice melt contribution to sea 
level

Transportation
• Shipping • Iceberg hazard; sea-ice extent, 

thickness
• Barge traffic • Fresh-water ice season
• Tundra roads • Fresh-water ice thaw; frozen 

ground thaw
• Road/rail traffic • Freeze events; snowfall

Water Resources
• Consumption
• Irrigation • Snow/glacier melt runoff
• Hydropower • Glacier melt runoff
• Agriculture • Moisture recharge extremes

Hydrocarbon and mineral resource development • Icebergs and sea ice; frozen ground 
duration and thickness

Wildlife population • Snow cover; frozen ground and sea 
ice

Recreation/safety • Snow cover; avalanches
B. Indirect effects

Enhanced greenhouse effect • Thaw of clathrates
Traditional lifestyles (Arctic, sub-arctic and high 
mountains)

• Changes in sea ice and fresh-water 
ice, snow cover, and frozen ground

Tourism/local economies • Loss of glaciers; shorter snow season
Insurance sector • Changes in risk factor

Specific questions that help define the primary tasks of CliC are:

• How stable is the global cryosphere?
-  How well do we understand and model the key processes involved in 

each cryospheric component of the climate system?
-  How do we best determine the rates of change in the cryospheric 

components?

• What is the contribution of glaciers, ice caps, and ice sheets to changes in 
global sea level on decadal-to-century time scales?
-  How can we reduce the current uncertainties in these estimates?

• What changes in frozen ground regimes can be anticipated on decadal-to- 
century time scales that would have major socio-economic consequences, 
either directly or through feedback on the climate system?
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• What will be the annual magnitudes, rates of change, and patterns of 
seasonal redistribution in water supplies from snow- and ice-fed rivers 
under climate changes?

• What will be the nature of changes in sea-ice mass balance in both polar 
regions in response to climate change?

• What is the likelihood of abrupt climate changes resulting from regime 
changes in ice shelf -  ocean and sea ice -  ocean interactions that impact 
the ocean thermohaline circulation?

• How do we monitor cryospheric components as indicators of change in 
the climate system?

Monitoring cryosphere dynamics is a key aspect of high-latitude 
environmental studies (Kondratyev et al., 1996; Kondratyev and Cracknell, 
1998), especially because of rather controversial information concerning ice 
cover dynamics. It is true, for instance, for ice thickness observations. 
Holloway and Sou (2001) have pointed out that “while submarine records had 
indicated a stunningly rapid thinning, model results show that the position of 
submarine observations was exceptionally biased towards regions of thinning. 
A conclusion is that observations to date, along as with much physics as 
models represent, imply little or no overall thinning”.

2.2 Arctic environmental pollution

The Arctic region exploration strategy in a broad context of biospheric 
studies has been discussed in details by Matishov (1998, 2000) as well as 
Matishov and Matishov (2001), where a necessity of an ecosystem approach 
in studying land and marine biota, as well as conditions of socio-economic 
development in high-latitude regions have been particularly emphasized. 
Aibulatov (2000) and Matishov and Matishov (2001) have discussed general 
problems of high-latitude environmental dynamics with special emphasis on 
radioactive pollution as an echo of the cold war. Aibulatov (2000) has 
analyzed principal sources of artificial radioisotopes in the Russian Arctic 
seas such as atomic explosions on Novaya Zemlya, the global radionuclide 
background as a result of the overall nuclear tests conducted on the planet, 
Russian chemical and mining plants, Chernobyl accident, West-European 
radiochemical plants, solid and liquid radioactive waste dumping in the 
Barents and Kara Seas, the Northern Military Marine and its bases, atomic 
submarine construction and maintenance facilities, and Atomflot (atomic 
fleet) of the Murmansk Shipping Company.
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Studying of the distribution of 137Cs, 90Sr, and 239-240pu in the water masses 
of the North, Norwegian, Barents, Kara, White, and Laptev Seas has resulted 
in the following conclusions (Aibulatov, 2000):

• The general level of radioactive contamination of the waters of Arctic 
seas, except for several local areas, is characterized at the present time by 
little difference in comparison with background level ( ~  6 Bq/kg).

• The radioactive pollution of the waters of the North and Norwegian Seas 
is entirely due to the emissions from radiochemical plants located in 
Western Europe.

• The contamination of waters of the Barents, White, Kara, and Laptev 
Seas is due to both local (Russian) sources and West-European plants.

• The field observations in the Kara Sea in 1992-1995 have resulted in the 
conclusion, that there have been no substantial radioactive emissions from 
the burial sites in the area.

• The contribution of the Ob and Yenisei river runoff to the overall 
radioactive transport is not significant at the present time, except cases of 
extremely heavy floods which happen very rarely.

• Compared to open waters of the Arctic Ocean, shelf seas of the Russian 
Arctic are more heavily contaminated.

Aibulatov (2000) has pointed out that judging from the 137Cs-distribution 
patterns in the Kara Sea, it becomes evident that the Yenisei and Ob rivers 
(less evident, however, in the latter case) should be considered as transport 
channels for inputs of technogenic radionuclides to the Arctic Ocean waters. 
There are radioactive sources in the ocean as well. The 137Cs activity level 
reached its maximum in 1984 and was equal to 245 Bq/kg in open sea; during 
the 1990s (1993) this level was found to be equal to 100 Bq/kg in the Yenisei 
estuary.

Arctic fjords have been classified into categories of comparatively clean, 
contaminated, heavily contaminated, and potentially contaminated. Contami­
nated areas include, for instance, Kola Gulf and, probably, all the fjords of the 
northern Kola Peninsula, west of Murmansk. The content of radionuclides in 
phytobenthos, in the coastal zone east of Murmansk, is low. Evidently, there 
has not been recently any serious radionuclide penetration into this area. A 
rather low gamma-nuclide level (1-3 Bq/kg) is typical for the zoobenthos of 
the Barents Sea. This is also true for the Kara Sea.

Impact of all the sources of radioactivity in the zone of the Arctic coast on 
the local population has not been assessed reliably enough. It was particularly 
difficult to separately identify natural and anthropogenic components of such
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an impact. Aibulatov (2000) has discussed future research on the Russian 
Arctic radioactive pollution, including:

• Development of a coordinated Russian Arctic Sea Radioactivity 
Ecological Monitoring Programme.

• Assessments of impacts of different radioactive sources on the 
contamination of the Arctic marine environment including water basins, 
land, and atmosphere.

• Studies of detailed space and time variability of various long-lived 
technogenic radionuclides in bottom sediments.

• A detailed examination of all Novaya Zemlya fjords in connection with 
dumping radioactive waste.

• Research of the impact of radioactive pollution on the Arctic marine 
ecosystem dynamics.

• Studying medical aspects of environmental pollution in the Arctic.

2.3 High-latitude ecodynamics

The fundamental study of radioactivity of the Arctic and sub-Arctic marine 
ecosystems has been undertaken by Matishov and Matishov (2001), which 
resulted in the substantiation of a new branch of science -  radiational 
ecological oceanology. Investigations have been conducted of the level of 
artificial radionuclide concentration in both environment and biota of the bays 
and inlets (the Kola, the Chernaya, the West Litsa), where radioactively 
dangerous objects are located. In this context, a classification has been 
suggested for coastal areas (bays, gulfs, fjords) in accordance with 
contamination levels for bottom sediments. Important role of a biofilter of 
pelagic zone and coastal zone has been discovered during the processes of self­
purification of water reservoirs and transport of radionuclides from water to 
bottom sediments. For the first time, the levels of 137Cs, ^Sr, 239 240pu 
concentrations for different types and populations of sea organisms were 
measured. Migrations of radioisotopes along the trophic chains (from 
macrophytes and plankton to zoobenthos, fish, birds, seals, and whales) were 
studied as well. The assessments of comparative contributions of global, 
regional, and local sources of radioactive environmental contamination during 
the time-period from nuclear tests till recent time have been analyzed and used 
as a source of information for environmental predictions. An important 
optimistic conclusion concerning consequences of potential accidents is that for 
all prescribed scenarios of radioactive emissions, it is highly improbable that 
large-scale contamination of the Arctic Ocean will take place with ruinous
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impacts on marine bioresources. High biological assimilation capacity in 
combination with specific features of hydrodynamic and other processes is 
supposed to serve as a barrier against dangerous pollution of the Arctic Ocean.

Kalabin (2000) has accomplished a study of the environmental dynamics 
and industrial potential of the Murmansk region, the most urbanized and 
industrially developed trans-polar region of the planet. Under these conditions, 
specific features of environmental dynamics result in the enhancement of 
anthropogenic impacts. In this context, Kalabin (2000) has analyzed critical 
environmental loads for some of the northern ecosystems, and emphasized a 
necessity to investigate their assimilation (buffer) capacity as a principal aspect 
of sustainably functioning natural systems. The solution of regional problems 
of sustainable development requires a careful analysis of the interaction 
between ecodynamics and socio-economic development.

3. Scientific field programs

The progress achieved in studying the Arctic environment variability is due to 
the accomplishment of a number of international research programs. The 
Arctic Climate System Study (ACSYS) project is of particular importance, 
developed in 1991 as the WCRP initiative, and a practicable program for the 
next decade to assess the role of the Arctic in global climate (Arctic Climate..., 
1994; Kondratyev et al., 1996). Five areas are emphasized: ocean circulation; 
sea ice climatology; Arctic atmosphere; hydrological cycle; and modeling. The 
scientific goals of ACSYS, which started its main observational phase in 
January 1994 and will continue for a ten-year period, includes the three main 
objectives (Arctic Climate..., 1994):

• understanding the interaction between the Arctic Ocean circulation, ice 
cover, and hydrological cycle;

• initiating long-term climate research and monitoring programs for the 
Arctic;

• providing a scientific basis for an accurate representation of Arctic 
processes in global climate models.

The Arctic Ocean Circulation Programme of ACSYS consists of four 
components:

• the Arctic Ocean Hydrographic Survey to collect a high-quality 
hydrographic data-base representative of the Arctic Ocean;

• the Arctic Ocean Shelf Studies, which are aimed at understanding how the 
shelf processes partition salt- and fresh-water components; at defining the
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dynamics and thermodynamics of the shelf waters as well as other 
processes;

• the Arctic Ocean Variability Project designed to assess the variability of 
the circulation and density structure of the Arctic Ocean;

• the Historical Arctic Ocean Climate Database Project aimed to establish a 
universally available digital hydrographic database for the Arctic Ocean 
for analysis of climate-related processes and variability, and to provide a 
data set suitable for initialization and verification of arctic climate and 
circulation models.

The ACSYS sea ice program includes three main components:
• establishing an Arctic basin-wide sea ice climatology database;
• monitoring the export of sea ice through the Fram Strait;
• arctic sea ice processes studies.
One of the main tasks of the ACSYS arctic sea ice program is to establish 

a climatology of ice thickness and ice velocity. Such data will be supplied by 
the WCRP Arctic Ice Thickness Project, the International Arctic Buoy 
Programme, sonar profiling from naval submarines and unmanned vehicles, 
airborne oceanographic lidars, and polar satellites carrying appropriate 
instruments.

The arctic atmosphere provides the dynamic and thermodynamic forcing 
of the Arctic Ocean circulation and sea ice. Key directions of research include 
problems such as cloud-radiation interaction, air-sea interaction in the presence of 
ice cover (impacts of polynyas and leads are of special interest), arctic haze, etc.

Primary ACSYS efforts within the project of the Hydrological Cycle in 
the arctic region are aimed at:

• documentation and intercomparison of solid precipitation measurement 
procedures used in high latitudes and

• development of methodologies for determining areal (regional) 
distributions of precipitation from station data.

There are two relevant data-archiving efforts: Arctic Precipitation Data 
Archive (APDA) and Arctic Run-off Data Base (ARDB).

The principal purpose of the ACSYS modeling program is simulations of 
climate variations in polar regions, which arise from the interaction between 
atmosphere, sea ice, and ocean.

Apart from the ACSYS project described above, a number of new 
research programs have been developed, such as the Study of Environmental 
Arctic Change (SEARCH), which is an interdisciplinary, multi-scale program 
dedicated to understanding the complex interrelated changes that have been 
observed in the Arctic environment in the past few decades (SEARCH..., 2000,
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2001). SEARCH is envisioned as a long-term effort of observations, modeling, 
process studies, and applications with emphasis on five major thematic areas:

• human society;
• marine/terrestrial biosphere;
• atmosphere and cryosphere;
• ocean, and
• integrated projects/models/assessment.
The Arctic System Science (ARCSS) Programme (Toward Prediction..., 

1998) is an interdisciplinary program with the principal goals to (1) understand 
the physical, geological, chemical, biological, and sociocultural processes of 
the arctic system that interact with the total Earth’s system, and thus contribute 
to or are influenced by global change, in order to (2) advance the scientific 
basis for predicting environmental change on a seasonal-to-centuries time 
scale, and for formulating policy options in response to the anticipated impacts 
of global change on humans and societal support systems. The following four 
scientific thrusts include central aims of ARCSS:

• to understand the global and regional impacts of the arctic climate 
system and its variability;

• to determine the role of the Arctic in global biogeochemical cycling;
• to identify global change impacts on the structure and stability of arctic 

ecosystems;
• to establish the links between environmental change and human 

activity.

ARCSS has four linked ongoing components: Ocean/Atmosphere/Ice 
Interactions (OAII); Land/Atmosphere/Ice Interactions (LAII); Paleoenviron- 
mental Studies (including GISP2, Greenland Ice Sheet Project Two, and 
PALE, Paleoclimates of Arctic Lakes and Estuaries); Synthesis, Integration, 
and Modeling Studies (SIMS), and Human Dimensions of the Arctic System 
(HARC). K. Aagard (Toward an Arctic..., 1998) discussed basic problems 
with a multidisciplinary look at the Arctic Ocean, including: physical and 
chemical studies; biological studies; contaminant studies; measurements of the 
properties, and variability of the ice cover and surface radiation budget; studies 
of atmospheric chemistry; geological observations.

LAII research has three main goals {Witness..., 1994):
• to estimate important fluxes in the region, including the amount of carbon

dioxide, and methane reaching the atmosphere, the amount of river water
reaching the Arctic Ocean, and the radiative flux back to the atmosphere;

• to predict how possible changes in the arctic energy balance, temperature,
and precipitation will lead to feedback affecting large areas; this
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incorporates changes in water budget, duration of snow cover, extent of 
permafrost, and soil warming, wetting, and drying; and

• to predict how the land and fresh-water biotic communities of the Arctic 
will change, and how this change will affect future ecosystem structure 
and function.

A major LAII research project is the Flux Study; its principal purpose is a 
regional estimate of the present and future movement of materials between the 
land, atmosphere, and ocean in the Kuparuk river basin in northern Alaska.

Three of the nineteen LAII projects are part of the International Tundra 
Experiment (ITEX), which looks at the response of plant communities to 
climate change. Three others are concerned with atmosphere processes, 
including weather patterns affecting snowmelt, arctic-wide temperature trends, 
and water vapor over the Arctic, and its relationship to the atmospheric 
circulation and surface conditions. One project deals with response of large 
birds to climate and sea-level change at river deltas, and one studies the 
balance and recent volume changes of McCall Glacier in the Brooks Range.

Synthesis, integration, and modeling studies are intended to discover 
linkages and strengthen system-level understanding. Research on the past and 
contemporary relationship of humans to global climate change is thought to be 
critical to understanding the consequences of global change in the Arctic.

There are a number of ARCSS data projects, including: LAII Flux Study 
Alaska North Slope data sampler CD-ROM; OAII Northeast Water (NEW) 
polynya project CD-ROM; Arctic solar and terrestrial radiation CD-ROM, etc.

The list of the OAII components includes the joint US/Japan cruise, the 
Western Arctic Mooring project, and the Northeast Water Polynya project. 
Among other OAII projects, the most notable are the US/Canada Arctic Ocean 
Section and the Surface Heat Budget of the Arctic Ocean (SHEBA) projects.

An outstanding effort has been accomplished in 1994 within the 
Canada/US 1994 Arctic Ocean Section, when two icebreakers entered the ice 
in the northern Chukchi Sea on July 26, 1994, reached the North Pole on 
August 22, and left the ice northwest of Spitsbergen on August 30, thereby 
completing the first crossing of the Arctic Ocean by surface vessels. This 
voyage will greatly alter our understanding of biological productivity, the food 
web, ocean circulation and thermal structure, and the role of clouds in the 
summer radiation balance, as well as the extent of contamination and spreading 
pathways (especially related to radionuclides and chlorinated organics), and the 
extent and effects of sediment transport by sea ice (Witness..., 1994).

In connection with the SHEBA project, the US Department of Energy’s 
Atmosphere Radiation Measurement (ARM) program indicated its intention to 
develop a Cloud and Radiation Testbed (CART) facility on the North Slope of
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Alaska. The principal focus of this program will be on atmospheric radiative 
transport, especially as modified by clouds (which impacts the growth and 
decay of sea ice), as well as testing, validation, and comparison of radiation 
transfer models in both ice pack and arctic coastal environment.

A special place is occupied by the Russian-American Initiative on Shelf- 
Land Environments in the Arctic (RAISE) with the principal goal of 
facilitating ship-based research in the Russian Arctic (RAISE..., 2001). Earlier 
relevant land-based research projects under the RAISE umbrella included 
studies of:

• organic material and nutrient fluxes from Russian rivers;
• seasonal flooding dynamics along rivers, and
• reconstruction of late Pleistocene glacial and sea-level history on 

Wrangel Island.
New scientific topics in the near-shore waters of the Russian continental 

shelf will include a broad range of studies: from the biogeochemical fate of 
organic materials contributed to the Arctic Ocean by shoreline erosion and 
river runoff to the social and biological impacts of changes in sea-ice 
distributions.

The Western Arctic Shelf-Basin Interactions (SBI) project, sponsored by 
ARCSS Programme and the U.S. Office of Naval Research, is investigating 
the arctic marine ecosystem to improve our capacity to predict environmental 
change. The SBI Phase II Field Implementation Plan (2002-2006) focuses on 
three research topics in the core study area:

• northward fluxes of water and bioactive elements through the Bering 
Strait input region;

• seasonal and spatial variability in the prediction and recycling of 
biogenic matter on the shelf-slope area; and

• temporal and spatial variability of exchanges across the shelf-slope 
region into the Canada Basin.

4. Priorities and perspectives

The recent meeting of the International Arctic Science Committee (IASC) has 
identified the following four science priorities (Witness..., 1994):

• arctic processes relevant to global systems;
• effects of global change on the Arctic and its peoples;
• natural processes within the Arctic; and
• sustainable development in the Arctic.
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The following areas in arctic global change research have been considered the 
most significant:

• terrestrial ecosystem;
• mass balance of glaciers and ice sheets;
• regional cumulative impacts; and
• human dimensions.
An important aspect of studying high-latitude environmental dynamics is 

an assessment of the impact of potential anthropogenic climate warming. In 
this context Frederick (1994) has formulated key issues of integrated 
assessments of the impact of climate change on natural resources. Specific 
project objectives include: (1) characterizing the current state of natural 
science and socioeconomic modeling of the impacts of climate change and 
current climate variability on forests, grasslands, and water; (2) identifying 
what can be done currently with impact assessments and how to undertake 
such assessments; (3) identifying impediments linking biophysical and 
socioeconomic models into integrated assessments for policy purposes; (4) 
recommending research activities that will improve the state of the art and 
remove impediments model integration.

The following questions are supposed to be answered:

• How will the overall system (physical-biological-economic) respond to 
various imposed stresses?

• How do the uncertainties in the component models add up to give an 
overall system response uncertainty?

• Is society made more vulnerable to extreme natural events either by 
changing those events or by reducing human ability to respond with 
corrective actions?

• How likely is it that the consequences of climate change will be severe or 
catastrophic?

• What is at risk and when is it a risk?
• What are the likely impacts on the landscape and hydrological system?
• How might the boundary conditions and overall productivity of the 

forests, grasslands, and other rangelands be affected?
• How might increasing carbon dioxide levels affect crops and food supplies 

for humans, livestock, and wildlife?
• What are the socioeconomic consequences of these physical and biological

changes?
• What are the likely consequences of mitigation actions for ecosystems?
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• Can the costs associated with climate change be reduced through natural 
adaptation of ecosystems or policy-initiated adaptation?
Frederick (1994) has emphasized, that the accumulated results of many 

regional and local climate impact assessments may help provide informed 
answers to these questions. Nevertheless, the uncertainties surrounding both 
the nature and impacts of any future climate change are likely to remain very 
large, precluding precise estimates of the net benefits associated with 
alternative policy responses. Even if the range of uncertainty were diminished, 
it might still be difficult to justify specific measures on narrow economic 
grounds, because (as noted above) the impacts on natural resource systems are 
apt to be poorly reflected in standard benefit-cost analysis.

Mendelsohn and Rosenberg (1994) have formulated the following 
questions relevant to global warming effects in the area of ecological and water 
resources:

• Do changes in ecosystems provide important feedbacks to the natural 
carbon, nitrogen, and methane cycles? For example, will the natural sinks 
or emitters be affected by changing precipitation, temperature, and C 02 
levels?

• What are the appropriate output measures of ecosystem component 
models? What are the ecological effects of climate change that policy 
analysts should use to determinate the importance of an ecosystem 
change?

• What climate change-driven shifts in ecosystem boundaries can be 
predicted?

• Will these effects be subtle and small or large and dramatic, and over 
what time frame and spatial dimensions?

• Will climate change cause a change in the productivity of valuable market 
or non-market species? For example, to what extent will some forests 
grow more quickly or more slowly? Will desired non-market species, 
such as bear, elk, and bald eagles, be more or less plentiful?

• What species could be lost with rapid climate changes? How do the 
vulnerable species break down by type and geographic distribution? How 
should conservation policies adapt to a world requiring change?

• How are ecosystems likely to change as the climate evolves over time: 
will there be a large increase in early succession species and where?

• How will average flows in rivers change with greenhouse warming? How 
will these flows change over seasons? Will the probabilities of 
catastrophic events change?
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• What values do people assign to the changes in ecosystems by climate 
change? Which changes are important and which are minor? Can a value 
be assigned to non-use?

• How much should the society be willing to pay to reduce the probability 
of losing specific species? If different scenarios favour different species, 
how should the society trade between these outcomes?

• What impact do ecosystem changes have upon the economy? For 
example, how will climate change affect grazing, commercial fishing, 
timber, or commercial tourism?

It has been suggested {Proceedings..., 1999) that priority program areas 
and relevant projects are as follows:

• Impacts of global changes on the arctic region and its peoples:
-  regional cumulative impacts,
-  effects of increased UV radiation.

• Arctic processes of relevance to global systems:
-  mass balance of glaciers and ice sheets,
-  terrestrial ecosystems and feedback on climate change.

• Natural processes within the Arctic:
-  arctic marine/coastal/riverine systems,
-  disturbance and recovery of terrestrial ecosystems.

• Sustainable development in the Arctic:
-  sustainable use of living resources,
-  dynamics of arctic populations and ecosystems,
-  environmental and social impacts of industrial development.
Future priorities of the ARCSS include the following research questions 

{Toward Prediction..., 1998): How will the arctic climate change over the next 
50 to 100 years? How will human activities interact with future global change 
to affect the sustainability of natural ecosystems and human societies? How 
will changes in arctic biogeochemical cycles and feedbacks affect arctic and 
global systems? How will changes in arctic hydrological cycles and feedbacks 
affect arctic and global systems? Are predicted changes in the Arctic 
detectable?

Important perspectives are connected with paleoenvironmental studies by 
the Paleoenvironmental Arctic Sciences (PARCS) community {PARCS..., 
2000), which have a principal aim of answering the question: how much do 
recent observations of climate change in the Arctic reflect natural climate 
cycles? Relevant major topics include:
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• the medieval warm period (apparently, AD 1000-1400) and Little Ice Age 
(approximately AD 1400-1850);

• high-amplitude Holocene climate cycles, and
• the possible connection of the onset of the neoglacial (a mid-Holocene 

cooling, particularly evident at high northern latitudes) with shifts in the 
frequency and amplitude of such climate cycles.

According to the PARCS, there are very warm past scenarios, that can 
serve as analogues for future climate warming:

• the early Holocene, when the Arctic had experienced high summer 
insolation anomalies, and

• the last interglacial period (marine isotope stage 5), which appears as a 
very strong warming in the paleorecord approximately 125,000 years ago.

Key topics to investigate in relation to these periods are:

• feedbacks and nonlinear changes (surprises) as consequences of strong 
warming -  particularly the role of sea ice, ice sheets, and land surface 
cover;

• implications of strong warming for arctic and global carbon budgets.
To summarize what has been mentioned in connection with recent Arctic 

environmental programs, it must be emphasized, that the relevant information 
was not at all exhaustive (see also IASC..., 2001). An obvious conclusion is 
that the number of programs is too great. A clear necessity exists of better 
coordination of all on-going efforts and their “regularization” .

Vörösmarty et al. (2001) are right in their conclusion that 
“understanding the full dimension of arctic change is a fundamental challenge 
to the scientific community over the coming decades, and will require a major 
new effort at interdisciplinary synthesis. It also requires an unprecedented 
degree of international cooperation”.

Undoubtedly, the Second International Polar Year is an urgent necessity.
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Abstract—Experiments with different tests for homogeneity are performed. Sensitivity 
of the tests to different modifications of the time series is examined. Experiments were 
made with artificially generated normally distributed random series, on which different 
modifications were imposed: trends (constant and changing), simple periodicity (sine 
wave), jump, and various combinations of jump plus another change. Experiments with 
the combined models aimed to examine whether the jump can be detected in the 
presence of other modifications (with a presumption that the most probable form of 
inhomogeneity is an abrupt change). To obtain reliable results, each experiment was 
repeated with 100 different random series, and the results for individual series were 
averaged.

The experiments show that graphical tests can give an indication about the form of 
the change. Serious problems are the cases when two or more modifications interfere in 
such a way that the tests fail to indicate the change.

An example with the annual precipitation series of Sofia (Bulgaria) is presented.

Key-words: homogeneity tests, precipitation series.

1. Introduction

In recent years much attention has been directed at climate variability and 
climate change. Empirical investigations of the problem are based on long­
term climate time series. This, in turn, has enhanced the concern about the 
quality of the series -  first of all the homogeneity of the series should be 
tested. In the first place, the homogeneity tests are aimed at detecting abrupt 
changes in the series, which cause Slippage of the mean. The presumption is 
that in many cases such changes are “artificial” -  a consequence of change of
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measuring instrument, location, averaging method, etc. In other cases the 
series may be “contaminated” by anthropogenic trend, e.g., an increasing 
trend in temperature series at a station located in an enlarging urban area.

Many tests exist and are used in climate series homogeneity analysis. 
Results, however, should be interpreted very carefully, because the detected 
changes may not be “artificial” . Natural climate changes may also have effect 
on the statistics, i.e., one should distinguish between statistical and climatic 
(in)homogeneity, where climatic inhomogeneity means the influence of the 
mentioned nonclimatic factors. One way to distinguish between these two 
possibilities is to take into account metadata, i.e., information about the 
measurement and station history. This information is very valuable in time 
series homogeneity analysis, but unfortunately is not always available, or is not 
of good quality. Another way to overcome the problem is to compare the 
tested series to reference series placed in very similar climate conditions. Since 
various forms of natural climate variation (trends, periodicities, abrupt 
changes, etc.) are almost coherent in tested and reference series, they will not 
dominate the resultant series (the series of differences or ratios between tested 
and reference series), and the inhomogeneity will be revealed as a systematic 
change in the difference/ratio series. This relative approach in homogeneity 
analysis is very fruitful and widely and successfully used (.Alisov et al., 1952; 
Potter, 1981; Alexandersson, 1986; Karl and Williams, 1987; Rhoades and 
Salinger, 1993; Hanssen-Bauer and Forland, 1994; Peterson and Easterling, 
1994; Easterling and Peterson, 1995; Alexandersson and Moberg, 1997; 
Moberg and Alexandersson, 1997; Szentimrey, 1998). Reference series are 
defined in different ways by different authors.

There are, however, situations when it is not possible to find appropriate 
reference series. This is valid, for example, for the initial part of a long series 
-  up to certain year one cannot find any series well correlated with it, because 
the observations in the surrounding stations (with large enough correlation 
coefficients) have started much later. This problem is especially valid for the 
precipitation due to its high spatial variability.

The aim of this investigation was to examine the sensitivity of different 
tests to different modifications of the time series. For this purpose, artificial 
but realistic time series were generated and tested for inhomogeneity.

2. Series and method

Normally distributed random numbers were generated to form time series 
reproducing the mean and variance of annual precipitation on the territory of 
Bulgaria. Each series has a length of « = 100, i.e., simulated series cover 100-
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year periods. Random series were modified in various ways and tested for 
homogeneity using several statistical techniques. The procedure (modification 
and testing) was repeated with 100 different random series and the results for 
the individual series were averaged.

Modifications imposed on the random series can be divided into two 
groups: simple and combined models. They represent imitations of possible 
climate variability and abrupt change. The magnitude of a modification is 
expressed by the standard deviation of the random series (cr). Experiments 
include the following models (1 to 4 -  simple, 5 to 9 -  combined):

(1) Linear trend from 0 to A,, i.e., with a slope At /n = A ,/100, At is from 
± 0.25(7 to ±2cr (“+” means an increase, means a decrease from the 
beginning to the end of the series).

(2) Linear trend with changing slope (changing trend). This model may have 
various modifications. We have chosen the modification with an 
increase/decrease from 0 to Ac at a certain point nc, followed by a 
returning to the initial “zero” level at the last point, i.e., the two slopes 
are Ac / nc and Ac /(100 -  nc) . The magnitude of Ac is from ±0.25cr 
to ±2cr (“ + ” means an increasing initial trend, means a decreasing 
initial trend). This model may roughly be considered as a part of a long­
term oscillation.

(3) Long-term oscillation (periodicity) in the form of one sine wave with 
amplitude A5. The experiments include amplitudes from ± 0.25cr to 
±2cr, the minus sign means opposite phase. Very big amplitudes, 
however, are not realistic.

(4) Abrupt change (jump) at point Uj, with a magnitude A • from ± 0.25cr to 
±  2 a .

(5) Jump-(-trend with different combinations of the magnitudes A ■ and A,, 
each one is from ±0.5cr to ±1.5cr, and two different points of the jump: 
UjX = 30 or Hj2 = 60.

(6) Jumper sine wave with Ay from ±0.5cr to ±1.5(7, and A5 from ±0.25cr 
to ± (7 . The jump is located at different points of the sine wave.

(7) Jump+sine+trend with A • A, from ±0.5cr to ±1.5(7, and As =±0.3cr, 
jump located at nj = 30 , i.e., not far from the extremum of the sine 
wave.

(8) Jump -(-changing trend with A - and Ac from ±0.5(7 to ±1.5(7, change 
of the slope at nc -  40, and jump at njX =30 or nj2 =70 (at different 
distances from the break of the slope).
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(9) Jump + jump with different magnitudes and signs from ±0.5cr to ±1.5cr 
at points =30 and «y2 = 60. This combination (more than one change 
point) has been examined by many authors (Lanzante, 1996; Mestre, 
1998; Sneyers et al., 1998).

Several statistical techniques for homogeneity analysis were used in the 
experiments. Critical values of the test statistics for the acceptance of null 
hypotheses were chosen according to a significance level a  = 5% .

First, the series were tested for randomness using several techniques. One 
of them is the comparison of lag-1 serial correlation coefficient, r,, with its 
critical value (Mitchell, 1966; Zhukovskii et al., 1976; Sneyers, 1990, 1992).

The critical value is \rx |c = t c ^(1 - r 2 ) / ( n -  2) with tc taken from the table
of Student (or normal -  for long series) probability distribution at the level of 
significance desired.

Similar techniques include Abbe and von Neumann tests (Mitchell, 1966; 
Rozhdestvenskii and Chebotarev, 1974; Brownlee, 1977) based on the ratio
q = d 212a1 (Abbe) or V = d 2 / a 2 (von Neumann), where a 2 is the variance

2 n-1 tand d is the mean square successive difference [ Z (x,+1-x , ) ]/(m-1).
i

Because of the relationship between q (or V) and r, (in fact q = \ - r x), these 
three tests give identical results, and only the results for r, will be discussed.

As a non-parametric alternative to the lag-1 correlation coefficient, the 
Spearman rank correlation coefficient, rs , is recommended (Mitchell, 1966; 
Sneyers, 1990; Lanzante, 1996),

r , - i --------I — 2 > ( * , ) - i ] 2 , <»
n ( n 2 - 1 ) 1=1

where r{xt) are the ranks of the elements x of the series, arranged in 
increasing order. Under the hypothesis of randomness, the test statistic 
u s =u(rs ) = rs n -1  has a standard normal distribution and the critical 
values are ±1.96.

Another test of randomness is the run-test {Thom, 1966; Davis, 1973; 
Rozhdestvenskii and Chebotarev, 1974; Brownlee, 1977; Sneyers, 1990). This 
is a non-parametric test, which counts the number of the runs Ur above and 
below the median of the series. The counted number Ur is compared with the 
tabulated critical values for a certain significance level (Bol’shev and Smirnov,
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1983). Too many runs indicate high frequency oscillations, while too few runs 
suggest a trend or abrupt changes.

A test used to detect inconstancy of the mean is based on the statistic 
(Mitchell, 1966; Rozhdestvenskii and Chebotarev, 1974; Zhukovskii et al., 
1976; Kobisheva and Narovlianskii, 1978; Isaev, 1988; Zwiers and von Storch, 
1995)

(2)

where nx + n 2 - n ,  x j and 3c2 , cr, 2 and <r2 2 are the means and variances over 
nx and n2 terms of the series, respectively. If the observations, x , , are 
independent and normally distributed, the expectations (represented by the 
sample means) are not significantly different, and the i-statistic has a Student’s 
distribution with («, +n2 -  2) degrees of freedom. When the stability of the 
mean is tested, the series is divided into two subseries with lengths 
nx = 3 ,4 , . . . ,w -3 ,  and « 2  = « - 3,...,3 , and after calculating the values of M for
each combination of n\ and n2, the maximum value M max is found. If | t | max 
is less than the critical value, the series may be considered homogeneous with 
probability ( l - a ) .  If M max exceeds the critical value and if the cause is an 
abrupt change, its location can be identified with the place of 1 1 1max.

A statistic, similar to the Student’s /-statistic, is (Kobisheva and 
Narovlianskii, 1978; Isaev, 1988; Zwiers and von Storch, 1995)

(3)

which has a standard normal distribution for large n.
Both statistics assume independence of the observations. Methods to 

overcome this restriction are suggested by Zwiers and von Storch (1995), 
where one can find tables with critical values of Id  , for I r ,I> 1  r, Ic.

In our experiments, instead of determining one single value M max or 
Id max» sequential versions of both tests were realized, and the values of M or 
I 2 1 were represented graphically along the time axis. This representation is more 
informative on the peculiarities of the analyzed series than only the magnitude
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of ! t\ max or | z I max- Results from the Mest and z-test turned out to be almost 
identical, that is why only results of the r-test will be discussed.

Another test, the widely used non-parametric Mann-Kendall test, is 
applied in a sequential forward and backward way (Goossens and Berger, 
1986; Sneyers, 1990, 1992). The method consists of calculating the test

n
statistic u(dn) = [dn -  E(dn)]/ a ( d n) , where dn = is the number of

i=1
inequalities x • < x, with j  < i . For long series, under the hypothesis of ran­
domness, dn is normally distributed with expected value E(dn) = n(n — 1)/ 4 
and variance a 2 (dn) = n (n -  1) (2n + 5)/72 , i.e., u(dn) has a standard normal 
distribution. The sequential version is based on computation of all u{dt), 
i = 1,...,«, which form a curve u(t) along the time axis. The same principle is 
applied to the backward series to calculate the values w'(d() and construct the 
backward curve u'(t).  In the absence of any systematic change in the series, 
the curves u(t) and u'(t) remain within the critical limits (±1.96 for a  = 5%). 
In case of significant trend or abrupt change, they exceed the critical levels. 
Intersection of u(t) and u'{t) is expected to localize the point of the change.

Another method for detecting changes in the mean is based on the 
cumulative sums (cusums) (Alisov et al., 1952; Craddock, 1979; Rubinshtein, 
1979; Rhoades and Salinger, 1993). These may be the sums of successive 
terms of the series (CS), sums of successive deviations from the general mean 
(CS1), or sums of successive deviations from the current means (CS2), i.e., 
the means, which are calculated over the terms included in the current sum. (It 
should be noticed that the first value of CS2 and the last value of CS1 are equal 
to zero.) In our experiments the cusums were calculated not for the “original” 
series but for the series of rank expectations F  (x,) = r(x,) / (n +1) (Sneyers,
1997; Sneyers et al., 1998), where r(x ; ) are the ranks of the elements x,- of 
the series, arranged in increasing order. In this way, these tests as well as the 
Mann-Kendall test take into account only the arrangement of the terms in the 
series but not their magnitudes.

The method is graphical. When the terms of the series are arranged 
randomly, i.e., when small (big) values are not concentrated in one or another 
part of the series, the mean values are statistically stable. In such case, the 
cusums CS will lie along a straight line with a constant slope, and the 
cumulative deviations GS1 and CS2 will fluctuate around the zero level (the x- 
axis). In case of a systematic change in the series, the slope of the CS-curve is 
not constant, and the curves C51 and CS2 do not fluctuate around the x-axis. An 
abrupt change results in a sharp change of the slope of the curves CS and CS1. 
The place of the jump can be identified by a sharp extreme value of C51 plot.
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Buishand (1982) has suggested several statistics based on the cusums
i —

(CSl), = z (X: - x ) ,  i = l , a n d  more exactly, on the rescaled cusums
7 -1

S, = (CSl); / <tx , where a x is the standard deviation of the examined series. 
These statistics are as follows:

Q = max | Sj \ , (4)

R = ( ) max ~№)min 7 (5)

1 "-1 1U  = Y s f  ,
n (n  +1) ' (6)

« - 1  S f
A = Z - J— V  

/=1 *0 - 0
(7)

Critical values of these statistics are given in Buishand (1982).
Pettitt test (Pettitt, 1979) was also used in our experiments. It is a non- 

parametric technique for detecting a change point. However, we will not 
discuss it here, because the graphical representation of the Pettitt’s test statistic 
is identical with the graphical representation of the cusums CSl applied to rank 
expectations.

3. Results and discussion

First, the results for nongraphical tests are discussed. Table 1 shows the 
sensitivity of the tests to different systematic changes, i.e., the influence of the 
magnitude of certain modification on the test statistic. Results of the tests for 
both the randomness and stability of the mean (the Buishand statistics) are 
included in the table. These results are valid for the simple modes (models (1)-
(4) described in the previous section) with A > 0. Two stars (**) indicate that 
the test statistic exceeds the critical value, empty places mean that the test 
statistic is below the critical value, and one star (*) corresponds to almost 
critical value of the test statistic.

The most sensitive one turned out to be the Buishand test, i.e., 
modifications have greater influence on the mean values than on the 
randomness. The least sensitive one is the run-test. All tests are most sensitive 
to an abrupt change, but a jump A < 0.5cr is not detected by any of the tests. 
The tests are sensitive to periodicity, but periodicities with rather high
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amplitudes are included in the table. (Quasi)periodicities can be visualized in 
climate time series by means of low-pass filters (see Fig. 6). Almost all tests 
detect the changing trend at higher A than in case of other modifications, so 
such variations may remain undetected unless they are quite big.

Table 1. Influence of the magnitude A of certain modification on the test statistics. An 
empty place shows that the respective statistic is below the critical value, one star (*) 
shows that it is about the critical value, two stars (**) mean that the critical value is 
exceeded at 5% significance level, r, is lag-1 correlation coefficient, us is the Spearman 

test statistic, Ur is run test statistic, Q, R, U, A are Buishand statistics.

A 0 .2 5 er  0 .5 ct 0 .7 5 c r <7 1 .2 5 er 1 .5 (7 1 .7 5 (7 2(7

Linear trend

r, * ** **
U s

* ** ** ** ** **
Ur
Q * ** ** ** ** **
R * ** ** ** **
U ** ** ** ** ** **
A ** ** * * ** ** **

Linear trend with changing slope (at nc= 40)

r. ** **
u,
u,
Q * ** ** **
R * ** ** ** ** **
U * ** ** **
A * ** ** ** **

Sine wave

r, ** ** **
U s

* ** ** ** ** **
u r ** **
Q ** ** ** ** ** **
R ** ** ** ** ** **
U ** ** ** ** ** **
A ** ** ** ** ** **

Jump (at ttj = 30)

r, * ** ** ** **
U s

** ** ** ** ** **
u r ** ** **
Q * * * ** * * * * ** **
R ** ** ** * * ** **
U ** ** ** ** **
A ** * * ** ** ** ** **
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Experiments with models of changing trends and jump are made for 
different locations of the change. The results (not included in the table) show 
that the closer the change of the slope is to the midpoint, the less sensitive the 
tests are to this modification. On the contrary, when the jump is closer to the 
midpoint, it can be detected for smaller A.

As it was mentioned, these results are averages obtained from 100 
experiments for each magnitude A of every modification. Dispersion of 
individual results around the mean value of the respective statistic shows that 
the probability for the test statistic exceeding the critical level increases with 
the increase of A. For example, in the case of a linear trend, this probability 
for rx is 6% for A, =0.25cr, about 45% for At =1.5cr, and becomes 100% 
only for A, > 3cr. The results show that tests may fail to detect even a big 
systematic change. The risk is the least in case of an abrupt change (jump), 
and “the least risky” ones are the Buishand statistics.

The combined models are more interesting than the “pure” changes. It is 
not possible to represent results from the numerous combinations of “jump + 
another change” which were tested, but the main conclusion is that in some 
cases the effect is enhanced, while in others, due to compensation, the test 
statistics remain below the critical levels. In the model “jump + trend”, one 
can easily suppose that a positive jump may be compensated by a negative 
trend and vice versa. This is confirmed even by the most sensitive Buishand 
statistics (hereafter we will discuss these statistics because of their higher 
sensitivity). When A ■ is about 0.5cr, the jump is compensated by a trend with
magnitude | A, | > | A ■ | ; however, when | A, | » | Ay | , the test statistic exceeds
the critical value because of the effect of the trend. For larger jumps, some of 
the Buishand statistics remain below the critical levels for | A, | > | Ay | , but not
for | A, I« I Ay.

In the combination “jump + sine”, the effect of the jump A ■ is compen­
sated when As is of the same sign, i.e., the effect depends on the phase of the 
oscillation and direction of the jump. The compensation is most probable when 
the jump is near the point of inflection and with A5 « A ■.

The model “jump + sine-1-trend” is more complicated. With the assumed 
parameters of the model (jump near the extremum of a sine wave with an 
amplitude 0.3cr), the Buishand test statistics are below the critical levels for 
the following combinations: Ay and As of the same sign, A, of the opposite
sign, with | A, | » | Ay | , or opposite signs of Ay and As , compensated by a 
trend in the direction opposite to the jump with magnitude | A, | > | A -1. With the 
chosen amplitude of the oscillation, the compensation is most probable for Ay < a .
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In the model “jump + changing trend”, a compensation is possible when 
the jump is relatively small (*  0.5cr) and occurs far from the point of change 
of the slope. Under these conditions, the Buishand statistics are under critical 
values when positive jump is located in the decreasing branch, or negative 
jump is located in the increasing branch.

The combination “jump + jum p” is a matter of discussion in many works. 
Compensation may be expected in the case of opposite signs of jumps with 
almost equal magnitudes. Some tests confirm this, even for Ay > cr, but for
the Buishand statistics this is valid only for A ■ < cr.

Results from the graphical tests were plotted for each model with chosen 
magnitudes of modifications (each plot was an average over 100 results). In this 
way we have obtained a set of “ideal” patterns for the models considered here.

In Figs. 1-3 examples of these results are given for four simple models. 
These include plots of the Student’s /-test in the sequential version used here 
(Fig. 1), Mann-Kendall test (Fig. 2), and cusums GS1 and CS2 (Fig. 3). Plots 
of the cusums CS are not represented and not discussed, because they give 
worse visualization of the changes in the series compared to the other tests. 
Interpretation of the results obtained by the Student’s and Mann-Kendall tests 
is based not only on the form of the curves (which is important for all tests) 
but on the critical values of the test statistics as well. Examples in Figs. 1 and 
2 include patterns in which test statistics remain within the critical limits, and 
patterns in which they exceed the critical levels, depending on the magnitude A 
of the respective modification. All curves are quite smooth and easy for 
interpretation (the slight disturbance around the beginning is common for all 
curves and will not be taken into account).

We shall notice that the indication given by the magnitudes of the 
Student’s and Mann-Kendall test statistics is identical with the indication given 
by the Buishand statistics: /, u(t) , u'(t), and the Buishand statistics exceed the 
critical values for almost one and the same magnitude of certain change 
(A, « c r, Ac * 1.25o\ As *0.75cr , Ay *0.75cr).

In Figs. 1-3, the differences between the specific patterns of the curves, 
corresponding to different forms of modifications can be seen quite clearly. 
The jump can be easily indicated by the sharp peak (/-test and CS1), or the 
sharp change of the slope («(/), u'(t),  and CS2) at the place of its occurrence. 
In the case of a linear trend, / and CS1 curves are flat (the patterns resemble a 
plateau, not a peak), and the slopes of u(t), « '(/), and CS2 do not change 
significantly. The curves for the model of a changing trend are more 
complicated -  each curve consists of two parts, indicating the two opposite 
trends. Patterns for the model of a sine wave can result in a wrong 
interpretation, either as an indication of a jump, or as an indication of a trend.
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For this model, the peak of the curve (t, CS1) or the change of the slope 0 ( 0 ,  
u \t) ,  CS2) is located at the point of inflection, i.e., at the place of the 
transition from values above/below the average to values below/above the 
average, which seems like a jump (trend) from one level to another.
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Fig. 1. Plots of the Student’s r-test for models of linear trend, changing trend, sine wave, and jump. 
The 5% significance value is denoted. (a) linear trend, A( = 0.5er (solid line) and A, = -<r 
(dashed line); (b) changing trend, Ac = - a  , n c = 25 (solid line) and Ac = - a  , nc = 50 (dashed 
line); (c) sine wave, A, = 0.5cr (solid line) and A, = -0.75cr (dashed line); (if) jump, A ; =0.25er, 

n t = 50 (solid line) and A ( = 0 .5 a , « = 50 (dashed line).

Fig. 2. Plots of the Mann-Kendall test for models of linear trend, changing trend, sine wave, and 
jump ( u is the forward sequential statistic, u is the backward sequential statistic). The 5% 
significance values are denoted, (a) linear trend, A, = - a ; (b) changing trend, Ac = a  , nc = 50; 

(c) sine wave, A, = 0.75cr ; (d) jump, A; = -0.5cr n = 25 .
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Graphical tests (except the /-test, which is based on 111) indicate also the 
direction of the systematic change. A positive trend or jump (A,, A,- >0) 
results in negative values of CS1 and monotonic increase of CS2 and u(t) ; the 
effect is the same for negative amplitude of the sine wave (As <0 means a 
decrease followed by an increase). An opposite (negative) direction of the 
change results in an opposite evolution of the test curves.

Fig. 3. Plots of cumulative deviations from the general mean (CS1) and from the current mean (C52) 
for models of linear trend, changing trend, sine wave, and jump, (a) linear trend, A, = u  (solid line) 
and sine wave, A, = -0.75cr (dashed line); (b) changing trend, A( =0.75cr, n c = 25  (solid line) 
and A t = -0.25cr, nc = 50 (dashed line); (c) jump, A^ = <r , n / = 2 5  (solid line) and A ( = -0.75cr, 
n = 50 (dashed line); (d) linear trend, A, =0.75er (solid line) and sine wave, A, = 0.25er 
(dashed line); (e) changing trend, Ac =0.75cr, nc = 50  (solid line) and A c = - c r ,  nc =25 
(dashed line); (/) jump, A; = 0.5<r , n / = 5 0  (solid line) and A = -0.5cr , = 2 5  (dashed line).
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The graphical tests applied to the combined models confirm the effects of 
mutual compensation or enhancement of certain systematic changes in the 
series. In Fig. 4, examples of the effect of compensation are given -  in spite of 
the systematic changes, imposed on the series, the tests give indication of 
randomness. Yet it seems possible to detect the jump in some of these ideal 
smooth curves, this is not the case with the individual curves.

Fig. 4. Examples of the effect of compensation of different systematic changes imposed on the 
random series, (a) Student’s r-test for the combination “jump+trend” with A ; = 0.5<r ( n ! = 50), 
A, = - o r ; (b) Student’s r-test for the combination “jump+sine+trend” with A( =0.5cr 
(rij = 3 0 ), A, = -0 .3 cr, A, = - e r ;  (c) Mann-Kendall test for the combination “jump+sine” with 
Aj = 0 .5a  (rij = 3 5 ), Av =0.5er; (d) CS1 for the combination “jump + sine” with A , = 0.5ct 
(r ij=  25), At = 0.5tr ; (e) CS1 for the combination “jump + sine+trend” with A =0.5cr 
( = 3 0 ) ,  As = -0.3<r, A, = - a  ; (f) CS2 for the combination “jump+trend” with A ( = <r

( rij = 50), A, = -1.5cr .

Although the results from different tests are similar, they are not 
completely identical. Here the results for the combination “jump+trend” with 
A j  = 0.5cr and A, = -0.5cr are presented. All Buishand test statistics are below
the critical values. Student’s and Mann-Kendall test statistics (Fig. 5) are also 
within the critical limits. The curve CS1 also may be interpreted as an indication
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of randomness (relatively small values around zero level). The plot of CS2-curve, 
however, indicates that the hypothesis of randomness cannot be accepted.

Fig. 5. Plots of the Student’s Mest (a), Mann-Kendall test (b) and the cumulative deviations CS1 (c) 
and CS2 (d) for the combined modification “jump+trend” with A = 0.5cr (« ( = 25), A, = -0.5cr .

4. Example

As an example, an analysis of the time series of annual precipitation at Sofia 
(Bulgaria) is presented. Data are shown in Fig. 6 and a smooth curve is added 
obtained by a 9-point Gaussian filter applied twice. The horizontal dashed line 
corresponds to the mean calculated from the reference period 1961-1990.

The selected station has longest regular observations in Bulgaria. It was 
set up on February 1, 1887 in the centre of the city in an area where a year

Year

Fig. 6. Time series of annual precipitation at Sofia (Bulgaria). The smooth curve is obtained by 
9-point Gaussian filter applied twice, the horizontal line corresponds to the mean value for the

reference period 1961-1990.
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later the Botanical Garden was established and was closed in 1992. The site 
and the type of the rain-gauge have not been changed. The period considered 
here is 1888-1990.

In Fig. 6, a definite tendency to a decrease can be noticed and a jump 
about 1940 may be suspected. The values of the test statistics are: r, =0.140, 
« ,= -1 .7 6 , Ur = 48, 0  = 1.35, R = IA4,  [/ = 0.52, A = 3.25. The corre­
sponding critical values are |r, |c= 0.193, | m, | c=1.96, Ur =[41,62], 0 C=1.29, 
Rc = 1.62, Uc = 0.457 , Ac = 2.48 , meaning that Buishand statistics 0 , U, and 
A give an indication for some systematic changes.

1880 1900 1920 1940 1960 1980 2000 1880 1900 1920 1940 1960 1980 2000

Year Year

Fig. 7. Plots of the Student’s r-test (a), Mann-Kendall test (b), and cumulative deviations CSl (c) 
and CS2 (id) for the time series of annual precipitation at Sofia.

Graphical tests are presented in Fig. 7. The Student’s f-statistic exceeds 
the critical value in three periods, maximums occur in 1900, 1940, and 1980. 
Each of them is localized about the midpoint of a period with sharp decrease in 
the series. The first and second periods may be regarded as transitions from a 
maximum to a minimum of a quasi-periodic oscillation. Maximums of the 
curve CSl are localized at the same points, but the main one in this plot is in 
1940. The curve CS2 also indicates a sharp change in 1940, after a period of 
random oscillations. In the plot representing Mann-Kendall test, the two curves 
intersect in 1940, but without exceeding the critical level as a result of the 
downward march of u(t) (to the right) and u'(t) (to the left). More 
“suspicious” is the intersection of the curves about 1980 indicating a new 
sharp decrease of precipitation. Comparing the results of these tests, one can see 
that the r-test and the Mann-Kendall test give priority to the change occurring 
in 1980, while the cumulative deviations give priority to the change in 1940.
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Analyzing all the results, one may conclude that the series contains abrupt 
systematic changes. Considering, however, the station history, we may 
suppose that they are rather manifestations of climate instability than of 
inhomogeneities of observations. In order to check this assumption we should 
take into account some other available information. For instance, we can 
examine seasonal precipitation series and compare the results of different 
seasons to each other and to the results of the annual series. In case of 
inhomogeneity, the change of the level should occur at the same moment in all 
series, while in case of a climatic change, such coincidence may not be 
excluded but is not likely. Downward shifts around 1940 and 1980 in the 
annual series are detected in spring and summer series dominating the annual 
precipitation. The autumn and winter series, however, show different features. 
Downward shift in the autumn series takes place about 15 years earlier (in 
1925), and the decrease after 1980 is followed by an increase after a short 
period. Winter precipitation exhibits an upward shift after 1925, the higher 
level is still persisting around and after 1940, and an upward trend can be seen 
around 1980. Therefore, it is reasonable to conclude that detected changes 
represent climate variability and are not a manifestation of inhomogeneity.

5. Summary and conclusions

Experiments with different tests for detecting inhomogeneity in climate time 
series are performed. In these experiments modifications with different forms 
and magnitudes are imposed on artificial normally distributed random series: 
trends (constant and changing), simple periodicity (sine wave), jump, and 
various combinations of jump plus another change. Results from following 
tests are discussed: the lag-1 serial correlation coefficient rx, the Spearman 
rank correlation coefficient rs , the run test Ur , the Buishand statistics Q, R, 
U, A, the Student’s f-test in a serial version, the serial version of the Mann- 
Kendall test based on the evolution of the curves u(t) and u'(t), the 
cumulative deviations from the general mean (CS1) and current mean (CS2). 
The last two are applied to the rank expectations of the elements of the series. 
Conclusions are based on 100 times repeated experiments for each model and 
each magnitude of respective modifications, and are the following.

Buishand, Student, and Mann-Kendall statistics show almost equal 
sensitivity. The correlation coefficients and run test are less sensitive, i.e., 
they reach the critical values for greater magnitudes of the respective 
modification. This diminishes the risk of failure of the requirement for simple 
randomness of the series, which has to be satisfied for some tests for stability 
of the mean. If the magnitude of the change is not big enough, even the most
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sensitive test statistics may fail to detect it, remaining within the critical limits 
(e.g., the “critical magnitude” in the case of a jump is about 0.5<r).

Identification of the form of the change may be obtained by means of the 
graphical tests. The jump causes a sharp change in the curve evolution -  well 
manifested peak (i, CS1) or change of the slope (u(t) , u \ t ), CS2). In the case 
of a trend, the curve is flat (t, CS1) or monotonically increasing/decreasing 
with a smooth (gradual) change of the slope u'{t), CS2). A (quasi)-
periodicity may obtain a wrong interpretation, mostly as a jump indicated at 
the place of transition from the period of higher/lower than the average to the 
period of lower/higher than the average values.

Problems arise also in the cases of realistic combined modifications in the 
series, e.g., “jump + trend”, “jump + periodicity”, etc. In these cases, when 
the effect of the jump is enhanced by other changes, the jump can be easily 
detected. In such combinations the problem is when the effect of the jump is 
obscured by other modifications, and the tests give an indication of 
randomness. The most “promising” in these cases are the plots of the 
cumulative deviations of the type CS2.

When it is not possible to find suitable reference series (the situation 
considered here), as many tests should be used in the analysis as possible, and 
all reliable information should be taken into account. This information is also 
necessary to make a conclusion about the nature of certain modification 
revealed by the tests and minimize the risk to interpret a natural climate change 
as an artificial contamination of the series.

As an example, the tests are applied to annual precipitation series in Sofia 
(Bulgaria), and the results are discussed.
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Abstract—This paper reviews the theoretical background and practical implementation 
of adjoint computations in numerical weather prediction. In our study, the limited area 
model ALADIN has been used. Preliminary results obtained for meso-beta type of 
resolutions, focusing on a local domain inside Central Europe with an 8 km grid mesh 
are presented. The purpose is to obtain a closer match of a model forecast with a 
verifying analysis, as measured by a given cost function. To achieve this goal, gradients 
with respect to the initial conditions are computed; these gradient fields give the 
sensitivity of the forecast error cost function with respect to the initial conditions. 
Additionally, the impact on other features of the forecast, mainly precipitation, is also 
investigated. Two cases were selected, when the precipitation amounts were overesti­
mated over the Pannonian Plains. Mesoscale sensitivities computed adiabatically or 
using different parameterization schemes are compared. Results from sensitivity 
experiments with respect to initial conditions show that the errors in initial data can, at 
least partially, be made responsible for the misforecast of precipitation quantities.

Key-words: limited area model, adjoint method, sensitivity studies, ALADIN.

1. Introduction

The quality of numerical weather forecasts produced by a limited area model is 
subject to several possible causes. Besides the weaknesses in the model 
formulation, the forecast could depend crucially on initial and lateral boundary 
conditions.
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A common problem in numerical weather prediction models is the 
inaccuracy in the initial data. Experiments with forecast error sensitivity 
studies have revealed that errors in the initial data are most responsible for the 
quality of a forecast. As explained in Le Dimet and Talagrand (1986), the 
adjoint model allows efficient computation of the gradient of a forecast aspect 
of a numerical weather prediction model with respect to the initial conditions. 
Forecast aspect can be any model output. The gradient fields strongly suggest 
where to look for initial condition errors that may have a big effect in the 
consecutive forecasts. They also indicate what to expect from any small 
changes in the initial conditions that might be applied (Errico, 1997), provided 
that a linear type of evolution is sustained. In the last decade, several 
approaches to diagnose such errors have been proposed (Errico and Vukicevic, 
1992; Rabier et al., 1996; Gustafsson and Huang, 1996). These studies mostly 
have addressed synoptic scale features predicted by global or large-sized 
limited area models.

Sensitivity analysis using the adjoint of the high resolution doubly- 
periodic primitive equation model ALADIN has been initiated by Horanyi and 
Joly (1996). Using an adiabatic adjoint model, they studied the sensitivity of 
two idealised frontal waves. They showed that the steady fronts are associated 
with very strong amplifications of the fastest growing eigenvectors. In this 
article, features of mesoscale sensitivity for a selected case study are 
described. Sensitivities of forecast errors with respect to the initial conditions 
are computed and used as small perturbations added to the model dynamical 
fields for improving the 6 hours precipitation forecast.

With the present state-of-the-art knowledge, one may consider the adjoint 
approach not to be so beneficial because small scale meteorology is more 
dominated by non-linear processes such as saturation or boundary layer fluxes. 
However, the adjoint framework still remains a candidate for a dynamically 
consistent assimilation of high-frequency data, even if possibly restricted to 
time intervals much smaller than those employed for synoptic scale studies. At 
synoptic scale, 48 hours long windows are usual, in accordance with the 
typical time scale of baroclinic development. We stress that the developments 
of the adjoint tools in the ALADIN model give the opportunity to evaluate 
these ideas.

Although this article only presents preliminary results, for example 
ignoring moist diabatic processes in the adjoint computation, it shows that the 
ALADIN adjoint tools can provide answers for the previously raised questions. 
What is at stake in the long term is the evolution of the benefit of a 4D-VAR 
data assimilation at small scales.

The paper is organized as follows. Section 2 describes the mathematical 
basis for using an adjoint operator for sensitivity analysis. Section 3 deals
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with the description of the steps needed for performing a sensitivity 
experiment. Results are presented in section 4 and concluding remarks follow 
in section 5.

2. Methodology

Let x define the model state vector. Typically, x is a set of three dimensional 
fields, namely u,v,T,q, which stand for zonal and meridional wind components, 
temperature, and specific humidity respectively, and a two dimensional field 
ps, which is surface pressure. Depending on whether the model is spectral or 
finite-differences, the components of the state vector are spectral coefficients 
or values at all model grid points. A non-linear numerical weather prediction 
model, M, is a set of discretized primitive equations which approximate the 
processes of the real atmosphere. Hereafter, the non-linear model considered is 
ALADIN, a limited area spectral model (Horanyi et al., 1996). Since the non­
linear model is discretized in time, formally, its evolution within a time 
interval, [i0, t], can be described by using a discrete equation

x(ti+1) = M  [x(r,)], (1)

where x(r,) and x(/,+1) are the model vectors at time step i and / +1, 
respectively. Therefore, the final model state, x(r), is determined from the 
model initial state, x(t0), by n successive steps.

In sensitivity computations, we are concerned about small perturbations, 
hereafter denoted Sx(t). By definition, 5x(t) = x(t) -  x(r), where x(r) is an 
evolving basic state that we will specify as a solution to Eq. (1) given an initial 
condition x(i0) , while x(t) is a perturbed non-linear solution that is initially 
close to x(t). The perturbation of the model state, 3x(t), is governed by the 
tangent linear equation which can be derived from Eq. (1) using first order 
Taylor expansion. Hence,

<&(*,■+1) = M <&(?,■), (2)

where M is the derivative of M  with respect to x evaluated at x(r). M is also 
called the tangent linear model (a more proper wording would be the 
propagator, see Joly, 1995), and it can be understood as the Jacobian matrix of 
M evaluated along the non-linear trajectory, x(t) . The tangent linear model 
describes the linearized evolution of errors or perturbations in a forecast 
model. It is obtained by the differentiation of the code of the direct model, M.
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If M  includes discontinuous functions, then some values of the Jacobian 
derivatives will not exist. This is, for instance, the case of some physical 
parameterization schemes, such as large scale precipitation or deep convection, 
which involve strong non-linear processes. In such a case, the strategy adopted 
for the tangent linear model is to simplify the parameterization scheme by 
neglecting some diabatic terms, while, at the same time remaining as close as 
possible to the physical parameterization scheme of the non-linear model 
(Janiskova et al., 1999).

Furthermore, we stress that in the ALADIN model, the treatment of 
lateral boundary conditions is presently done in a very crude way. 
Consistently, with the full, non-linear model, a Davies-type of coupling is 
retained (Davies, 1983). However, the tangent linear model, and the adjoint 
model as well, is coupled with zeroed perturbations along the lateral 
boundaries. This formulation forces to ignore any incoming perturbation 
(the flow is supposed to coincide with the reference trajectory). It also 
forces to forget about outgoing sensitivity information. Thus, such a 
treatment is sub-optimal for sensitivity studies, but it appears as a very 
convenient framework, especially when the focus is put on narrow time 
windows, where most of the sensitivity signal is kept inside the model domain, 
as will be the case here. At the same time, when using a high resolution 
model, the computational cost often forces to choose a small model domain, 
therefore the sensitivity study is performed in an experimental framework 
defined as a compromise between targeted small scale processes technically 
allowed and the computational cost.

Since M is a linear operator, it is possible to define its adjoint, denoted 
M*. It is defined such as for any two vectors, y and z, in the phase space of the 
system, the following equality holds:

< y , M z >  = <M*y, z > ,  (3)

where < , > stands for the inner product. The adjoint operator is also linear, 
and for the discretized models it represents the transpose matrix, MT, of M.

The adjoint model is constructed as the exact adjoint of the tangent linear 
model with the purpose of computation of phase space gradients. It is 
developed mainly for data assimilation applications and predictability, but it 
can be used also as a tool which relates the origin of numerical forecast errors 
to errors in initial data through sensitivity experiments. If a verifying analysis, 
denoted xa(i), is available at time t, it is possible to compare the forecast with 
the analysis taken as an estimate of the true state of the atmosphere. The 
difference between the non-linear model solution, i.e., the forecast, and the 
verifying analysis is defined as the forecast error. This misfit can be quantified
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by a diagnostic function, J, usually called forecast error cost function. 
Typically, J  is a temporally weighted squared function which can be written as

In our study the square norm < ,>  is the so-called dry total energy. It is 
defined as

In the definition of the norm, x  is the vector representing a perturbation of the 
atmospheric flow, the inner product being defined in the space of the 
perturbations. The weights given to its components are functions of the 
reference temperature, Tn the specific heat of dry air at constant pressure, Cp, 
and the gas constant for dry air, Rd. p(rj) is the pressure at tj levels, rj being 
the vertical coordinate, 0 is the surface and 1 is the top of the atmosphere. S 
represents the horizontal integration domain, an area on which the diagnostic 
function is computed. Hereafter, this is referred as a target area. When using a 
target area, the input to the forecast error norm is set to zero outside, and only 
inner values are kept for further computations. This is important for the 
estimation of the origin of the initial forecast errors, because in such a way the 
obtained gradients are relevant only to the errors in that target area. The norm 
is called “dry” since there is no term involving specific humidity, q. Thus, 
there are no perturbations in the moisture field, which, at the end of the adjoint 
integration, could be considered as sensitivity of the forecast error cost 
function to the humidity field. The norm is also called “total” energy, since the 
first two terms of the right-hand side of Eq. (5) are kinetic energy and the third 
one is dry static energy. The fourth one is related to the surface pressure with 
weights chosen such that its dimension becomes energy.

In the adjoint computation, the goal is to determine VX(, )./, that is the
gradient of J  with respect to the initial model state, x(to). To derive Vx(;q) J ,

we begin by constructing S J , that is the first order variation of the diagnostic 
function at the verification time. This is achieved by a given perturbation in the 
initial conditions, Sx(t0) which will lead to a perturbation S\{t) at the final 
time. Consequently, a small change, SJ, of the cost function J, can be written

j . -  < x ( , ) - x m * ( , ) - x - (, ) > . (4 )

iR d Tr (\nps )2d £ .  (5)
01  2 L

SJ  = <  M* [x(f) -  xa(0], Sx(t0) > . (6)
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By definition, the gradient of the forecast error cost function at time i„ 
t0 < t, < t is such that to first order approximation, 8J = < Vx(f. ) J , <5x(r,)>.
Thus, using Eq. (6), the gradient of the forecast error cost function with 
respect to the initial conditions x(r0) reads

Vx(io)J = M  * [ x ( f ) - x m  (7)

where M* is the adjoint of the tangent linear model. This is the basic relation 
used in sensitivity computations. The right-hand side term is computed by a 
backward integration of the adjoint model between times t and t0.

The gradient of the forecast error cost function with respect to the initial 
conditions is used to generate perturbations to be added to the original initial 
data. An initial perturbation is a vector of the form £x0 = - a V x((^ J  , where a
is a scaling factor chosen by experimentation. As explained in Rabier et al. 
(1996), the gradient is dominated by the most unstable components of the 
analysis errors, because these are the directions along which the forecast error 
is likely to vary the most. They have shown that for large-scale flows and 48 
hours time evolution, these fastest growing components can amplify by a factor 
of 10 to 15. Thus, the choice of an optimal a  is carried out by successive tests 
such that the forecast errors are substantially reduced. However, the maximum 
value of the initial perturbation cannot exceed the magnitude of an observation 
error or that might naturally occur in the real atmosphere. In our experiments 
the value 1/10 for the scaling factor was chosen.

3. Design o f  the sensitivity experiments

Generally, a sequence for performing a sensitivity experiment proceeds
through the following steps:

• A non-linear forecast is carried out using the full physical 
parameterization schemes as the operational version (hereafter denoted 
reference or control run), and started from the same initial model state, 
x(t0). This step is necessary for creating the trajectory containing the 
model state fields x(t,), t0 < tt < t, at every time step (in fact this 
integration is already known at the case selection stage, however, it is 
needed to be repeated for storing the trajectory). The backward adjoint 
integration is to be performed around this trajectory.

• At the verification time, t, that is the end of the direct non-linear model 
integration, the difference between the forecast, denoted by x(f), and the
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valid analysis, xa(0, is used for computing the quadratic forecast error 
cost function (as defined in Eq. (4)) and its gradient. Since for the time 
when ALADIN model does not have its own operational data assimilation 
cycle, in our study, the valid analysis refers to the operational ARPEGE 
analysis. ARPEGE is the global spectral numerical weather prediction 
model of Meteo France (Courtier et al., 1991). The ALADIN model is 
the high resolution limited-area version of the ARPEGE model.

• A backward integration of the adjoint model is carried out in order to 
provide an estimate of the gradient of the forecast error cost function with 
respect to the initial conditions. This integration is performed around the 
trajectory computed at the first step. Generally, an adjoint model can be 
either completely adiabatic or it can enfold linearized physical 
parameterization schemes. In our studies, two schemes simulating the 
surface drag and vertical transport of momentum due to turbulent 
exchange were enforced in alternation. The first one, developed by Buizza 
(1993) for a low resolution global model, is a reduced and very simple 
scheme, because it assumes constant mixing coefficients. A second and 
more complex one is a package of simplified physical parameterization 
schemes proposed by Janiskova et al. (1999), based on the vertical 
diffusion equation with a first-order closure for the exchange coefficients. 
Although it contains simplified schemes for radiation and moist processes, 
this study exclusively concentrates on the use of its dissipative part, 
namely vertical diffusion and surface drag. This package was developed 
for a global model too. Thus, a direct comparison between the two 
schemes is made possible. Hereafter, the simple physics as defined by 
Buizza will be called “reduced” physics, while the “dissipative part of the 
physics” will refer to the vertical diffusion and gravity wave drag 
schemes from Janiskova.

• The final stage is the so-called sensitivity forecast. This is carried out 
starting from modified initial conditions, x(f0) +  <5xq, (<Sx0 = - a  Vx(if))J ) ,
by a new non-linear model integration including exactly the same physical 
parameterization package as for the control run. In such a way, the vector 
<5xo is used to diagnose the effect of the errors in the initial data based on 
forecast errors.

4. Analysis o f the results

The integration domain utilized in our sensitivity experiments was the 
operational ALADIN/HU (ALADIN Hungary) model version, which covers 
mostly the Central European area. ALADIN/HU is a double nested high reso­
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lution model (200 x 144 points horizontally with 31 vertical levels, Ax = 8 km) 
embedded into ALADIN/LACE (Limited-Area modelling for Central Europe, 
240 x 216 points horizontally with 31 vertical levels, Ax=12.2 km), which at 
its turn is embedded in the global model ARPEGE. Since our intention was to 
use the dissipative part of the simplified parameterization scheme for the 
gradients computation, a triple nested model version (80 x 80 horizontal points 
and 31 vertical levels, Ax = 8 km) embedded into ALADIN/HU was created as 
a zoom over Hungary. This appeared as a strong necessity due to computer 
memory limitations. The problem arrives when a complex parameterization 
scheme is used, because an additional trajectory at t-At has to be stored in the 
computer memory (At is the time step of the physics). This extra storage is 
needed, because the tendencies and fluxes are entirely computed from the 
variables at previous time step.

As an example of sensitivity analysis, we consider a summer case 
covering the period between 12-18 UTC, June 22, 2001. From synoptic point 
of view, at 12 UTC, this case study pertains to a frontal activity linked to a 
moving low, which at ground level was situated in the western part of Ukraine. 
This cyclone had a well defined correspondent in the altitude. For instance, at 
500 hPa (not shown), it was centered in the western part of Poland (about 800 
km to the west). Over Hungary, the low was rapidly advecting cold air 
originating from the North Sea. Thus, the rapid air flow was found to be 
associated to a westerly jet stream having a maximum wind speed of about 
35 m/s.

This case was selected, because the 6 hours precipitation forecast was 
overestimated especially in the eastern part of Hungary, over the Great 
Hungarian Plain. Although, there was an important amount of precipitation 
forecasted in the western part of the country, we are not concerned with this 
area due to the proximity of the Alpine region.

The operational numerical precipitation forecast is shown in Fig. la. A 
zoom over the region of main interest, i.e., the target area, in the south­
eastern part of Hungary is presented in Fig. lb . One can see that 16 mm/6h 
precipitation have been predicted whereas in that region a maximum of 
2 mm/6h was reported by rain-gauge stations (not shown). The problem of 
such misforecasted precipitation should be seen as a complex one, where 
errors in initial conditions (e.g., analysis of humidity field, wind shears, or 
temperature gradients), or in lateral boundary conditions or model errors due 
to weaknesses in the formulation of the model physics and dynamics play an 
important role. However, in our study, we concentrate exclusively on the 
initial condition problem. We try to assess and correct the initial fields with 
the adjoint method, by focusing mainly on the dynamical processes at 
mesoscale.
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(a) (b)

Fig. 1. (a) Field of 6 hours reference precipitation forecast over the ALADIN/HU 
domain. Contour intervals are at every 5 mm/6h. (b) Reference 6 hours precipitation 
field zoomed over the region of interest, i.e., south-eastern part of Hungary. Contour 

values are 1, 5, 10, and 15, respectively with units mm/6h.

Sensitivity experiments were carried out for 6 hours integration within the 
period mentioned above. The difference between the 6h forecast and the 
corresponding verification analysis was used to feed the adjoint model 
integration with the input gradient of the forecast error cost function. In order 
to isolate the origin of the forecast error of the misforecasted precipitation field 
in the eastern part of Hungary, the forecast error norm was computed over a 
target area inside the model integration domain. This subdomain is shown in 
Fig. la . This target area was subjectively chosen after analyzing the forecast 
error fields at +6h. In Fig. 2a, 500 hPa zonal wind speed difference between 
the control and verifying analysis is illustrated. It is revealed that already after 
6 hours, the non-linear model underestimates by about 18 m/s the zonal wind 
speed in the area of interest. At the same time (as presented in Fig. 2b), the 
temperature difference is about 1.5 K indicating a warmer forecast, than the 
reality.

At the end of the adjoint integration, the retrieved initial sensitivity 
includes only the signal of main concern. Fig. 3 illustrates the evolution of the 
gradients of the forecast error cost function with respect to zonal wind, V^T, 
on model level 20 (about 500 hPa), during an adjoint integration performed 
from +6h to -I-Oh. One may see, how at the beginning of the adjoint 
integration (Fig. 3a) the initial gradient inside the target area is projected onto 
the integration domain. Further on, the gradient develops and is advected 
westward, upstream of the winds that tend to advect the perturbation eastward. 
At +4h (Fig. 3b), the sensitivity field was advected westward and located in
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the middle of the domain, while at +2h, the gradient has already reached the 
western boundary of the integration area (Fig. 3c). For higher levels, one may 
anticipate that the gradient passes the border earlier, since its structure is 
characterized by a typical baroclinic tilt in the vertical. At the end of the 
adjoint backward integration, the gradient is concentrated near the western 
border of the domain (Fig. 3d).

Fig. 2. (a) 500 hPa zonal wind difference between the + 6  hours reference forecast and 
the verifying analysis valid at 18 UTC June 22, 2001. Contour intervals are at every 
2 ra/s. Positive (negative) value contours are continuous (dashed), and zero-valued 
contours are omitted. (b) As in Fig. 2a, except for the temperature. Contour intervals 

are at every 0.5 K. (Contour for values less than 1 K were omitted.)

In order to study the impact of the dynamics and physics in the sensitivity 
computation, a set of experiments has been performed using mainly the 
ALADIN/HU domain. Results from three different adjoint configurations have 
been compared. In the first run, the gradients have been computed 
adiabatically, without any physical process simulation, while in the second run, 
the reduced physics were used. The third run with the dissipative part of the 
simplified physical parameterization was carried out using the small integration 
domain.

Let us first analyze the results of the adjoint integration performed with 
adiabatic and reduced physics. Figs. 4a-c illustrate the gradients of the 
forecast error cost function with respect to the temperature, VTJ ,  on the 
model level 29 (about 200 m). The figures are zoomed over Hungary
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covering the same area as the small domain. The primary qualitative 
difference between panels (a) and (b) is that in Fig. 4a the gradients have 
larger values and look noisier than in Fig. 4b. The difference comes from the 
fact that the gradients plotted in Fig. 4a were computed with an adiabatic 
adjoint model, whereas in Fig. 4b the computation was performed with 
reduced physics.

(a)

(c)

(b)

Fig. 3. Evolution of the gradients of the forecast error cost function with respect to 
zonal wind, V ,/, on model level 20: (a) at the beginning of the backward adjoint 
integration, +6 hours; (b) +4 hours; (c) +2 hours; and (d) at +0 hours. Contour 
intervals are at every 4 Js/m for absolute values greater or equal to 4 Js/m. Contours 
are shown for absolute values less than 4 with intervals of 0.5 Js/m. Positive (negative) 

value contours are continuous (dashed), zero-valued contours are omitted.
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Fig. 4. Gradients of the forecast error cost function with respect to temperature, VjJ, 
on model level 29 computed (a) adiabatically, (b) with reduced physics and (c) with the 
dissipative part of the simplified physical parameterization. Contour intervals are at 
every 5 J/K for absolute values greater or equal to 5 J/K except for the first contour 
plotted for absolute values equal to 0.5 J/K. Positive (negative) value contours are 

continuous (dashed); zero-valued contours are omitted.

In the latter case, the gradient field is one order of magnitude weaker than 
the adiabatic gradients. The gradients derived with the adiabatic adjoint model 
are not realistic in the sense that they contain non-meteorological fast growing 
structures confined only to the first model levels. Their time evolution must be 
similar to an error field evolution, and this is more realistically described when 
using reduced physics. It is known, that in the absence of any planetary 
boundary layer parameterization, the adiabatic model develops strong wind 
anomalies near the surface due to the lack of friction (Buizza, 1993). The 
importance of the physical description of the processes in the planetary boundary 
layer is highlighted by the results derived using the dissipative part of 
simplified physics as shown in Fig. 4c. Examination of Fig. 4c points out that 
the magnitude of the gradient has the same order than with reduced physics.

The sensitivity forecasts were performed using initial data perturbations 
following the procedure described in the previous section. The gradients of the 
forecast error cost function, computed adiabatically with reduced physics and 
dissipative part of the simplified physics, were normalized with a scaling factor 
«=0.1  and added to the initial conditions. In this way, three new initial model 
states have been created, a priori each of them being “better” than the original 
one. The results of the sensitivity forecasts are presented in Figs. 5a-c. If 
compared with Fig. lb , the general feature is that all sensitivity forecasts have 
improved the precipitation forecast. The introduction of a scaled gradient of 
the forecast error in the initial conditions has led to the reduction of the 6  hours 
precipitation amount with a maximum of about 7 mm in the case when the 
dissipative scheme has been used (Fig. 5c).
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(a) (b) (c)

Fig. 5. Sensitivity precipitation forecasts -  zoomed over the region of interest (target 
area) -  performed starting from modified initial conditions with scaled gradients 
computed (a) adiabatically, (b) with reduced physics, and (c) with the dissipative part of 
the simplified physical parameterization. Contour values are 1, 5, and 10, respectively,

with units mm/6h.

In Figs. 5a and 5b, the precipitation fields from the sensitivity forecast 
run with the scaled gradients computed adiabatically, and with reduced 
physics, respectively, have been plotted. Surprisingly, the scaled gradients 
computed adiabatically have corrected the precipitation field as well (Fig. 5a). 
However, the perturbations introduced in the initial temperature field are 
relatively large in the first model levels. For example, at model level 29, the 
maximum value of the perturbation added was 3.5 K, while when gradients 
were computed with reduced physics, the magnitude was -0 .6  K. For 
comparison, at the same level, when the gradients were calculated using 
dissipative physics, the maximum value of the perturbation was -0.5 K. These 
corrections of the initial dynamical model fields lead to a better match of the 
forecast with the verifying analysis. For example, Figs. 6a-b shows the 
difference of 500 hPa zonal wind and temperature, between the modified 6h 
forecast and verifying analysis. This experiment was run using the gradient 
computed with the reduced physics. Results obtained with the adiabatic adjoint 
model were very similar (not shown). Fig. 6 has to be compared with Fig. 2. It 
can be seen that, in absolute values, the 500 hPa zonal wind difference 
between the sensitivity forecast and analysis has diminished by 2 m/s in the 
area of main concern, and by 4 m/s in the western part of Hungary. For other 
levels (not shown), it was noticed that the whole vertical structure of the wind 
field was changed. To be specific, there is a significant decrease of the vertical 
wind shear. Since this vertical shear is one crucial element to trigger convection,

61



this modification can at least partially explain the reduction of the activity of the 
system. Furthermore, the temperature has decreased as illustrated in Fig. 6b.

Since no moist parameterization was used in the adjoint model, the adjoint 
computation can be considered as dry. However, the correction of the 
precipitation field was substantial, so we do believe that, for this case, the 
evolution of the physical processes were partially driven by the dynamical 
forcing of precipitation.

(a) (b)

Fig. 6. (a) 500 hPa zonal wind difference between the +6 hours reference forecast and 
the verifying analysis valid at 18 UTC June 22, 2001. Contour intervals are at every 
2 m/s. Positive (negative) value contours are continuous (dashed), and zero-valued 
contours are omitted. The sensitivity was computed with the adjoint model with reduced 
physics (Buizza, 1993). (b) As in Fig. 6a, except for the temperature. Contour intervals 

are at every 0.5 K. (Contour for values less than 1 K were omitted.)

5. Concluding remarks

In this paper, the adjoint model has served as a tool for calculating the 
sensitivity of 6 hours forecast errors to the initial conditions as measured by a 
dry total energy norm.

After describing briefly the mathematical basis of the adjoint method, 
results obtained for sensitivity experiments were presented. Special attention 
was devoted to the use of linearized physics such as vertical diffusion and 
surface drag during the adjoint integration.
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The gradients computed with an adiabatic adjoint model, without any 
vertical diffusion and surface drag applied to the momentum equation, produce 
non-meteorological structures in the lowest model levels. For a 6 hours adjoint 
integration, their values can be one order of magnitude greater than if 
dissipative processes are taken into account. Including vertical diffusion and 
surface drag, the gradients are realistically improved.

In this study, when using the small domain, the sensitivity fields were 
located in the proximity of the western lateral boundary. This suggests the 
necessity of a larger integration domain, which may allow the enlargement of 
the sensitive area.

When computing mesoscale sensitivities using a high resolution adjoint 
model, their 6 hours amplification rate have the same order of magnitude as 
for the large scale gradients calculated by a low resolution adjoint model for 
larger time ranges (Gustafsson and Huang, 1996; Rabier et al., 1996). This is 
why a scaling factor, a= 0 .1 , has proved to be optimal for the June 22, 2001 
case study. Thus, it may suggest that there are mesoscale situations in which 
errors in the initial conditions may grow faster for a high resolution limited 
area model than for a low resolution one. For one selected case study, the 
sensitivity integration substantially improved the 6 hours precipitation forecast. 
However, this result should be carefully interpreted. Yet it does not allow to 
claim, that using a dry energy norm and a simplified physical parameterization 
without moist diabatic processes in the sensitivity computation, will always 
lead to a dramatic improvement of the precipitation field. Indeed, in other 
cases, the initial state modification based on dry gradients did not produce 
equivalently “desired” corrections in precipitation. An example is presented in 
Fig. 7, where the difference between the operational and sensitivity 
precipitation forecasts was plotted. This is a spring case, covering the period 
between 00-06 UTC, March 5, 2001, which was selected due to the fact that 
the operational precipitation forecast was overestimated by about 20 mm/6h. 
As one may see in Fig. 7a, the sensitivity forecast performed starting from the 
“improved” initial conditions (gradients computed with reduced physics and 
a =0.1) was rather neutral, since the amount of precipitation was slightly 
increased by about 1 mm/6h in the area of main interest, i.e., the centre of the 
domain. For bigger a , the sensitivity precipitation forecast shows a degra­
dation, when compared to the operational one (Fig. 7b), while for smaller 
values the gradient is negligible. Similar results were obtained using gradients 
computed adiabatically or with dissipative physics. Hence, the forecast failure 
cannot be attributed to errors in the initial conditions, but it has to be explained 
by some other reasons.

It is very likely that the good result obtained in the summer case is due 
to the fact, that the sensitive area was mainly over the Alps, a data-sparse
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region, especially for vertical soundings. In this respect, however, detailed 
studies are to be performed with the goal of a better understanding of 
mesoscale gradients.

This study is understood as a first step for the evaluation of the benefit of 
adjoint computations in the frame of small scale and mesoscale numerical 
weather prediction. Indeed, while the adjoint approach (and the associated 4D- 
VAR assimilation) has been very successful for the representation of synoptic 
and sub-synoptic atmospheric flows, much needs to be done to evaluate its 
potential at smaller scales. The main interest then lies in the description of the 
humidity distribution inside a frontal system, or fine vertical profiles of all 
atmospheric fields to capture the boundary layer, capping inversions, 
convective areas, or inertia-gravity waves.

(a) (b)

Fig. 7. (a) Difference between the 6 hours operational and sensitivity precipitation 
forecasts (valid at 06 UTC, March 5, 2001). Positive (negative) value contours are 
continuous (dashed), and zero-valued contours are omitted. The sensitivity was 
computed with the adjoint model with reduced physics. Contour values are 0.1, 0.5, 1, 

and 1.5, respectively, with units mm/6h. (b) As in Fig. 7a, except for a=0.75.

In the future work on sensitivity analysis, we will concentrate on the 
computation of the gradients of the forecast errors to the initial conditions by 
including the moist parameterization schemes in the ALADIN adjoint model. 
These moist linearized schemes will be useful for extracting meaningful 
sensitivity over the regions, where the evolution of the atmospheric flow is not 
only dictated by dynamical instability but also by strong local humid processes.
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Astract—Circumstances under which the Adriatic mesoscale vortex was generated at 
the end of March, 1995 is investigated. Assuming that a mesoscale vortex can be 
isolated from the synoptic environment, the scale separation technique is employed. 
This provides the mesoscale orographic disturbances with characteristic quasi- 
antisymmetric dipolar structure across the Dinaric Alps. The mesoscale wind field 
contains a pronounced ageostrophic component with small-scale vortices of short 
duration and clearly marked convergence zones. Hence, the cyclonic vortex was 
generated over the middle Adriatic in a macroscale wind field as defined here, in which 
the smaller scale instabilities, as noise, are filtered out during the procedure. A very 
persistent mesoscale anticyclonic vortex is found in Pannonian Plain following the 
northerly flow around the eastern flank of Alps. This flow is responsible for the bora 
occurrence, but it also contributes to the Adriatic circulation, in which jugo wind in the 
southern and bora in the northern Adriatic lead to the vortex generation examined.

Key-words: mesoscale vortex, scale separation technique, bora, jugo, orographic 
pressure dipole. 1

1. Introduction

In recent years, mesoscale meteorology, and especially the orographic 
influence on mesoscale circulations and frontal deformations have received 
increasing attention of the scientific world. Many investigations in the Alpine 
area were motivated by the significant gap between very sophisticated high- 
resolution mesoscale models and poorly observed complex phenomena at the 
sea level. To provide datasets for the validation and improvement of high- 
resolution numerical weather prediction in mountainous terrain was one of the
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main objectives of the MAP -  Mesoscale Alpine Programm (Binder and Schär, 
1996).

Vortex generation was observed in the western Mediterranean by Gomis 
et al. (1990) considering the composition of several lee cyclogeneses that 
occurred during the ALPEX SOP. Applying the scale separation method to 
850 hPa level data, they isolated the subsynoptic/meso-0 features from the 
“undisturbed” state characterizing the larger scale structure of this 
phenomenon. Vortices over the Adriatic Sea appeared in numerical simulation, 
but had never been shown by objective analysis with real surface data.

Jurcec et al. (1996) employed the same method using the sea level 
observational data in order to separate mesoscale features in the Adriatic area 
from the synoptic fields characterized by a cyclone in the gulf of Genoa and 
strong jugo wind over the Adriatic Sea. The complex structure of the 
mesoscale Adriatic fields with pronounced ageostrophic flow was clearly 
indicated, suggesting the need for further studies of this problem under 
different larger scale circumstances.

Our present study is dealing with objective analysis of two cases of 
Adriatic vortex generation at the end of March, 1995 marked by extremely 
strong bora wind. It was studied earlier by Tafferner (1995), Brzovic and 
Jurcec (1997), Ivancan-Picek (1997), and Brzovic (1999). The analyses include 
all available data in the Adriatic coast and islands in addition to ordinary 
synoptic data, aiming to separate the subsynoptic/meso-ß scale features from 
the larger scale structures, using scale separation technique with known spatial 
filtering properties. We concentrate mainly on the wind field and search for 
cyclonic and anticyclonic vortices over the Adriatic Sea and surroundings.

Section 2 describes the Adriatic characteristics of cyclones (including low 
level shallow depressions by orography and thermal contrasts) and local winds, 
section 3 gives a synoptic overview, section 4 describes the scale separation, 
section 5 contains the results of macro- and mesoscale fields over the Adriatic 
area, and section 6 summarizes the conclusions.

2. Adriatic cyclones and wind characteristics

The Mediterranean area presents the highest concentration of real cyclogenesis 
(including low level shallow depressions by orography and thermal contrasts) 
in the world. The most famous is the Genoa cyclogenesis (Buzzi and Tibaldi, 
1978). Nevertheless, there are other areas with quite frequent true 
cyclogenesis. One is located in the Adriatic (Ivancan-Picek, 1997). 
Mediterranean local winds (including Adriatic bora and jugo) can be seen as 
the results of the orographic mesoscale pressure perturbation induced by the
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flow/mountain interaction. High and low pressure centres of the orographic 
disturbance (and/or the orographic pressure dipole as a whole) create local 
areas of strong pressure gradient, that provide intense local acceleration, 
leading to local wind generation (Campins et al., 1995). The synergistic 
combination of intense cyclone and local wind generation can explain of the 
extreme violence of some of the strong wind events. Synoptic and local 
weather characteristics during the bora and jugo episodes are discussed in 
several studies, (e.g., Ivancan-Picek and Tut is, 1996; Jurcec et al., 1996, and 
references therein). However, there is an evidence of relationship between 
bora, jugo, and a cyclone in the Adriatic.

The obvious constraint on the spatial scales of an atmospheric system is 
the geometry of its boundaries. The Adriatic Sea is about 200 km wide and 
surrounded by the Alps on the north, Dinaric Alps on the eastern coast of 
Croatia, and the Apennines on the west in central Italy. Orographic effects 
are therefore essential for the Adriatic systems, particularly cyclones and 
wind characteristics. Northern Adriatic is frequently exposed to Alpine lee 
cyclogenesis. These cyclones move southeast along the Adriatic Sea, and 
usually deepen extending throughout the troposphere in the southern 
Adriatic. The first mesoscale numerical experiment in the Adriatic area, 
using the high-resolution ALADIN model, was performed by Brzovic (1999) 
indicating the decisive role played by the Dinaric Alps on the maintenance 
of Adriatic cyclones and wind systems. Jugo (jug means south in Croatian), 
the strong southerly, warm, and humid wind appears ahead of the Adriatic 
cyclones or frontal zones, while the northeasterly cold bora wind is behind 
them.

Until recently, jugo was considered as a part of the sirocco wind family, 
which has the origin in the southern Mediterranean and northern Africa, 
characterized by dry and dusty air from the Sahara. Crossing the 
Mediterranean, the air picks up moisture, and reaching southern Italy it looses 
its force and energy, becoming a hot and humid wind (Huschke, 1959). 
However, jugo on the contrary could be very severe reaching the maximum 
speed over 40 m/s. Statistics and many case studies (Jurcec et al., 1996) have 
indicated that jugo is associated mainly with Alpine lee cyclogenesis on 
synoptic scale in the western Mediterranean, whereas in the Adriatic Sea, 
subsynoptic scale analyses established the connection of jugo with mesoscale 
cyclones and fronts. Thus, jugo does not belong to the sirocco wind system, 
although, there may be some special cases of very strong southerly current 
ahead of the Mediterranean cyclone, which may bring a relatively dry air from 
the Sahara to the Adriatic area.

The best-known severe wind in the Adriatic area is the northeasterly bora 
wind, which is a down slope cold and gusty wind of the eastern Adriatic coast.
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Until the ALPEX program in 1982, it was defined as a “falling wind”, which 
accelerates as it moves down slope due to its low temperature and greater 
density. Results of the first aircraft observations of the bora in Croatia 
accomplished during the ALPEX project did not verify this popular idea of the 
bora as falling wind, since the aircraft measurements indicated an upstream 
acceleration too, which begins where the mountains begin to rise. This is 
explained by the conservation of mass flow between the rising terrain and 
descending isentropes toward the warm Adriatic Sea, which requires flow 
acceleration upstream from the mountaintop. From this analysis Smith (1987) 
introduced the internal hydraulic mechanism as a mathematical description of 
bora features.

For the ALPEX SOP (March-April 1982), the pressure drag exerted by 
the Dinaric Alps was evaluated by Tutis and Ivancan-Picek (1991), Ivancan- 
Picek and Tutis (1995), using data from mesoscale array of microbarographic 
stations. The pressure drag maxima were always connected with bora periods. 
In these cases we may compare the Dinaric Alps to the Alpine region in the 
drag value magnitudes. The orographic pressure dipole is a key phenomenon 
for the organization and intensification of the local bora wind. The pressure 
difference between the upstream and downstream regions during the bora 
periods can be greater than 10 hPa/50 km.

In our case study, we will describe some of these features in section 3. 
More details on this subject are presented by Jurcec and Brzovic (1995, and 
references there), and a general description of the winds in the Adriatic area is 
given by Poje (1992).

3. Synoptic overview o f the case study

Circumstances, under which the Adriatic mesoscale vortex is generated at the 
end of March 1995 are investigated. In a relatively short time period (March 
28-30, 1995), two cold air outbreaks propagated towards Croatia, and resulted 
in two cyclogeneses over the northern Adriatic Sea. Abundant rain and 
snowfall were recorded over many parts of Croatia including Dalmatia, which 
is an extraordinary event for the last days of March. This situation has been 
chosen as an exceptional case of cold air outbreak over the Alps, which caused 
one of the strongest bora storms registered in the coastal region of Croatia.

The essential feature of this case study is a deep low in the Baltic area 
influencing the development in the Alpine region. On the first day, March 27, 
this low of 975 hPa was in southern Sweden with another center of the same 
intensity over the Barents Sea. These two lows, extending to the low 
troposphere, intensified the northerly tlow over NW Europe and the W-SW
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current over the Alpine area, Pannonian Plain, and Adriatic Sea. The frontal 
system from central Europe rapidly moved southward across the Alps, and a 
cold air outbreak influenced the pressure rise over Western Europe with a 
pronounced ridge to the north of the Alps. This process resulted in a strong 
cyclogenesis in the northern Adriatic on March 28 (Fig. la) with a front 
connecting this cyclone with the Baltic one, which moved to the east while 
deepening.

On March 29 the Baltic low decreased in size, and its influence on the 
Adriatic area gradually diminished (Fig. lb). The cyclone from the Adriatic 
was already in the eastern Balkan, and a new weak low formed in northern 
Italy ahead of the frontal system approaching the Alpine area. This again 
intensified the Adriatic cyclone, which was moving toward the southern 
Adriatic, where it slowed down deepening and extending to the upper 
tropospheric levels (Fig. lc). The intensification of the cyclone in this area is 
related to the upper level development in agreement with the conclusion by 
Taffemer (1990, 1994), who identified this process with other Alpine cyclo­
geneses.

Figs. 1 d - f  show the 850 hPa charts for the same days. Due to the 
intensity of the Baltic low, the northerly current with strong winds did not 
encounter the Alpine region, which was, south of the front in Fig. Id, under 
the influence of strong SW winds. This is not typical for the process of Alpine 
lee cyclogenesis, where the splitting current on the western Alps is missing. 
This was the reason why the cyclogenesis did not take place in the western 
Mediterranean but instead affected the north Adriatic through a very cold air 
outbreak circulating around the eastern flank of the Alps. This process was 
very fast marked by the cross isobaric flow  over the Alpine area as a sign of 
increasing acceleration. On March 29 the Alpine area was again under the 
influence of lows (Fig. le ), and on the last day (Fig. If), a deep low extended 
from the surface to higher tropospheric levels, and a ridge covered the western 
and middle Europe including the Alpine area.

Upstream conditions suitable for bora onset can be divided into two 
main groups (Fig. 2): (a) unidirectional northern flow throughout the 
troposphere; (b) shallow low-level bora flow below a critical level, defined 
either as the level of strong temperature inversion or level of flow reversal. 
This is demonstrated by the low and middle tropospheric changes in the 
sounding of Zagreb, characteristic for the upstream condition of the bora 
wind (see Smith (1987) for definition of upstream bora condition). The large 
temperature drop from 27th to 28th of March, with the changes of wind 
direction from SW to NE in the low level up to 2-3 km, covers the bora 
layer and explains the bora intensity in terms of hydraulic mechanism 
referred already in section 2.
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(a) March 28, 1995, 06 UTC, surface (d) March 28, 1995, 00 UTC, 850 hPa

(b) March 29, 1995, 06 UTC, surface (e) March 29, 1995, 00 UTC, 850 hPa

(c) March 30, 1995, 06 UTC, surface (f) March 30, 1995, 00 UTC, 850 hPa

Fig. 1. Subjective analysis of synoptic situation (from Berliner Wetterkarte).
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Legend for Figs. 2a, b, and c

March 27, 1995, 00 UTC 

March 28, 1995, 00 UTC 

—A— March 29, 1995, 00 UTC 

------March 30, 1995, 00 UTC

Fig. 2. Vertical profiles of temperature (a), wind speed (b), and wind direction (c) 
for Zagreb-Maksimir radiosounding station on March 27-30, 1995, 00 UTC.

Very strong bora events are illustrated in Fig. 3 for Split in the middle 
Adriatic coast (see Fig. 4). It represents the daily courses of sea level pressure, 
temperature, and wind during the considered period. The striking feature is a 
large temperature drop following the pressure minimum on March 28, which 
coincides with the high increase of bora speed and gusts exceeding 45 m/s. 
The first bora event did not last long in comparison with the next episode of 
bora, which started at this location in the evening of March 29 with less 
variation in temperature. This is the result of both upstream and downstream 
influences, which is a known process under this condition in the southern Adriatic 
with a very deep and intense cyclonic activity (Jurcec and Viskovic, 1994).
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F ig .  3. Time courses of mean hourly wind speed, maximum wind gusts, wind direction 
(a ) ,  temperature and mean sea level pressure (b ) in Split; March 27-31, 1995, 00 UTC.



Fig. 4. Response curves for filters used in the objective scale separation technique 
(M a d d o x , 1980). Curves FI and F2 are for low-pass filters used to define the bandpass 

(mesoscale) filter, curve BR. Response F2 also defines the macroscale field.

4. Data and computational method

The analysis technique employed here provides a scale separation successfully 
used by Maddox (1980), Gomis and Alonso (1988, 1990), Gomis et al. (1990), 
and Jurcec et al. (1996) in diagnosis of mesoscale structures. Briefly, the basic 
procedure is composed of two steps. The first step provides two macroscale 
fields after applying different low-pass filters. In the second step the 
subsynoptic (mesoscale) signal is obtained as a band pass field by subtracting 
those two macroscale fields. The total meteorological field is recovered as the 
sum of the macroscale and mesoscale fields, while the short wavelength noise 
is filtered out throughout the analysis.

There are two main features of the wavelength dependence of the analysis 
response: the cut-off wavelength for the large- and synoptic-scale contribution 
(hereafter referred to as “macroscale”), and the wavelenght at which the 
subsynoptic/meso-a contribution (hereafter referred to as “mesoscale”) is 
centered. The response is controlled by a set of four parameters. Filtering and 
scale separation properties of the analysis, for the parameter values adopted in 
this work, are shown in Fig. 4. The mesoscale response retains the wave­
lengths in the range of about 500 km, and the response functions show the 
magnitude of damping of the shorter wavelengths, e.g., 50% damping at 250 km.
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Our macroscale includes all features of wavelengths larger than approximately 
900 km with damping of about 50% at 1000 km. Thus, both of our scales are 
much smaller than in the study of Gomis et al. (1990) at 850 hPa, where the 
mesoscale response describes wavelengths in the range of 500 -2000 km, and 
a macroscale response retains essentially wavelengths larger than about 2500 
km. To minimize errors due to inhomogeneity of data distribution, we 
introduced the correction scheme as described briefly by Gomis et al. (1990), 
and in details by Buzzi et al. (1991).

Average data set contained 40 to 50 observations (Fig. 5), including data 
also from the climatological stations along the Adriatic coast and islands 
besides the conventional SYNOP observations. This data proved essential, 
particularly for the analysis of wind fields. To get reasonable values near the 
borders, stations outside the domain of the analysis were also included. The 
data were analyzed in a network of 25 x 25 grid points to a 0.5° longitude 
by 0.5° latitude grid extending from 38° to 50°N and 8° to 20°E (roughly 
1100 x 900 km).

March 29, 1995, 12UTC
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Fig. 5. Observed wind at available stations on March 29, 1995, 12 UTC. S and P indi­
cate positions of Split and Palagruza. Thick arrows are for wind speed larger than 10 m/s, 
thinner arrows are for speed of 5-10 m/s, and thin arrows are for speed less than 5 m/s.



5. Results

Fig. 6a shows the total pressure field at 00 UTC on March 28 with a low 
center on the northern Adriatic. Across this low, the total wind field (Fig. 6b) 
indicates the convergence zone, which extends eastward and separates rather 
uniform N-NW winds in the north from the W-SW winds on the south. A 
relatively uniform wind structure at the northern (continental) and southern 
(Mediterranean) part of the considered area is typical for the macroscale wind 
field in the selected case study.

A strong dipolar structure is found in the mesoscale pressure field at that 
time (not shown), which is also seen across the Dinaric Alps at 06 UTC (Fig. 
6c), when the mesoscale low extends to the middle Adriatic and central Italy 
toward the Tyrrhenian sea. The mesoscale wind field (Fig. 6d) at that time 
exhibits the convergence zone in the middle Adriatic and central Italy through 
the mesoscale low pressure. A small cyclonic vortex is seen in the northern 
Italy along the pressure trough. Notice that a cyclonic vortex is not found in 
the mesoscale wind field over the Adriatic sea, which is presumably the result 
of the warm sea intensifying the frontal zone and convergence at these zones 
only with possible appearance of very small and short-lived vortices.

On the contrary, the persistent vortex on this mesoscale field is the 
anticyclonic vortex, which also appears on the continent, e.g., on the eastern 
side of the Alps in the Pannonian Plain following the splitting current around 
the eastern flank of the Alps.

The mesoscale pressure field intensifies during the next 6 hours with a 
deep low in the southern Adriatic and a separate low in the Tyrrhenian Sea 
close to the Italian coast (Fig. 6e). The convergence zone (Fig. 6f) remains in 
the mesoscale wind field along this low pressure. The anticyclonic vortex is 
still seen in the Pannonian Plain, but cyclonic center in northern Italy no 
longer exists. Instead, there is a convergence line in this area in the direction 
of Genoa bay, where a small-scale cyclonic vortex is found. This vortex also 
disappears during the next few hours.

Fig. 7a presents the mesoscale temperature field at 12 UTC. It shows 
cold air behind the low centers and convergence zone in the southern Adriatic 
and central Italy. A very strong temperature gradient along the southern 
Adriatic coast is associated with the descending isentropes from the coastal 
mountains to the warm sea. This produces a horizontal density gradient, which 
hydrostatically gives rise to a pressure gradient below. This pressure gradient 
is directly responsible for the flow acceleration and bora intensification (Smith, 
1987; Tutis and Ivancan-Picek, 1991).

Fig. 7b presents the vorticity field at 850 hPa indicating a strong cyclonic 
vorticity over the southern Adriatic low.
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TOT 00 UTC March 28. 1995TOT P(hPa) 00 UTC March 28, 1995
(a) (b)

(c) ( d )
MEZ P(hPa) 06 UTC March 28, 1995 MEZ 06 UTC March 28. 1995

M EZP(hPa) 12 UTC March 28, 1995 MEZ 12 UTC March 28. 1995

Fi^. 6. Objective analysis of total pressure (a ) and wind field (b ) on March 28, 00 
UTC; mesoscale presure (c) and wind field (d )  on March 28, 06 UTC; mesoscale 

pressure (e ) and wind field if)  on March 28, 12 UTC.
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F ig .  7. Objective analysis of mesoscale temperature field ( a )  and relative vorticity 
(lCT5/s; solid lines are for positive values, dashed lines are for negative values) (b ) on 

the 850 hPa level on March 28, 1995, 12 UTC.

Thus, this analysis does not indicate any vortex in the mesoscale wind 
field over the Adriatic area, leading to presumption that the marked fast 
moving front and strong bora wind along the entire Adriatic coast are not 
favorable for the vortex generation over the sea area. This is implied by the 
results of the second case study on the next day.

In this case we find the most essential feature of our analysis -  the vortex 
generation in the middle Adriatic (Fig. 8 a-d). It is seen that this vortex is 
generated in the macroscale wind field to the north of macroscale pressure 
center. What is causing the cyclonic vortex generation in a macroscale wind 
field and why does it not appear on the mesoscale? The simplest answer would 
be that the mesoscale field is too much ageostrophic for such a process. Of 
course it is not surprising, that the vortex generation requires a more balanced 
condition similar to those found in larger scale field above the ground level as 
demonstrated by Gomis et al. (1990), where smaller scale noise is filtered out. 
Second, we noticed already more uniform currents over the middle Europe, to 
the north of Adriatic, as well as over the Mediterranean, with converging 
currents close to the Adriatic area. Third, the Adriatic basin and geometry of 
its boundary are convenient for the formation of mesoscale atmospheric 
systems. Finally, the specific condition for the observed Adriatic vortex is the 
appearance of strong bora in the northern, and jugo in the southern Adriatic. 
Using the same objective analysis, Jurcec et al. (1996) have shown that the
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wind distribution in the southern Adriatic essentially changes if the strong jugo 
at Palagruza island (see Fig. 5) is included in the analysis. Therefore, the 
strong horizontal wind shear is convenient for the vortex generation, although 
it is not sufficient for such a process. Numerical simulation with dry and moist 
dynamics of this particular case study (Brzovic and Jurcec, 1997) have 
revealed that jugo wind contains a humid air so that diabatic effects could also 
contribute to the vortex formation, although to a lesser degree that the 
orography.

(a) (b)
MAK P(hPa) 18 UTC March 29, 1995 MAK 18 UTC March 29. 1995

(c ) (d)
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F ig .  8. Objective analysis of macroscale pressure field (a ) ,  macroscale wind field (b )  
mesoscale pressure field (c) on March 29, 1995, 18 UTC, and mesoscale wind field on 

March 29, 1995, 21 UTC (d ) .

MEZ 21 UTC March 29, 1995MEZ P(hPa) 18 UTC March 29. 1995



On the other side, bora flow is mainly associated with the strong gravity 
wave breaking (Glasnovic and Jurcec, 1990), and presumably the formation of 
Kelvin-Helmholtz instabilities influences the smaller scale motions over the sea 
(Smith, 1991). However, these instabilities as well as convective instability in a 
humid air occupied by jugo are filtered out as noise in our macroscale 
procedure. The bora intensified in the northern Adriatic at the low pressure as 
it can be seen in Fig. 8c.

The middle Adriatic vortex did not last long, since after 3 hours the bora 
flow occupied the entire eastern coast, and we found only a convergence zone 
in the southern Adriatic existing in both macro- and mesoscale wind fields 
(Fig. 8d).

6. Conclusions

• The objective sea level mesoscale analyses have shown, as expected, highly 
ageostrophic regime over the Adriatic Sea.

• Mesoscale fields are characterized by the dipole structure in wind, 
temperature, and pressure fields in the northern Adriatic. The same 
characteristics appear later on across the Dinaric Alps along the eastern 
Adriatic coast, influencing the low pressure centers, moving downstream, 
and intensifying together with the convergence zones in the wind field 
associated with these lows. Thus, these are clearly the orogenic features 
mainly caused by orography.

• This analysis intends to capture the Adriatic mesoscale vortices with 
wavelengths in the range of about 500 km and damping of the shorter 
wavelengths at 250 km, whereas the macroscale includes the features of 
wavelengths larger than approximately 900 km.

• Thus, no remarkable vortices were generated on selected mesoscale over 
the Adriatic Sea, except for temporary occurrence of very small size and 
short living vortices.

• Vortex centers in the mesoscale wind field over the entire area considered 
are displaced from the position of the corresponding pressure centers, 
indicating the existence of organized ageostrophic components of the flow. 
However, this ageostrophic flow in selected mesoscale is not solely to 
blame for the nonexistence of larger vortices over the Adriatic area. We 
find mesoscale vortices over the continent, such as cyclonic vortex over 
northern Italy, and especially a very persistent anticyclonic vortex in the 
Pannonian Plain. Therefore, warmer sea surface temperature must be 
responsible for the intensification of fronts and convergence lines with

81



frequent occurrence of very small vortices following the cold outbreaks 
from the north.

• The circumstance, under which the middle Adriatic vortex was generated, 
was the strong jugo wind in the southern and severe bora flow in the 
northern Adriatic. In the mesoscale, such vortex does not appear 
presumably for some of the following reasons: (1) due to ageostrophic 
condition, (2) warm sea surface increasing the frontal activities, (3) various 
instabilities on this scale, and (4) orographic effects leading to strong bora 
flow or jugo wind along the entire Adriatic coast.

• Jugo wind appears in the moist air, where convective activities are usually 
strong, and in this particular case the intensity of storm is accompanied by 
intensive rain and snow, even in the islands along Dalmatia.

• On the other side, strong and dry bora wind is well known in regions with 
strong turbulence (“dead regions”), and intensive gusts at the sea level are 
apparently caused by the Kelvin-Helmholtz instability (Smith, 1991). Since 
these instabilities, which are contained in the small wavelengths presenting 
the noise, are filtered out in the macroscale, this is considered as the main 
reason why the Adriatic vortex in this case study was generated in the 
macroscale and not mesoscale wind field defined in our procedure.

• This is, of course, only one case study, and more cases should be 
presented, particularly with numerical model simulations in order to 
corroborate these results. Scientific community expects significant 
observing efforts from the new project, MEDEX — Mediterranean 
Experiment on Cyclones that produce High Impact Weather in the 
Mediterranean (Jansa et al., 2000). Thus, additional data should be focused 
to determine low-level distribution of wind, temperature, humidity and 
surface fluxes.
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EDITORIAL

Dr. Pál Ambrózy is 70

Dr. Pál Ambrózy has recently celebrated his 70th birthday. On this occasion we wish 
to congratulate him and also express our greatest honour for the enormous work he 
has completed during his carrier for the Hungarian meteorology and the society of 
Hungarian meteorologists.

He was born in 1933 in Rimaszombat. He completed his studies at the secondary 
school in Nyíregyháza, then he obtained a meteorologist diploma at the Eötvös 
Loránd University of Sciences (Budapest) in 1955. He obtained his university doctor 
degree in 1963. He devoted his entire life to the service of the Meteorological Service 
of Hungary and also the Hungarian Meteorological Society, for which he has been 
the President from 1991.

Just after finishing his studies he begins to work at the Meteorological Service. In the 
first years he works in a research team dealing with dynamical meteorology, where
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he soon becomes the head. There he plays a significant role in the domestic 
implementation of numerical and graphic methods of weather forecasting, which 
were in the frontline of development o f meteorological science at that time. He also 
participates in the establishment o f objective methods of storm forecasting at Lake 
Balaton. In 1968 he spent one year in the United States and in the Soviet Union as a 
UN sponsored scholar. He serves as the head of the Central Office o f the Service, 
then in 1974 he was appointed as the director of the Central Meteorological Institute. 
At that time this was the basic unit o f the Service, whose tasks included the 
countrywide meteorological observations, data collection, and also climatological 
research. Under his direction many high quality scientific results were achieved in 
this institute, the recounting of that is beyond the limit of this short greeting note. 
The main thing is that he personally participates in scientific work and has many 
outstanding scientific results, like the mapping of climatic resources in Hungary, or 
the redaction of Climate Atlas o f Hungary. He is one of the co-authors of the book 
“Register of small geographical regions o f Hungary ”, which then won an Academic 
Award. The number of his scientific publications is over one hundred, and his name 
is fixed in the local macrosynoptic classification Ambrózy-Bartholy-Gulyás. He 
retired from the Service in 1991, but we cannot call this a retirement, because he is a 
most active worker of the Service even now.

He is the member of the Hungarian Meteorological Society from 1952. Under his 
presidency, as was mentioned before, the Society, which is an NGO, succeeded to 
survive the difficult period of the 1990's and now continues to work and develop 
properly, serving this way the interests o f everybody, who is interested in the science 
of meteorology in Hungary. The Society now is a member of the European 
Meteorological Society, where he was elected as a council member.

For us Hungarian meteorologists a very important medium is the periodical “Légkör” 
(“Atmosphere”) for which he is the Editor-in-Chief from 1978. Under his talented (I 
may say genial) supervision this periodical became and remains a central forum of 
distribution of information about meteorology for meteorologists and non­
meteorologists in Hungary. It is a real pleasure to look at and read through every 
single issue of this journal.

Finally, we wish to mention, that he was awarded by the Steiner Lajos Memorial 
Prize in 1975, then with the Hungarian Scientific Societies Award in 1999, finally 
with the highest possible award for Hungarian meteorologists, the Schenzl Guido 
Award in 2000.

In the name of myself and the whole editorial board of the Időjárás I would like to 
wish “uncle Pali ” good health and many further years of fruitful work for the interest 
of Hungarian meteorology.

Tamás Präger
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Application of a cloud model in simulation 
of atmospheric sulfate transport and redistribution 

Part I. Model description
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Abstract-The authors have incorporated the sulfur chemistry in a rather sophisticated 
three-dimensional compressible meso-scale cloud model with a standard bulk param­
eterization of microphysics. The governing equations of the model include momentum 
conservation equations, thermodynamic and pressure equations, four continuity equa­
tions for the various water substances, and the subgrid scale (SGS) turbulent kinetic en­
ergy equation (TKE). The chemical part is formulated in terms of the continuity equa­
tions in the gaseous, aqueous, and ice phases within the cloud. The absorption of a gas 
phase chemical species in the cloud water and rainwater is determined either by the 
equilibrium according to Henry’s law or by mass transfer limitation calculations in or­
der to include the possible non-equilibrium states. After dissolution into cloud water and 
rain, follows the transfer of a soluble compound through the microphysical processes 
that affect the parent hydrometeor. All dissolved compounds are retained during the 
conversion of liquid drops to frozen hydrometeors. Melting of ice, snow, or hail again 
totally transfers the dissolved matter to cloud water and rain. During sublimation of hail 
and snow, dissolved scalar is retained in the hail or snow, unless all hydrometeor mass 
is converted to gas phase. The calculation of the cloud water pH and rainwater pH is 
based on the equilibrium hydrogen ion concentration for [H+], which is given by the 
simple charge balance equation.

Part I of the paper gives the detailed description of the model including the chemis­
try. Results of case studies with the model are described in Part II of the present article, 
which will be published in a later issue of this journal.

Key-words: scavenging, oxidation, sulfate transport, redistribution, wet deposition.
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1. Introduction

The interactions between clouds, atmospheric aerosols, and gases have impor­
tant effects on the chemical composition of atmospheric hydrometeors and on 
the long-range transport of air pollutants. Deep convection significantly con­
tributes to the transport and vertical redistribution of atmospheric pollutants 
(e.g., Isaac et al., 1982, 1983). Many studies have been devoted to these is­
sues in the past. Most of the early models are one-dimensional (e.g., Hales, 
1982; Walcek and Taylor, 1986; Taylor, 1989a,b) constraining the physical 
interpretation of the model results. Sarma (1986) examined the in-cloud con­
version of S02 for a single case using a two-dimensional Eulerian model. 
Studies by Tremblay and Leighton (1986) and Niewiadomski (1989) apply 
three-dimensional cloud chemistry models and their applications to redistribu­
tion of chemical species during convection, but they primarily focus on warm 
convective clouds. On the other hand, Wang and Chang, (1993a,b) have de­
veloped a three-dimensional cloud chemistry model focused on deep convec­
tion and chemical processes related to in-cloud transformations and redistribu­
tion of pollutants. Flossmann and Wobrock (1996), Kreidenweis et al. (1997) 
studied the transport of S02 in convective clouds and chemical reactions. Ska- 
morock et al. (2000) have examined tracer transport in three-dimensional 
simulations using the Klemp-Wilhemson model. Crutzen and Lawrence (2000) 
used a three-dimensional global model to examine the impact of convective and 
large scale precipitation scavenging on the transport of trace gases. More re­
cently Barth et al. (2001) examined the redistribution of gases with various 
solubility during deep convection, while Yin et al. (2001) examined the trace 
gas redistribution using a two-dimensional dynamic cloud model with detailed 
microphysics and spectral treatment of gas scavenging. Table 1 gives a short 
review of studies, focused on deep convection and transport of various species, 
using cloud chemistry models with different dynamical, microphysical, and 
chemical frameworks.

Part I is focused on cloud model formulation and description of model 
dynamics, thermodynamics, and microphysics (Section 2). The microphysical 
and chemical processes of the sulfuric compounds are illustrated in Section 3. 
Chemical reactions of these compounds, their mass transfer between gas and 
liquid phases, and also their mass transfer between cloud hydrometeors, and 
finally calculation of pH are described.

2. Cloud model formulation and description

The present version of the model is a three-dimensional, nonhydrostatic, time- 
dependant, compressible system which is based on the Klemp and Wilhelmson
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(1978) dynamics, Lin et. al. (1983) microphysics, Orville and Kopp (1977) 
thermodynamics, and Taylor (1989b) sulfate chemistry. The governing equa­
tions of the model include momentum conservation equations, thermodynamic 
and the pressure equations, four continuity equations for the water substances, 
a subgrid scale (SGS) turbulent kinetic energy equation (TKE), and continuity 
equations for chemical species associated with various cloud water species.

Table 1. A review of studies with brief description of their cloud-chemistry model formulations

Authors Taylor Tremblay W ang C rutzen Barth Yin Spiri-
of and and and et al., e t al. donov

separate Leighton C hang L aw rence and
studies-» (1989a,b) (1986) (1993b) (2000) (2001) (2001) C u rie

(present
m odel)

The ba- 1-D 3-D 3-D 3-D 3-D 2-D 3-D
sic char- dimen- (warm non- global non- non- non-
acteristic sional cumulus hydrostatic model hydrostatic hydrostatic hydro-
of the cumulus cloud cloud model (MATCH) cloud cloud model static
model cloud model) model cloud

model model
Model 1.5 D Com- Compressi- Global Com- Slab- Com-
dynamics Eulerian pressible ble cloud model pressible symmetric pressible
and model Cloud model for chemical cloud cloud
thermo- cloud model Ice-liquid transport model model
dynamics potential TKE

TKE temperature 1- order
Local closure
turbulent 1-order scheme
Kinetic closure Prognos-
energy scheme tic equa­

tion for
entropy

Model Bulk- A simply Semi- Semi- Mixed Detail mi- Bulk-
micro- water bulk-param- spectral explicit phase. crophysics. water
physics micro- eterization microphys- cloud Particle Method of param-

physics warm mi- ics scheme microphys- micro- multi eteriza-
crophysics ics scheme physics moments tion with 

signifi­
cant
improve­
ments

Model Sulfate Liquid-gas Gas phase Transport Transport Spectral Liquid-
chemis- chemistry phase and liquid- trace- gases and scav- treatment of ice phase
try param- chemistry ice phase Scavenging enging of scavenging chemical

eterization chemical and dissolu- tracers and redistri- reactions
reactions tion in (highly bution of (sulfate

liquid phase soluble gases chemis-
and (tracers) try)
passive inside
tracers) clouds
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The momentum equations are derived from the Navier-Stokes equations with 
the aid of the moist equation of state:

2 . 1 The model dynamics
2.1.1 The momentum equations

(1)

where p  is the pressure; p  is the density of moist air; Rit is the gas constant for 
dry air; T is the temperature; and qv is the mixing ratio of water vapor. Re­
written in terms of non-dimensional pressure or the Exner function /7 :

(2)

Here p0 is the basic state pressure at the ground and 6V is the virtual potential 
temperature. Using the Boussinesq-approximation for homogeneous and rotat­
ing fluid, taking into account advection, turbulent transport, buoyancy (either 
due to warming or loading hydrometeors), and pressure gradient force, the 
tensor form of the momentum equations could be written as:

In this equation (/ =  1,2,3) is the wind speed component along the ith coor­
dinate axis; cp is the specific heat at constant pressure of dry air; 
09q =cpdolX + OW&qyQ)-, n ' is the deviation of non-dimensional pressure or 
Exner function from the initial unperturbed state /70 ; O' and q$ are the per­
turbations of the initial potential temperature and mixing ratio of water vapor; 
9q is equilibrium value of the potential temperature; qc and qr are the mixing 
ratios of cloud water and rainwater, respectively; <J/3 is the delta function; g is 
the gravitational acceleration; £i3/ is the appropriate tensor of third rang; /  is 
the Coriolis parameter; and Fui represents contribution of subgrid-scale proc­
esses to >9,-.
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The pressure equation is derived by taking substantial derivative of Eq. (2) 
using the compressible continuity equation,

2.1.2 The pressure equation

to eliminate d p ! d t , and thermodynamic equation to eliminate d6 / d t . The fi­
nal equation has the following form:

Using the parallel tensor notation in the equations, Uj (j = 1,2,3) are the veloci­
ties u, v, w; (d/dXj) are partial derivatives along the axes (x,y,z); c is the speed 
of sound given by c2 =cpRdT10v lcu , and is the subgrid scale contribu­
tion term for n ' .

2.1.3 The thermodynamic equation

In the thermodynamic equation, the potential temperature derived by Orville 
and Kopp (1977) is used as a conservative variable for adiabatic processes. 
The flux-conserving form of the equation is

9~ f  = ■ Vp' + KhSJcp’ + - ^ r - ( P g' + Ps') + ^ ( 7  -  70) iPGMLT + PSMLT )
dt cPTQ0 & Tqq

- ^ h c w d - V T  + qRW - * U R) V T ] - ^ — d[qCI$-VT + qG( d - k U G) V T  
1 00 CP 100

+ qs (d -k U s )-V7”], (6 )

where <p' is the specific entropy of the moist air; K h is the heat eddy coeffi­
cient; L j  is the latent heat of freezing; P'g is the total production rate of hail; 
P's is the total production rate of snow; Cw is the specific heat of water; T0 is 
the melting temperature; Pqmlt is the production rate of rain from melting of 
hail; Psmlt *s the production rate of rain from melting snow; 
qcW’Qci’QR’QG’Qs are the mixing ratios of cloud water, cloud ice, rain, hail,
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and snow; Cj is the specific heat of ice; and Ur,Ug,Us represent terminal
velocities for rain, hail, and snow, respectively. The first two terms on the 
right-hand side of Eq. (6 ) represent the advection and turbulent mixing effects. 
The third term shows the heating effect of liquid water freezing, or the cooling 
effect of melting. The fourth term indicates the energy needed to warm the 
melted hail and snow from 0°C to the ambient temperature. The last two terms 
represent the energy changes due to the various hydrometeors coming into 
thermal equilibrium with the environment as they move through a layer with 
changing temperature gradient.

2.1.4 The subgrid scale parameterization

The parameterization of subgrid scale fluxes is based on the solution of the 
turbulent kinetic energy (TKE) equation given in the form

is the subgrid-scale kinetic energy per unit mass. The terms on the right-hand 
side of Eq. (7) represent the effects of buoyancy, shear, diffusion, and dissipa­
tion. Eq. (7) is derived from momentum equation, Eq. (3), for incompressible 
fluid (p  = const), performing Reynolds averaging on each of the prognostic 
variables and applying the first-order closure to the nearly conservative vari­
ables. Heat eddy coefficient is assumed to be proportional to the momentum 
eddy coefficient. Details could be found in study by Klemp and Wilhemson 
(1978).

2.2 Cloud microphysics

For the parameterization of the microphysical processes we use the integrated 
(bulk) water parameterization by Lin et al. (1983), with significant improve­
ment of hail growth parameterization. Instead of using the hail size spectrum 
from zero to infinity (idealized spectrum), Curie and Jane (1995, 1997) pro­
posed considering the hail size spectrum which includes only hail sized parti­

90



cles (larger than 0.5 cm in diameter; hereafter called realistic hail spectrum). 
Six types of water substances are included: water vapor, cloud water, cloud 
ice, rain, snow, graupel, and hail. Cloud water and cloud ice are assumed to 
be monodisperse, with zero terminal velocities. Cloud water droplets have 
identical mass Mw = 4 .19x l0“9 g, while cloud ice crystals have mass
M,=4.19 xlO“ 10 g. Rain, hail, and snow have Marshall-Palmer type size distri­
butions with fixed intercept parameters: «os= 8 x l0  2 cm“4, n0H=4 x 1 0 “4 cm“4, 
and nos=3 xlO“2 cm“4. The assumed values for density of rain, hail, and snow 
are 1 g cm'3, 0.9 g cm'3, and 0.1 g cm '3. The density of air is separately cal­
culated. These six forms of the water substances interact mutually.

Four continuity equations for the various water substances

where q - r  + qcw  + qCI; q cw  qci’̂ R’ VG’ Vs * ar,d r are *he mixing ratios 
for cloud water, cloud ice, rain, hail/graupel, snow, and water vapor, respec­
tively; Kh is the eddy heat diffusion coefficient; Km is the eddy momentum dif­
fusion coefficient; U R,UG,U s are terminal velocities for rain, hail/graupel, 
and snow, and PR,PG, and Ps are production terms for rain, hail, and snow.

The source reference for the scheme to allow coexistence of cloud water 
and cloud ice in the temperature region of -40 to 0°C is derived from Hsie et 
al. (1980). Condensation and deposition of water vapor produce cloud water 
and cloud ice, respectively. Conversely, evaporation and sublimation of cloud 
water and cloud ice maintain saturation. Natural cloud ice is normally initiated 
by using a Fletcher-type equation for the ice nuclei number concentration. In 
this version of the model, cloud ice may also be produced by the Hallett-

91



Mossop ice multiplication. Bergeron-Findeisen process transforms some of the 
cloud water into cloud ice and, to a certain extent, both of them into snow.

Rain is produced by the auto-conversion of cloud water, melting of snow 
and hail, and shedding during the wet growth of hail.

Hail is produced by the auto-conversion of snow, interaction of cloud ice 
and snow with rain, and by immersion freezing of rain.

Snow may be produced by the auto-conversion, Bergeron-Findeisen 
growth of cloud ice, and interaction of cloud ice and rain. All types of pre­
cipitation elements grow by different forms of accretion. Evaporation (subli­
mation) of all types of hydrometeors is also simulated.

3. Microphysics and chemical processes o f  the sulfuric compounds

The chemical model is based on the sulfate chemistry taken from Taylor 
(1989b) and represents an extension of already published work concerning 
warm clouds from Tremblay and Leighton (1986).

To study the interactions between clouds, aerosols, and gases participat­
ing in sulfate production, the model is formulated in terms of continuity equa­
tions. If the concentration of the /th pollutant is expressed by the mixing ratio 
in the air, cloud water and cloud ice by qi a , rain by qi r , graupel or hail by 
(qjg h), and snow by qi s , then the local change of each component separately
is given by the following conserving forms which are consistent with the dy­
namics and thermodynamics formulations:
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where S is the wind velocity vector with components (u, v, w); 
Eia, Eic, Eir, Eig h, and Eis are the subgrid contribution terms;
SMia, SM ir , SMjg h, and SMis are redistribution terms induced by micro­
physical conversion processes given by the relation

SMi w = q i wqm(w ^>i)/qw, (17)

where qm(w —» i) is the rate of microphysical transformation derived from the 
microphysical scheme. During transformation the water “w” is considered to 
lose mass and the category “i” to gain mass. qi w is the mixing ratio of pollut­
ant “i” associated with water “w” and qw is the mixing ratio of water. 
Sqia, Sqir, Sqig and Sqjs denote the chemical transformation terms, while 
the falling rates for hydrometeors SFir , SFjg h, and SFis are given by

1 5
^^i,r,g_h,s ~  (P ^r ,g _ h ,s  Qi.r.g h,s )>  H ® )

ppdxj

where p  is the initial unperturbed value of air density, Urg hs are terminal 
velocities of rain, graupel or hail, and snow, respectively.

3.1. The mass transfer between gas and liquid phases

The absorption of a gas phase chemical species in the cloud water and rain­
water is determined either by the equilibrium according to Henry’s law or by 
mass transfer limitation calculations in order to include the possible non­
equilibrium states.

Gases (with an effective Henry's law constant KH* <103 mol dm " 3 atm"1) 
in cloud water and rain are assumed to be in equilibrium with the local gas- 
phase concentrations. These liquid-phase concentrations of each chemical 
component “i” are calculated according to Henry’s law, i.e.,

[i] = K H P i, (19)

where [i] is given in units of mol i/L H20  (M); KH is the Henry's law coeffi­

cient (Matm"1); and p{ is the partial pressure of the species “i“ given in units 
atm. All equilibrium constants and oxidation reactions are temperature depend­
ent according to van't-Hoff's relation
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K T = K T0 ex p  ( -  A H /R  (1 / T  -  l / T 0 )) , (20)

where AH is the increase of enthalpy induced by chemical reactions; KT0 is 
the equilibrium constant at a standard temperature 70=298 K; and R is the 
universal gas constant. However, a chemical species may not attain equilib­
rium on the time scales of the cloud model because of slow mass transfer be­
tween phases. In that case a fully kinetic calculation of gas dissolution into the 
cloud droplets and raindrops is included in the model. The rate of mass trans­
fer among gas species “i“, spectra of drops with diameter a, and number con­
centration Na (per mole air) could be expressed by the following relation by 
Yin etal. (2001):

where qd , a is the rate of molar mixing ratio of gas species inside drops with

cies “i“; R is the universal gas constant; T is the temperature; Dg j is the dif- 
fusivity of gases “i“ in air which are taken from Pruppacher and Klett (1997); 
Va is the volume of drops with diameter a; P, is the partial pressure of gas 
species “i“ in the environment; N sftj is the mass ventilation coefficient
(Sherwood number); and tj is a factor which is a function of the Knudsen- 
number Kn and sticking coefficient y t of gas species “i“ on spherical drops.

3.2. Mass transfer between cloud hydrometeors

After dissolution into cloud water and rain, follows the transfer of a soluble 
compound through the microphysical processes that affect the parent hydro­
meteor.

The present cloud modeling study includes a freezing transport mecha­
nism of chemical species based on Rutledge et al. (1986). Similar approach 
could be found in studies (e.g., Wang and Chang, 1993a; Chen and Lamb, 
1994; Kreidenweis et al., 1997).

It is assumed that all dissolved compounds are retained during the conver­
sion of liquid drops to frozen hydrometeors. Melting of ice, snow, or hail 
again totally transfers the dissolved matter to cloud water and rain. During 
sublimation of hail and snow, dissolved scalar is retained in the hail or snow, 
unless all hydrometeor mass is converted to gas phase.

diameter a  to that in the air; K H is the effective Henry’s law constant of spe­

94



3.3. The sulfate chemistry parameterization terms

'y
Microphysical processes and chemical conversions for S 0 4' in air and differ­
ent water substances, and the names associated with each of them in the model 
are demonstrated in Fig. 1. The equilibrium chemical reactions and reaction 
constants for these processes as well as for S (IV) oxidations (see 3.4) are 
listed in Table 2.

(1) PSl(SULl) -  S(IV) solution in cloud water

The total concentration of the S(IV) species for pH < 5.5, which is typical for 
cloud and rain water, is predominantly in the form of [HSO3 ]. Thus the con­

centration of [HSO3 ] is given by

[HSO3-  ] = (K 1K2Pso2 ) / [H+]. (2 2 )

By substitution of the rate coefficients, and using expression for the par­
tial pressure of S 0 2 (in Pascal’s) given by

(23)

the rate, at which S 0 2 is removed from the atmosphere or return in gaseous 
phase, is written as

(24)

where p is the air pressure; ( Sqc / S t ) is condensation rate for cloud water; 
and [H£] is the equilibrium hydrogen ion concentration in cloud water. The 

molecular weights M Sq2 and ^ HSO - for S 0 2 and [HSO^ ] are included 

since SUL1 is a sink term for S 02.
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Fig. 1. Scheme of microphysics- and chemistry-related conversions for SO 4' in air and different water categories, 

and the names associated with each of them in the model.
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Table 2. Equilibrium reactions, rate coefficients, S (IV) oxidations, 
and the corresponding coefficients

No. Reactions K29g (M or M a tm 1) -H298/R(K) References

1 S02 (g) <=> S 02 (aq) 1.2 3135 (1)

2 S02 (aq) cs> HS03 + H+ 1.3 x 10“2 2000 (2)

3 hscv  <=> s o 3-2 + H+ 6.3 x 10-8 1495 (3)

4 03 (g) <=> 0 3 (aq) 1.13 xlO-2 2300 (4)

5 H20 2 (g) •»  H20 2 (aq) 7.1 x 104 6800 (5)

6 NH3 (g) cs> NH4OH (aq) 75 3400 (6)

7 HN03 (g) 0  HN03 (aq) 2.1 x 105 8700 (7)

8 C02 (g) 0  C 0 2 (aq) 3.4 x 10"2 2420 (8)

9* S(IV) + 0 3 S(VI) + 0 2 3.7 x 105 5530 (9)

10* S(IV) + H20 2 -► S(VI) + h 2o 7.45 x 107 4751 (10)

* In case of non-equilibrium reactions 9 and 10 in the head of columns 2 and 3 AK29g(M s-1) 
and - AH 298 /R  (K) should be understood;

(1), (2), (3), (9), and (10) are derived from values given by Hoffmann and Calvert (1985);

(4), (6), and (8) by Pandis and Seinfeld (1989); (5) by Martin and Damaschen (1981), and (7) 
by Schwartz and While (1981)

(2) PS2 -  Oxidation by 0 3 and H 2 0 2  to SO4 '  in cloud water

As it is listed in Table 2, PS2 term is a combination of oxidation reactions. In 
pH range of interest, S(IV) is predominately in form of HS03. Thus the oxida­
tion of O, and H90 ,  could be expressed by rate equation

The term KS,W) is a modified Henry’s law coefficient given by relation

^■S(IV) — K \ 1 + K 2
[H J ] ,

(26)

Here [ 0 3 aq] and [H 2 0 2 aq] concentrations are calculated using Henry’s 
law coefficients given in Table 2, respectively:

[ 0 3 aq] = K9p 03 ,

[H 2 0 2 aq] -  Kl0p H2q 2 ,
(27)
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where p 0 is the partial pressure. Taking into account this relation and the 

conversion factor <7S0 2- = 0.096 l[SO^~]<7 c given in Taylor (1989), the total 

rate of S(IV) conversion to SO^- is given by

(3) PS3 -  Nucleation scavenging of SO|" aerosol by CCN

The term for nucleation scavenging of SO4 ' aerosol by CCN simply shows 
primary activation of cloud condensation nuclei (CCN), based on numerical 
integration of the droplet growth equation. According to Jensen and Charlson 
(1984), in typical continental cloud condensation nuclei, most primary activa­
tion occurs few hundred meters of cloud basis. Also their work shows high nu­
cleation efficiency, 80-100% of total aerosol mass is activated and incorpo­
rated into cloud drops. Taylor (1989b) has been approximated this process by 
following expression:

where ss02- =0.55 is the fractional nucleation efficiency; Sqc is the conden­

sation of cloud drops during the current time step in the model. Secondary ac­
tivation of CCN is not included in the model since we use a bulk water param­
eterization and fixed droplet number in cloud model.

(4a) PS4CB -  Scavenging of SO^' aerosol by Brownian diffusion in cloud 
drops

Stationary drops capture aerosol particles by simple Brownian diffusion. The 
PS4CB term on this way approximates to

PS4CB -  4n  DpN c  qso^a aC f p  > (30)
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where Dp is the diffusion coefficient set to Dp = 1.56 xlO' 8 m2 s '1, (Prup- 
packer and Klett, 1997), Nc is the cloud droplet concentration; a c is the mean 
cloud droplet diameter; and /  is the mean ventilation coefficient .

(4b) PS4IB -  Scavenging of SO4 ' aerosol by Brownian diffusion in cloud ice

This term is similar to previous term PS4CB but is related to cloud ice and 
scavenging of SO|" aerosol by Brownian diffusion. This term is approximated 
as

PS4ib -  4/r Dp N , <7so4a a i f p , (31)

where Dp is the diffusion coefficient set to Dp = 1.56 xlO" 8 m2 s' 1 (Pruppacher 
and Klett, 1997); N, is the cloud ice concentration; a, is the mean cloud ice di­
ameter; and f  the mean ventilation coefficient.

(5) PS5 -  Nucleation scavenging of SO|~ aerosol by ice nuclei (IN)

Although the effects of the nucleation scavenging by ice crystals have not been 
studied in field, the term for nucleation scavenging of SO |‘ aerosol by ice nu­
clei (IN), is conditionally computed in an analogous fashion to PS3:

where £S0 2- =0.55 is the fractional nucleation efficiency; Sql is the initiating 

the ice phase during the current time step in the model.

(6 ) PS6  -  Impact scavenging of S O |' aerosol by rain

The impact scavenging of SO |' by rain is computed for continuos collection 
processes
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(33)

Assuming exponential size distributions for the precipitation particles, PS6  is 
reduced:

where n0R is the slope intercept parameter of the rain; a R is the diameter of 
rain; UR is the mass-weighted mean terminal velocity of rain; and e R is the 
collection efficiency.

(7) PS7 -  Impact scavenging of SO4 '  aerosol by graupel

Similar as previous term, impact scavenging of SO4 'aerosol by graupel is cal­
culated assuming continuos collection, i.e.,

where N TC is the total number of graupels; a G is the diameter of graupel; 
UG is the mass-weighted mean terminal velocity of graupel; and s G is the 
collection efficiency.

(8 ) PS8  -  Impact scavenging of SO|~ aerosol by snow

Impact scavenging of SO ^ aerosol by snow is computed on similar way to 
terms PS6  and PS7:

where N TS is the total number of snow; a s is the diameter of graupel; Us is 
the mass-weighted mean terminal velocity of snow; and es is the collection 
efficiency.

(34)

(35)

(36)
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(9) PS9 -  Oxidation of S(IV) by 0 3 and H2 0 2  to SOj" in rainwater

The term PS9, which represents oxidation of S(IV) in rain, is computed on 
similar way as term PS2:

Here [H^] is the hydrogen ion concentration in rain; while 's the
hydrogen peroxide rain water mixing ratio.

(10) PSIO-S(IV) Evaporation of rain

This term calculates the rate at which S0 2 returns to the atmosphere during 
evaporation of rain. Since the pH range of cloud and rain water S(IV) is pre­
dominantly in form of [HSO3 ], now the conversion from [HSO3 ] to S0 2 gas 
during evaporation of rain, could be expressed by relation

where P^evp >s the evaporation from rain.

(11) PS11 -  SO |' transfer from cloud water to rain

This term follows the microphysical transition and transfers SO^- from cloud 
water to rain SO |".

where Prajjt ,  Pracw  > ar*d Psacw  are autoconversion of cloud water to form 
rain, accretion of cloud water by rain, and accretion of cloud water by snow, 
respectively producing snow if T< T0 or rain if T >T0. Also enhances snow 
melting for T > T0.
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(12) PS 12 - S0|" transfer from cloud water to graupel

This term follows the microphysical transition and transfers SO|~ from cloud 
water to graupel S O |" :

P S\2  = q- ^ ^ P GACW, (40)
<?c

where Pqacw *s accretion of cloud water by graupel.

(13) PS13 -  SO |' transfer from cloud water to snow

This term parallels the microphysical transition and transfers S O |‘ from cloud 
water to snow S O |':

P 5 1 3 - -----— ( Psacw + psfw  ) > (41)
<7c

where Psfw is the Bergeron process (deposition and riming) transferring 
cloud water to snow; and P$acw  is explained in the previous part.

(14) PS14 - SO^' transfer from cloud water to cloud ice

This term follows the microphysical transition and transfers S O |' from cloud 
water to cloud iceSO ^':

tfoo
P S\4 = ( Pjdw + PlHOM ) , (42)

<?C

where PIDW and Pjhom are depositional growth of cloud ice at expense of 
cloud water, and homogeneous freezing of cloud water to form cloud ice, re­
spectively.

(15) PS15 -  SO|" transfer from cloud water to aerosol

This term transfer the cloud droplet SO^" to aerosol during evaporation of
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cloud droplets. This transfer occurs in the model when mean cloud droplet di­
ameter falls below 1 pm:

(43)

(16) PS16 -  SO |' transfer from rain to snow

On analogous fashion, this term follows the microphysical transition and trans­
fers SO|" from rain to snow SO ^':

where Pjacr is the accretion of rain by cloud ice, producing snow or graupel 
depending on the amount of rain and accretion of rain by snow; and Psacr 
represents accretion of rain by snow. For T<T0, it produces graupel if rain or 
snow exceeds threshold; if not, it produces snow. For T > T0, the accreted 
water enhances snow melting.

(17) PS17 -  SO|~ transfer from rain to graupel

Similarly to the computation of the term PS16, this term follows the micro­
physical transition and transfers SO^" from rain to graupel S O |':

where Pqacr a n ^  pgfr  are the accretion of rain by graupel, and probabilistic 
freezing of rain to form graupel, respectively.

(18) PS18 -  Transfer of SO |' from graupel to rain

On analogous fashion, this term follows the microphysical transition and trans­
fers SO|" from graupel to rain SO4 ' :
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PSI 8  = PGMLT > (46)
Q SO aG

<?g

where Pgmlt 's the melting of graupel to form rain, T > T0. (In this regime, 
Pgacw *s assumed to be shed as rain).

(19) PS19 -  S0|~ transfer from graupel to aerosol

This term represents the microphysical transition and transfers SO|" from 
graupel to SO4 " aerosol:

PS 19 -  Pgsub > (47)
<?G

where Pgsub *s the sublimation of graupel.

(20) PS20 -  Transfer of SO^' from snow to rain

On analogous fashion, this term follows the microphysical transition and trans­
fers SO^' from snow to rain S O |" :

P S 2 0  = ——̂—Psmlt > (48)
<ls

where P$mlt >s the melting of snow to form rain, T > T0.

(21) PS21 -  Transfer of SO|" from snow to graupel

The term PS21 follows the microphysical transition and transfers SO|" from 
snow to graupel SO 4 ":

q co c
PS21 = -----— (PgaUT + PGACS + PRACS) (49)

<7 5

where Pgaut > pgacs > pracs are the autoconversion (aggregation) of snow to
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form graupel, accretion of snow by graupel, and accretion of snow by rain, re­
spectively; produces graupel if rain or snow exceeds threshold and T< T0.

(22) PS22 -  Transfer of SO|" from snow to aerosol

The term PS22 parallels the microphysical transition and transfers S O |' from 
snow to SO4 " aerosol:

where Pssub ar*d Psdep are the sublimation of snow, and depositional growth 
of snow, respectively.

(23) PS23 -  SO^" transfer from cloud ice to graupel or hail

On analogous fashion, this term follows the microphysical transition and trans­
fers SO^ from cloud ice to graupel or hail SO |":

where Pqaci and Praci are the accretion of cloud ice by graupel, and accre­
tion of cloud ice by rain, respectively, producing snow or graupel depending 
on the amount of rain.

(24) PS24 -  Transfer of SO|~ from cloud ice to cloud water

On analogous fashion, this term follows the microphysical transition and trans­
fers SO4 " from cloud ice to cloud water SO^':

PS22  -----— ( Pssub + Psdep ) > (50)

PS23 = ( pGACI + Praci ) , (51)

(52)

where P/mlt the melting of cloud ice to form cloud water, T >T0.

105



(25) PS25 -  S 0 |‘ transfer from cloud ice to snow

This term parallels the microphysical transition and transfers SO4 " from cloud
ice to snow S O |':

C f c n  t

PS25 =  — ( P sA U T  +  PSAC1 +  PSFI +  P RAC I) < (53>
<7 /

where Psaut > Psaci > an^ /Js7-7 are the autoconversion (aggregation) of cloud 
ice to form snow, accretion of cloud ice by snow, and transfer rate of cloud ice 
to snow through growth of Bergeron process embryos, respectively.

(26) PS26 -  SO^' transfer from cloud ice to aerosol

This term transfers the cloud ice S O |‘ to aerosol, during evaporation of cloud 
ice. This transfer occurs in the model when mean cloud ice diameter falls be­
low 1 pm:

PS26 = gso 4 /
St

(54)

3.4 Hydrogen peroxide, ozone, and sulfur dioxide source terms

The scheme of H20 2, 0 3 and S 0 2 reactions are presented in Fig. 2. The source 
terms for H20 2 and 0 3 include: equilibration between gas and aqueous phases 
using Henry’s law, reduction due to oxidation of S(IV) in cloud drops and 
rain, as well as the set of microphysical transfer and conversions among dif­
ferent water categories. S0 2 field is explicitly treated in the model. The source 
terms of S(IV) are solution in cloud water and rain water, and microphysical 
conversions.

(1) PHI, 0HP1, SUL1 -  Equilibration of H20 2, 0 3, and S0 2 in cloud droplets

As SUL1 is a sink term for SOz described before, PHI and OHP1 are terms 
representing equilibration of H 20 2 and 0 3 concentrations in cloud droplets. 
According to Henry’s law, these terms could be expressed as
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P H 1,0H P 1 -  i 4WH2o2,o3c (55)

If condensation rate — < 0, in the computation of PHI and OHP1 we take
St

maximum available amounts of H20 2 or 0 3, which is returned to the environ­
ment (Taylor, 1989), i.e.,

(2) PH2, OHP2, SUL2 -  H20 2, 0 3, and SOz transfer from cloud water to 
rainwater

This term follows the microphysical transition and transfers of H20 2, 0 3, and 
S0 2 from cloud water to rain H2Oz, 0 3, and S 02.

P H 2,O H P 2 ,S U L 2  = 2—2 ' 3’ — ( P r a u t  +  Pr a c w  +  Ps a c w } » (57>
<?C

where PRA UT , Pracw » and Psacw  are autoconversion of cloud water to form 
rain, accretion of cloud water by rain, and accretion of cloud water by snow; it 
produces snow if T< T0, or rain if T> T0. Also enhances snow melting for
T>T0.

(3) PH3,OHP3, SUL3 -  H20 2, 0 3, and S 0 2 transfer from cloud water to 
graupel

ph3,ohp3,sul3 = - h-2-q.2-0tS02c pGACW (58)
qc

(4) PH4,OHP4,SUL4 -  H20 2, 0 3, and S0 2 transfer from cloud water to snow

PH4,OHP4,SUL4 = ^ Q 2 'Q 3 -SO -2-C ( PSACW + PSFW) . (59)
qc

(5) PH5,OHP5,SUL5 - H20 2, 0 3, and S02 transfer from cloud water to cloud ice
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PH5,0H P5, SUL5 = <?H2° 2--.° 3-S-0 ^  ( PIDW + P'iHOM ) ■ (60)
9c

(6 ) PH6 ,OHP6 , SUL6  -  H20 2, 0 3, and S02 transfer to gas phase from cloud 
water

PH6 ,OHP6 ,SUL6  = g H 2 0 2 . 0 3 , S 0 2 G  (6 1 )

St

(7) PH7,OHP7,SUL7 -  H20 2, 0 3, and S02 transfer from rain to snow

In an analogous fashion, this term follows the microphysical transition and 
transfers H20 2, 0 3, and S02 from rain to snow:

PH7,OHP7,SUL7 = q n i0 2 '°Z'S02S ( PlACR + PSACr ) , (62)
95

where Pjacr is the accretion of rain by cloud ice; produces snow or graupel 
depending on the amount of rain and accretion of rain by snow, and P$acr 
represents accretion of rain by snow. For T< T0, produces graupel if rain or 
snow exceeds threshold; if not, produces snow. For T> T0, the accreted water 
enhances snow melting.

(8 ) PF18, OHP8 , SUL8  -  H20 2, 0 3, and S02 transfer from rain to graupel

PH8 ,OHP8 ,SUL8  = ‘?h2°2.03.so28 ( p  + p  + p  + p  (63)
95

(9) PH9, OHP9, SUL9 -  H20 2 evaporation from rain to aerosol

PH9,OHP9,SUL9 = ? h20 2’03.S02^ Pr£ vp (64)
95

(10) PH10, OHPIO, SUL10 -  Transfer of H20 2, 0 3, and S02 from graupel to 
rain
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PH 10,OHP10,SUL 10 = qH2° 2’° 3’S° 2G Pgmlt ■
Qg

(65)

(11) PH11, OHP11, SUL11 -  H20 2, 0 3, and S02 transfer from to gas phase 
graupel

PHI 1 ,OHPl 1,SUL11 = 9 h2°2.03.S020 pgsub (6 6 )

(12) PH12,OHP12,SUL12 -  H20 2, 0 3, and S0 2 transfer from cloud ice to 
snow

PH12,OHP12,SUL12 = gH2° 2’° 3’S02/( / > ^ ^  + PSACI + PSFI + P ^ a ) .

(13) PH 13 -  H20 2, 0 3, and S0 2 transfer from cloud ice to graupel

PH13,OHP13,SUL13 = qU2° 2’0 l ’SO-2L (PGACI + PMCI) . (6 8 )
47

(14) PH14,OHP14,SUL14 -  Transfer of H20 2, 0 3, and S02 from snow to 
graupel

PH14,0HP14,SUL14 = ^H2 ° 2 ’0 3 ’S0 2 5 (PĜ  + pGACs + Pracs) ■ m
Qs

(15) PH 15, OHP15, SUL 15 -  H20 2, 0 3, and S02 transfer from snow to rain

These terms transfer the snow H20 2, 0 3, and S0 2 to rain during melting of
snow:

PH15,OHP15,SUL15 = gH2 ° 2 ’0 3 ,S° 2 5 PW j:r. (70)
(is

(16) PH16, OHP16, SUL16 -  Equilibration of H20 2, 0 3, and S02 in rain drops

Like PHI, OHP1, these terms follows Henry’s law equilibration between 
H20 2, 0 3, S02, and rain drops,
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The second term limits the amounts returning to the atmosphere through 
evaporation of rain drops.

(17) PH 17, OHP17, SUL 17 -  Transfer of H20 2 from cloud ice to cloud water

PH17,OHP17,SUL17 = gH2° 2’° 3’S02/ PIMLT . (72)
7/

(18) PH18, OHP18, SUL18 -  Transfer of H20 2, 0 3, and S02 from snow gas 
phase

These terms transfer H20 2, 0 3, and S0 2 from snow to gas phase:

PH18,OHP18,SUL18 = gH2°2.03,S02 5 + ^
75

(19) PH19, OHP19, SUL19 -  Transfer of H20 2, 0 3, and S02 from cloud ice to 
gas phase

PH19,OHP19,SUL19 = ?H2° 2’03’SC)2^ . (74)
St

(20) PH20, OHP20, SUL20 -  Reduction of H20 2 and 0 3 in cloud droplets by
s o 2

A part of the S(IV) conversion to S O |' is due to oxidation in cloud drops and 
rain by H20 2. On this way, H20 2 is being reduced in cloud droplets and rain 
by S02. According to (Taylor, 1989), H20 2 is destroyed in aqueous reaction

HSO3 + H 2 O 2  O2 SOOH" + H 2 O . (75)

The rate at which H20 2 is destroyed is parameterized in the same manner as 
for oxidations terms PS2 and PS9 formulated in the sulfate production:
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PH20,OHP20 = K S(lW) ^ PqsQ2 ^ , 7 M h2 0 2 ,O3C • (76)
[ H C J ™ s o 2

(21) PH21,OHP21, SUL21 -  Reduction of H20 2 and 0 3 in rain by SOz 

On similar way, parameterization of H20 2 destruction in rain is given by

PH21,OHP21 = K s m  ^ pqS02 M 2 2 ° 3 K *JP<1U20 2,03R • (77)

In addition, cloud and raindrops contain dissolved ammonium sulfate 
(NH4 )2 S04 , which is not created or destroyed in the chemical reactions. The
only transitions of [N H |] aerosol are from scavenging and those following the 
microphysical transfers (Taylor, 1989b).

3.5 Calculation o f pH

The calculation of the cloud water pH and rainwater pH is based on the equi­
librium hydrogen ion concentration for [H+], which is given by the simple 
charge balance equation (Taylor, 1989b):

4. Summary and conclusions

We have developed and incorporated the chemical packet into a three- 
dimensional compressible cloud model combined with bulk water microphys­
ics. The governing equations of the model include momentum conservation 
equations, thermodynamic and pressure equations, four continuity equations 
for the various water substances, subgrid scale (SGS) turbulent kinetic energy 
equation (TKE), and continuity equations for chemical species associated with 
various cloud water species.

The microphysics and chemistry modules have been formulated in terms 
of continuity equations, which represent the average microphysical and chemi­
cal properties of the cloud and cloud environment within elementary well-
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mixed volumes. The simple sulfur chemistry and parameterization of chemical 
species included in sulfate budget are considered in detail. Processes occurring 
on smaller scales are parameterized in terms of these average properties. The 
utilized cloud-chemistry model uses explicit treatment of gases, and specifi­
cally, mass transfer limitation calculations for highly soluble gases. The set of 
three-dimensional runs with mixed phase microphysics and the modification of 
the hail growth equation in the microphysics parameterization scheme are also 
novel aspects of the model.
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Abstract-This paper presents adaptation of the Eulerian dispersion model -  MEDIA - 
at the Hungarian Meteorological Service. The model is part of the emergency response 
system of the Hungarian Meteorological Service, which can be operated by forecaster 
on request. The model calculates air concentration fields at 10 different sigma layers in 
lower and middle troposphere, and deposition field (dry and wet) for every 6 hours. 
The lead-time depends on the forecasting time of the driving numerical weather 
prediction model. Some new results of the investigation work are presented which 
provide the decision makers with new information about the time evolution of the 
polluted material. The influence of dry and wet deposition was examined separately. 
Model was launched without dry and wet deposition, and the final concentration fields 
were compared to the normal simulation. The influence of heavy rain was studied, and 
the concentration and deposition fields were compared to normal simulations as well. 
An interesting weather situation was selected to demonstrate our results.

Key-words', dispersion model, radioactive pollutant, concentration fields, dry/wet 
deposition, meteorological workstation, time series, vertical distribution, 
regional and continental scale transport.

1. Introduction

The aim of this paper is to describe a dispersion model, which has been used at 
the Hungarian Meteorological Service (HMS) in case of nuclear/industrial 
accident. Since 1990, foreward and backward trajectories have been calculated 
in emergency situation {Ihász, 1992, 1999). After the serious accident 
happened in Chernobyl, several air pollution models were developed in
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Europe. The so-called MEDIA model was developed by Meteo France in 
1989, and it was adapted by the HMS in 1997. Its aim is to provide forecasts 
for the dispersion of pollution in case of accidental release of potentially 
dangerous materials into the atmosphere. Since 1999, the model has been part 
of the emergency response system o f the HMS, which can be operated on 
request. The model can be used in real time mode. The forecaster can choose 
the coordinate of the source point, the time of release, the type of pollutant, 
and the interval of emission. In Hungary the model is driven by meteorological 
input data provided by the ALADIN or ECMWF numerical weather prediction 
models (Ihász, 2000).

ALADIN is a short-range limited area model making weather forecasts up 
to 48 hours. ALADIN was developed by international co-operation of several 
European countries by leadership of France (ALADIN is French abbreviation: 
Aire Limitee Adaptation Dynamique Developement International (Horányi et 
al., 1996). ECMWF (European Centre for Medium Range Weather Forecasts) 
is an international organization supported by 24 European countries, Hungary 
has a co-operation agreement since 1994. ECMWF operationally provides 
medium range deterministic and ensemble forecasts up to 1 0  days for its 
member states and co-operating states (resolution of deterministic model is 
40 km, i.e., approximately 0.4 degrees) (White, 2000a-e).

All the simulations of MEDIA model that were performed reveal that the 
quality of the atmospheric transport model strongly depends on the quality of 
the driving numerical weather prediction model. Meteorological input data 
from the ALADIN/HU (version of ALADIN model running at the Hungarian 
Meteorological Service) numerical weather prediction model are used for the 
developing aim. The space resolution of these meteorological data are 0.1 by
0.15 degrees in latitude and longitude, the time resolution is 1 hour, so these 
data sets are much better for examination purposes than the data coming from 
ALADIN/LACE (LACE means Limited Area Model for Central Europe) or 
ECMWF models. ALADIN/LACE model was planned to be terminated on 
December 31, 2002, so in the future only ALADIN/HU model can be used on 
very high resolution. In this paper we will present some new results of the 
development work at the HMS and some interesting case studies. 2

2. Short description o f MEDIA

Dispersion models can belong to two types, namely the Eulerian and 
Lagrangian models, or some kind of combination of them. Galmarini 
(Galmarini et al., 2002) gives a summary about recently available dispersion 
models in Europe. If nuclear or chemical accident happens quite far from our

116



reception point, a continental or global model should be used, if it happens not 
so far from our reception point, fine mesh regional model can be preferable.

MEDIA is a three dimensional Eulerian type dispersion model for 
medium and long-range transport of emitted pollutant in the atmosphere. In 
this paper we give only a short review of the transport model. A complete 
description and validation of the model can be found in Piedelievre et al. 
(1990). The governing equation of the model is the diffusion equation, which 
is based on the mass conservation of the polluted material in the atmosphere in 
vectorial form:

where C [Bq m“3] is the air concentration of the pollutant at a given point at 
time t, u, v, w are three components of the wind velocity vector (V) [m s '1], 
Kx, Ky ,KZ horizontal and vertical turbulent diffusion coefficients (diagonal

elements of the K turbulent diffusion tensor), So and S, are source and sink 
terms. The rate of decay of a radionuclide is described by its activity, namely 
by the number of atoms that decay per unit time. The unit of activity is 
becquerel (Bq), which is defined unit in International System (SI), defined as 
one disintegration or nuclear transform per second: 1 Bq = 1 s '1.

2.1 Advection

The pollutant concentration is transported by the horizontal wind fields coming 
from the driving numerical prediction model.

2.2 Turbulent diffusion

The diffusion represents the mixing of the pollutant in the atmosphere due to 
the turbulent motions. In order to simplify the procedure and make it coherent 
with coupling model, the diffusion is modeled using exchange coefficients 
(first order closure). This choice means that the pollutant is assumed to be 
diffused in the same way as water vapor. In that case, K tensor is diagonal:

( 1 )

(3)
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The diffusion is solved using the A-theory with horizontal coefficients 
(Kx, Ky) dependent on the grid size, and vertical coefficient (Kz) related to the 
stability of the layer according to Louis (1979), as follows:

K , = l 2^ P F (Ri), (4)
dz

where \ h is the horizontal wind vector, / is the mixing length, Ri is bulk 
Richardson number,

in which: k  is the Karman constant (0.4),

g d dRi
6 d z

(5)

(6)

here: 6 is the potential temperature, g is the gravitational acceleration.

where b = c -  d = 5.

2.3 Sinks

Sinks can be wet and dry deposition and radioactive decay for radioactive 
pollutant.

2.4 Wet deposition

Wet deposition due to scavenging by precipitation is computed using a global 
coefficient of air-to-water transfer, which roughly describes dilution or 
catching. Despite its simplicity, this solution is generally used and is well
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adapted to accuracy of precipitation predicted by the model. The rate of wet 
deposition Dw (Bq m 2 s"')can be written in the next form:

C FP
Dw = - * — i  , (9)

Pw

where Cm is average concentration in precipitating layer in concentration units 
(Bq m' 3 for a radioactive cloud), £ =  104 is scavenging ratio, Pr is rate of 
precipitation (kg n r 2 s"1), pw is specific mass of water (kg n f3).

Since in coupling model precipitation fluxes are only available at ground 
level, we assume that the thickness of the precipitating layer is 3000 m, and 
that the scavenging is uniformly active in this part of the atmosphere. In the 
vertical it is distributed proportionally to the concentration. Four different 
types of precipitation can be defined in the model: rain and snow, which can 
be large scale or convective.

2.5 Dry deposition

Dry deposition describes uptake of a pollutant at the earth’s surface by soil, 
water, or vegetation. This process is modeled using a coefficient that is 
dimensionally equal to a deposition velocity. The downward flux of radioactive 
material Ddsoil (Bq m " 2 s"1) can be written in the following way:

where Qo/i is concentration in air near the ground (Bq m ), Vd is dry 
deposition velocity (m s“1).

2.6 Radioactive decay

In case of a radioactive pollutant, the other factor of depletion is the 
radioactive decay, which is formulated by the well-known equation

dC
dt

= -K C , ( 11)

where K  = ln2IT  is the splitting constant and T is the radioactive half-life time 
of the pollutant.

2.7 Source

In the source mesh, Gaussian distribution describes the diffusion on a subgrid 
scale:
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(12)

where d is distance from the source (m), Q is emission term (Bq s"1), H is 
vertical extension of the pollutant cloud (m), a}  is surface of the mesh which 
includes the source (m:).

The model has ten a  levels in the vertical (cr = — , where p is pressure and
Ps

p s is surface pressure in so-called Phillips terrain following co-ordinate 
system). Equidistant a  levels are located between 1 and 0.5 (Table 1). 3

Table 1. Relation between the cr levels of MEDIA and the typical heights above surface

a  levels 
of MEDIA

Typical heights above surface level in m 
if p s is 1013 hPa

0.99 10.1

0.94 495.3
0.88 1004.5
0.83 1540.6
0.77 2106.8
0.71 2707.3
0.66 3347.2
0.60 4032.6
0.54 4771.6
0.49 5574.4

3. Description of the simulation

MEDIA dispersion model has been working operationally since 1999 at the 
HMS. The model was also tested in an accident happened in Algeciras, Spain, 
in May 1998. Several case studies have been investigated, now we will show a 
situation connecting to an interesting weather situation, when benefit of very 
fine mesh coupling numerical forecasting model can be specially seen.

The Hungarian a nuclear power plant near the town of Paks (46.8°N, 
18.6°E) has been operating since 1982. This location was the source point in 
our experiment running. Four different geographical points were selected for 
the analysis of the time series. The first point is located near the source point 
in the path of the maximum concentration values. The other three points are
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around the source point in different directions. Location of the source point 
and the four detection points can be seen in Fig. 1.

Fig. 1. Location of the source point and detection points (A indicates the source point, 
while the x-s are the detection points).

The supposed release started at 00 UTC, December 11, 2001, and there 
was 2-hour explosion with an average hourly rate 5x l0 14 Bq h"1. In the case of 
the extremely dangerous accident happened at Chernobyl, in April 26, 1986, 
maximum release was in this magnitude (Piedelivre et al., 1990). The height 
of release was 10 to 120 m. The simulation was carried out for 137Cs (the 
half time is 30 years). The dry deposition velocity was chosen to be equal to 
10' 3 m s '1, which is compatible with the size of Caesium nuclides. The space 
resolution of the ALADIN/HU forecasted meteorological data were 0.1 by
0.15 degree in latitude and longitude, and the time resolution was 1 hour. The 
integration time step was 300 s, and the integration domain covers an area 
between 42.9° and 51.4°N; 6.4° and 24.55°E.

Weather situation in Central Europe at December 11, 2001:

There was an anticyclone in Europe, but over the eastern part of Europe there 
was a cyclone with an occluded front (Fig. 2). This frontal zone left Hungary 
late afternoon. In the territory of the Carpathian Basin, the weather was cold
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and cloudy, there was snowing on many places. The wind was blowing from 
northwest to southeast. The wind speed near the ground level (at about 10 m 
height) was about 2-3 m s" 1 (Fig. 3). In the upper air (at about 500 m height), 
the wind direction turned right and the wind speed was 3-4 m s“ 1 (Fig. 4). The 
wind moved the polluted material in the southeast direction. In the west part of 
Hungary, intensity of the precipitation was 2-3 mm day' 1 (Fig. 5).

Fig. 2. Synoptic chart at 00 UTC, December 11, 2001.

Fig. 3. Precipitation field between 00 UTC, December 11, 2001 and 00 UTC, December 12, 2001.
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Fig. 4. Wind field at the 10 m height 00 UTC, December 11, 2001.

Fig. 5. Wind field at the 500 m height at 00 UTC, December 11, 2001.

4. Concentration fields at different vertical layers

The effect of horizontal and vertical wind fields and horizontal and vertical 
diffusion was studied in different vertical layers (Figs. 6 and 7). During 
postprocessing of the model, mean air concentration was determined for the 
standard layer (the average of concentration fields of the 2-5th sigma layers).
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(b) second sigma level, maximum concentration is: 2.18 Bq m'3

Fig. 6. Concentration fields 12 hours after the release at different vertical layers 
(isolines are log10C, and unit is in Bq m‘3) at 12 UTC, December 11, 2001.

124

(a) first sigma level, maximum concentration is: 2.00 Bq m 3

(c) third sigma level, maximum concentration is: 0.62 Bq m'3



(a) first sigma level, maximum concentration is: 1.69 Bq m'3

(b) second sigma level, maximum concentration is: 1.85 Bq m‘3

Fig. 7. Concentration fields 24 hours after the release at different vertical layers 
(isolines are log10C, and unit is in Bq m“3) at 00 UTC, December 12, 2001.

(c) third sigma level, maximum concentration is: 0.72 Bq m



In this experiment, this wide layer was divided to four sublayers (the 2nd, 3rd, 
4th, and 5th sigma layers were separated). Dividing technique could be 
important near the surface layer ( 1 0 - 1 0 0 0  m), because the concentration values 
here can be much higher than the mean values valid for the standard layer, and 
this concentration field influences directly the human beings.

The first three sigma layers were analyzed in detail. The effects of the 
terrain and wind field are reflected in the concentration field of the first sigma 
layer. 1 2  hours after the release, the plume covered almost the whole area of 
Hungary, and caused more than 10~ 10 magnitude of the concentration. 24 hours 
after the release, the situation in Hungary did not change essentially, but the 
contamination increased considerably in the countries, which are located in the 
south direction to Hungary. In the west part of Hungary, there was a 
significant amount of precipitation during the examination time. 24 hours after 
the release, the concentration field reflected the effect of wet deposition. The 
effect of wet and dry deposition will be examined in detail in section 6 .

In the upper levels, the effect of the terrain is lower and lower, whilst the 
effect of the wind field becomes more and more important.

The maximum concentration values decrease continually in the first and 
second level 6  hours after the release. The situation is much more complex at 
the upper levels. This complexity can be observed in Fig. 8, in the case of 
station 1 (location of the station can be seen in Fig. 1) at the third and forth 
sigma level. At these upper levels, the shapes of the curves are not Gaussian, 
like in the lower levels, but they reflect the effect of vertical motion and 
diffusion.

As it was mentioned in the previous section, in MEDIA the value of the 
horizontal turbulent diffusion coefficient (Kx, Ky) is consistent with the grid 
resolution in metres (Piedelievre et al., 1990). Parameterization of horizontal 
turbulent diffusion coefficient gives an universal solution in this way, when the 
time and spatial resolution of the driving numerical weather prediction models 
are different. In the previous version of the model, the values of these 
coefficients were fixed (Kx=Ky= 10s n f s '1) (Bompay, 1998). In the long-range 
dispersion models it is necessary to increase the horizontal diffusion, in order 
to include the advection fluctuations non-resolved by large-scale 
meteorological models (Piedelievre et al., 1990). This effect is reflected in our 
case, when we used MEDIA in regional scale, so our horizontal turbulent 
diffusion coefficient must be smaller than 105 m2 s '1. In our experiment the 
grid resolution was 0.1 by 0.15 degrees in latitude and longitude, the north 
border was 51.4°N, the south border was 42.9°N of the driving model. This 
model resolution resulted in an 1.04 104 -  1.22 104 m2s ' horizontal diffusion 
coefficient interval
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Parameterisation of the vertical turbulent diffusion coefficient (Kz) is better 
known than the horizontal diffusion coefficients. In MEDIA, this parameter 
depends on the stability of the layer. Determination of F(R) is different when 
the value of R, is higher (stable) or lower (instable) than zero (Eqs. 7-8). This 
thing causes that the values of the vertical turbulent diffusion coefficient change 
in wide scale. In our case, the magnitude of Kz changed from 10" 15 to 10 m2 s_1.

5. Time series of the concentration values in specified geographical points

Four different geographical points were selected for the analysis of the time 
series. The first point is located southeast to the source point in the path of the 
maximum concentration values. The other three points are located 150-250 km 
far from the source point in different directions (southwest, east and northeast). 
Location of the source point and the four detection points can be seen in Fig. 1.

The figures with concentration fields give complex information about the 
situation of the pollution. Time series of the concentration values in discrete 
geographical points can be much more informative than the concentration 
fields, if we would like to know the time when the polluted cloud reaches or 
leaves a given town. With this program option we can predict the time series of 
the concentration values at different vertical levels. The original version of the 
model did not contain this option, but there were considerable claims to develop 
this tool. Figs. 8 and 9 show some examples of application of this useful tool.

The highest values and concentrations were found in the first detector 
point (Fig. 8). In this point the highest concentration was detected at the second 
sigma layer 1 1  hours after the release, and after this time the concentration values 
decreased. The plume moved up in the 500 m height immediately, and from 
this layer the polluted material mixed up to the higher and lower layers. At 
every station the highest concentrations were detected at the 500 m height.

At the level of 500 m height, the concentration values were much higher 
than in the surface layer in the 22 hours interval after the release. After this 
time the situation was changed, the maximum values of the concentration of 
polluted material were at the surface layer. The diagrams show the 
concentration values at the 1000 m and 1500 m heights as well. At these levels 
the magnitude of concentration values is ten and hundred (or more) times 
lower than at the surface layer, except at station 3. At this station the highest 
values were detected at the third sigma layer.

The diagrams pointed that the considerable layer is the second sigma 
layer. This means that the concentration fields of this level should be 
visualized. The other important level is the surface level, where the 
concentrations can be dangerous for the biomass.
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Fig. 8. Time series of calculated concentration on four different levels at station 1.
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Fig. 9. Time series of calculated concentration on some selected levels at stations 2, 3, and 4.



6. Effects of wet and dry deposition

The deposition of airborne material to the underlying surface can follow two 
main pathways: dry and wet deposition. A further depletion process, where 
radionuclides are involved is, of course, the radioactive decay. Removal of 
material at the surface leads to plume depletion with distance, and to a 
modified vertical distribution of air concentration.

Dry deposition is the removal of gaseous or particulate material from the 
atmosphere by the surface or vegetation (or even water surfaces) through 
processes like absorption, implication, and sedimentation. For the pollutant 
plume is in contact with the ground, all the particles in the turbulent 
atmospheric boundary layer constitute a reservoir from which material can be 
deposited to the surface. This is calculated by means of a deposition velocity, 
which is related to the resistance of the underlying surface to the transfer. The 
parameterization of this process was described in section 2. Before running 
MEDIA, the value of deposition velocity must be set for a given radioactive 
nuclide emitted into the air.

Wet deposition -  the removal of the radionuclides by the action of rain or 
snow -  is a much more important process, and everyone is familiar with the 
notion of “hot spots” formed where a radioactive plume is intercepted by a 
burst of rain. There are two processes involved in wet deposition, washout: 
where pollutants are swept out of the air by. falling rain, and the more efficient 
process of rainout, where the pollutant is taken up by the growing cloud 
droplets and is subsequently precipitated out. Representative coefficients for 
scavenging processes for large-scale and convective precipitation were given in 
the model. The model developers determined these coefficients and we have 
not changed their values.

In this experiment the influence of wet and dry deposition was studied. In 
the original version of the model only total (wet+dry) deposition field was 
produced at the final time step. After modifying the postprocessing scheme, it 
was possible to study the wet and dry deposition separately. It was found that 
in case of big amount of precipitation, wet deposition is the determinant 
process. This was the case in our investigated weather situation. The result can 
be seen in Fig. 10.

In the other case the dry deposition velocity was set to 0 and precipitation 
was set to 0 mm/12h as well in the grid points of the domain. Air 
concentration values were significantly higher in any vertical layers, than in 
normal case. Differences between the maximum concentration values became 
higher and higher in time.

In this experiment we found that the values of the dry deposition velocity 
and the intensity of precipitation are determinant in connection with the

129



concentration and deposition fields. It means that we have to set the value of 
dry deposition velocity and the intensity of precipitation as accurate as possible 
to get the best result of simulation.

(a) Total deposition

(b) Wet deposition

(c) Dry deposition

Fig. 10. Total, wet, and dry, 24-hour deposition fields (isolines are log,0C, and unit is in Bq m"2) 
between 00 UTC, December 12, 2001 and 00 UTC, December 12, 2002.
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7. Conclusions

This study demonstrated the capability of MEDIA Eulerian type model to 
predict the time-evolution of a polluted material in the air considering wet and 
dry depositions.

Increasing the time and grid resolution of meteorological fields provided 
an improvement in the time and space resolution of the prediction of 
concentrations. This information is very important in case of emergency 
response applications. In the every day routine, ALADIN/LACE or ECMWF 
numerical weather prediction model results have been used as input 
meteorological data to drive MEDIA. Since the ALADIN/HU model gives 
data only for 36 hours with 1 hour time resolution; it could be very important 
in case of an emergency situation in regional scale, while deterministic 
ECMWF forecast can be preferable especially in continental scale. Due to the 
fact that computing capacity was significantly increased at the HMS in 2002, 
in the near future there is an opportunity to develop ensemble version of 
MEDIA dispersion model coupled by ECMWF ensemble model.
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Abstract—Hourly data of surface ozone measurements at Cairo, Sidi Branni, and 
Hurghada were taken to compare the ozone concentration of polluted area with that of 
rural areas. The study showed that the maximum value of surface ozone concentration 
appears in the afternoon in all regions. While the maximum concentration of surface 
ozone appears in spring at Sidi Branni, and in summer at Cairo and Hurghada. Also, 
daily and monthly relationships between surface ozone and some meteorological 
elements were performed. Strong relationships between surface ozone and solar 
radiation were found for Cairo and Hurghada. Also, positive trend for surface ozone 
against wind speed was found in all regions.

Key-words: tropospheric ozone, regional pollution.

1. Introduction

Like water, ozone can be useful or dangerous atmospheric component, 
depending on the place and amount of it. Ozone in the stratosphere is very 
important as it acts as a shield for the mother planet, the Earth, and protects us 
against harmful UV-B radiation coming from the sun. However, the ozone in 
the atmosphere is a greenhouse gas, trapping the long wave radiation in 9.6 ftm 
band, affecting the energy budget of the earth-atmosphere system. It is also a 
pollutant that is produced as a result of antropogenic activities such as fossil 
fuel burning, and has potential to affect human health (Lippman, 1989; Tilton, 
1989), vegetation (Woodman, 1987) and animals (Costa et al., 1989), if it is 
allowed to attain high concentration. It has been observed that the amount of 
ozone at the surface is increasing while in the stratosphere is decreasing with 
anthropogenic activities, and it is a serious problem (Randriambelo et al., 1999).
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Ozone close to the ground is produced on the account of photochemical 
reactions involving oxides of nitrogen, hydrocarbons, and sunlight. High 
ozone concentration at a particular place depends on the concentration of 
oxides of nitrogen and hydrocarbons. The source of oxides of nitrogen may be 
local or they can be transported from another source areas. Therefore, the 
monitoring of ozone concentration is very important, as it provides information 
about its formation, scavenging, and transport at a site or within an area {Jain 
and Arya, 2000).

Ozone measurements in the Mediterranean region {Butkovic et al., 1990) 
indicate serious problems of photochemical air pollution in areas with more 
sunny days per year than in Central Europe. The special meteorological 
conditions, dominating almost in the whole year over the eastern 
Mediterranean (intensive sunlight, high temperatures, etc.), can enhance 
photochemistry and biogenic volatile organic compound emission into the 
atmosphere, and combined with low deposition velocities over the sea, they 
result in high ozone levels (Kouvarakis et al., 2000; Johnson et al., 2000).

Tropospheric ozone concentration in the tropics is believed to be low as 
compared to those in middle latitudes, because of inactive transport from 
stratosphere to troposphere {Routhier et al., 1980). However, tropospheric 
ozone is supplied by photochemical reactions as well as transport from the 
stratosphere. We expect high photochemical activity in the tropics, where the 
solar radiation is intense. The land area provides potential sources for the 
precursor species of surface ozone formation in the tropics (Crutzen et al., 
1985), while the ocean does not seem to be a source {Helas and Warneck, 
1981). Tropospheric ozone data imply that the marine air is lean in ozone 
(Piotrowice et al., 1986).

Ozone formation in the greater Cairo (Egypt) area was studied in 1990 in 
a three weeks measurement period performed at three sites (Shoubra El- 
Khema, Mokattam Hill, and Helwan), covering a north-south direction of 27 
km long. In 1991, from the beginning of April until the end of October, ozone 
was studied by measuring the seasonal variation of ozone at one site at El- 
Quobba {Gusten et al., 1994). The sinusoidal shape in the diurnal volume 
fraction plots with peak values of 120 ppb and daily mean value of 50 ppb 
throughout the year indicates a substantial contribution of photochemical 
reactions to the ozone content of the atmosphere. Ozone is produced 
predominantly over the industrial area in the north and in the center of Cairo, 
and transported southward by the prevailing northerly winds. Contrary to 
many urban areas in Europe and North America, fairly high average ozone 
levels of 40 ppb are observed during the night in spring and summer. This may 
imply that health hazards and crop damages are higher in the greater Cairo 
area than in Central Europe.
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This paper presents a comparative study between the formation and 
variation of surface ozone in a polluted area (Cairo) and rural areas (Sidi 
Branni and Hurghada). Also, it discusses the relationships between the surface 
ozone and each of the solar radiation, air temperature, wind, and relative 
humidity.

Hourly data of surface ozone (measured by Ozone Analyzer Model 49 
manufactured by Thermo Environmental Inc.), solar radiation (measured by 
Epply Pyranometer), relative humidity, surface wind, and temperature at 
Cairo, Sidi Branni, and Hurghada are taken in the periods indicated in Table 1.

Table 1. M easuring p eriod  o f  the data w ith  the latitude, longitude, and altitude o f  the sta tions

Stations Latitude Longitude Altitude Period
Cairo 30°02’N 31°12’E 16 meters January-December 1999
Sidi Branni 31°22’N 25°32’E 24 meters September 1999-August 2000
Hurghada 27°17’N 33°45’E 06 meters October 1995-September 1996

Fig. 1 shows the location of surface ozone stations (Hurghada lies at the 
Red Sea and Sidi Branni at the Mediterranean Sea).

2. Observation sites and data

<P

X26 2  7  28 29 30 31 32 33 34 35 36 37

Fig. 1. Surface o zo n e  stations in Egypt.
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The Cairo station situates inside the buildings of Cairo University. Cairo 
encompasses 27% of the Egyptian population, 64% of the industry, and 45% 
of the motor vehicles. It is clear that the population of Cairo is exposed to an 
alarming level of air pollution (Gusten et al., 1994). Hurghada station lies near 
the Red Sea, south from the natural gas burning at Ras Garb, Ras Shocker, 
and Oil Gulf regions, which extend from 70 to 150 km. Sidi Branni is a flat 
sandy area at the coast of the Mediterranean Sea. There is no industry in Sidi 
Branni with small population and few cars and trucks.

Table 2a-c represent the descriptive statistics for all measurements at 
Cairo, Sidi Branni, and Hurghada, respectively.

Table 2a. Descriptive statistics for daily data measured at Cairo

Elements Number of 
valid obs.

Std.
deviation

Mean
value

Maximum
value

Minimum
value

Solar radiation (MJ/m2/day) 256 6.61 19.43 29.00 4.90
Wind speed (m/s) 256 1.59 4.00 8.10 0.90
Rel. humidity (%) 256 7.13 65 89 47
Temperature (°C) 256 5.70 22.50 32.20 12.40
Surface ozone (ppb) 256 23.09 40.40 97.49 5.00

Table 2b. Descriptive statistics for daily data measured at Sidi Branni

Elements Number of 
valid obs.

Std.
deviation

Mean
value

Maximum
value

Minimum
value

Solar radiation (MJ/m2/day) 366 8.01 21.41 33.20 1.60
Wind speed (m/s) 366 2.49 4.23 16.80 1.00

Rel. humidity (%) 366 11.31 44 80 16
Temperature (°C) 366 4.90 21.60 34.70 10.60
Surface ozone (ppb) 366 6.58 48.56 70.59 27.90

Table 2c. Descriptive statistics for daily data measured at Hurghada

Elements
f

Number of 
valid obs.

Std.
deviation

Mean
value

Maximum
value

Minimum
value

Solar radiation (MJ/m2/day) 365 7.43 22.55 32.68 1.96
Wind speed (m/s) 365 1.54 5.87 9.60 2.90
Rel. humidity (%) 365 12.76 39 75 14
Temperature (°C) 365 5.80 23.40 36.30 13.00
Surface ozone (ppb) 365 7.88 41.94 62.80 21.20
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3. Results and discussion

Surface ozone has been measured on round the clock basis. According to Table 
1, ozone was measured during different periods at the different locations using 
ozone analyzer to study diurnal as well as seasonal variation.

3.1 Diurnal variation o f surface ozone concentration

The diurnal variation of surface ozone observed at Cairo, Sidi Branni and 
Hurghada is depicted in Figs. 2a-e. Fig. 2a represents the diurnal variation of 
average surface ozone concentration, while Figs. 2b-e represent the diurnal 
variation of seasonal surface ozone concentration in spring, summer, autumn, 
and winter, respectively.

There is a wide range between the day and night values of ozone at Cairo 
comparing to the other stations. This is due to the urbanization effect at Cairo 
(big industrial area) including the increasing vehicular traffic and big 
industries. Whereas Sidi Branni and Hurghada are considerable as rural 
regions with less human activities.

Generally, the minimum value of ozone concentration occurs in the early 
morning hours (before dawn at Hurghada), and its maximum occurs at around 
noon (late afternoon at Sidi Branni). The pattern of diurnal variation of surface 
ozone at Cairo results from daytime photochemical production and downward 
transport of ozone rich air from above, combined with ozone loss by dry 
deposition and reaction with nitric oxide (NO) at night, when photochemical 
production ceases and vertical transport is inhibited by an inversion of the 
normal temperature profile. In locations near large sources of NO (e.g., Cairo), 
the nighttime minimum in ozone can be quite pronounced (see Table 2a), 
because of the rapid reaction between ozone and NO. In fact, in many urban 
areas the NO source is strong enough to cause the complete nighttime 
disappearance of ozone (Seinfeld and Spyros, 1998). In addition to variations 
over a diurnal cycle, ozone concentration at these locations also can vary 
significantly from one day to the next, in particular, Cairo location has the 
maximum variation as indicated in Table 2a. It is not uncommon, for the daily 
maximum ozone concentration at an urban site (like Cairo), for instance, can vary 
by factor 2 or 3 from day to day, as local meteorological conditions change.

The maximum of the diurnal variation of surface ozone at Hurghada 
occurs at around 12:00 GMT. This is a typical type but its variation is not so 
big as in Cairo, which indicates that the photochemical activity is smaller. The 
diurnal variation changes from day to day due to advected ozone that produced 
from sources in north Hurghada (natural gas burning). Whereas, the diurnal 
variation of surface ozone in Sidi Branni is very little. This is because the
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photochemical activity is smaller due to clean air conditions in this region (no 
human activities). But it is mainly vertically transported from the upper 
troposphere and has no definite pattern.

H u r g h a d a  - -»  - B ra n n i —• — C a iro

— o— H u r g h a d a  - -  B ra n n i ♦  C a iro

(c)

1 2 3 4  5 6 7 8 9 10  11 1 2  1 3  14  15  16  17  18 19 20  21 2 2  23  24  
Tim e (GMT)

Hurghada - -* - Branni —»—Cairo
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Fig. 2. Diurnal variation of surface ozone in Egypt (a) in spring, (b) in summer, 
(c) in autumn, (d) in winter.

- - » - B r a n n i  — o— H u rg h ad a  »  C airo

Fig. 2e. Diurnal variation of average surface ozone in Egypt.

On seasonal basis, surface ozone has small concentration at Cairo in 
wintertime. This is due to low solar radiation intensity and high emissions of 
reductive substances like NO. The latter characterizes the city all year. In 
contrast, the other stations do not depend on the effect of photochemical 
reactions as mentioned before. In spring, the pattern for Cairo goes up to 
higher concentrations, in particular daytime, due to the increasing solar 
radiation intensity. In summer and autumn the patterns of surface ozone 
concentration at Cairo seem to be the same.

3.2 Monthly variation o f surface ozone concentration

The monthly average variation of surface ozone concentration at Cairo, Sidi 
Branni, and Hurghada are depicted in Fig. 3a. The variation of maximum and 
minimum values of surface ozone concentration at Cairo, Sidi Branni, and 
Hurghada are depicted in Figs. 3b and 3c.
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Fig. 3a. Monthly variation of average surface ozone in Egypt.

—»— H u rg h a d a  - -»  - B rann i —»— C airo

Fig. 3b. Monthly variation of maximum surface ozone in Egypt.

— 3— H u rg h ad a  - -»  - B ranni —•— C airo

Fig. 3c. Monthly variation of minimum surface ozone in Egypt.

Fig. 3a shows that Cairo has a maximum concentration in June and the 
minimum occurs in January. This follows the seasonal solar radiation cycle.

140



A secondary maximum in November seems to appear occasionally, due to rice 
straw burning in 1999. Monthly variation at Hurghada mainly depends on solar 
intensity change from summer to winter. Sidi Branni has a maximum in spring, 
and the minimum occurs in July. The spring maximum follows the seasonal 
variation of total amount of ozone in middle latitudes, while the minimum 
occurs due to northerly wind, which blows from the Mediterranean Sea.

It can be noticed, that Cairo has the same pattern with large amplitude 
(see Figs. 3b and 3c). The maximum pattern for Hurghada and Sidi Branni 
takes the same shape as the average pattern, but the minimum pattern for each 
station has no definite aspect.

In spite of low human activity at Sidi Branni, the concentration of surface 
ozone is higher than the background stations in Europe, which varies from 20 
to 40 ppb. This is due to the permanent subtropical high pressure with the 
subsidence of air, which causes the intrusion of surface ozone from higher 
altitudes to the surface.

3.3 Relationship between surface ozone and solar radiation

As proposed by Frenkiel (1959), the main source reaction for photochemically 
produced ozone is photodissociation of N 0 2 by solar radiation with wavelength 
X < 400 nm

N 0 2 + h v NO + O (3P) X < 400 nm. (1 )

This reaction provides the needed O atoms for ozone production. The UV 
(ultraviolet) portion is about 3-4% of total global radiation. Strong relationship 
between UV radiation and global solar radiation over Cairo was found by El- 
Hussainy (1986). Therefore, global solar radiation can be used because UV 
radiation measurements are not available at all stations in Egypt.

Figs. 4.al, 4 .bl, and 4. c l show the monthly variation of surface ozone 
concentration and solar radiation at Cairo, Sidi Branni, and Hurghada, 
respectively, while Figs. 4.a2, 4.b2, and 4.c2 represent the relation between 
surface ozone concentration and solar radiation at these stations.

Table 3 gives the daily correlation between surface ozone concentration 
and global solar radiation at Cairo, Sidi Branni, and Hurghada. There is a 
significant relation at Cairo and Hurghada with 1% significance level, while 
for Sidi Branni there is no significant relation (with 5% significance level). 
This indicates that the surface ozone concentration in Cairo and Hurghada 
depend on the photochemical reactions producing surface ozone. Also, the 
family of curves (Figs. 4.al, 4.bl, 4.cl) and trends (Figs. 4.a2, 4.b2, 4.c2) 
are ascertained the above fact. The trend line for Sidi Branni shows that the 
vertical transport of ozone from the upper troposphere is the effective source.
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Fig. 4 .a l-c l.  Monthly variation of surface ozone and solar radiation 
at Cairo, Sidi Branni, and Hurghada.
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Fig. 4.a2-c2. Relation between surface ozone and solar radiation 
at Cairo, Sidi Branni, and Hurghada.

Table 3. Correlation coefficients between surface ozone against relative humidity, wind speed, 
temperature and solar radiation at Cairo, Sidi Branni, and Hurghada

D a ily  c o rre la tio n R e l. h u m id ity W in d  sp eed T e m p e r a tu r e S o la r  r a d ia t io n A ll*

Ozone (Cairo) -0.26 +0.37 +0.54 +0.59 0.61
Ozone (Sidi Branni) - 0.12 + 0.11 -0.27 +0.05 0.40
Ozone (Hurghada) -0.54 +0.15 + 0.53 +0.53 0.40

* All: multiple correlation for all elements with surface ozone

3.4 Relationship between surface ozone and surface wind

We are aware that surface wind is only a rough approximation of horizontal 
transport of ozone and its precursors. The situation becomes even more 
complicated, because solar radiation should play an important role in the 
photochemical ozone production. Figs. 5.al, 5 .b l, and 5.cl represent the 
monthly variation of surface ozone and wind speed at Cairo, Sidi Branni, and
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Hurghada, respectively, while Figs. 5.a2, 5.b2, and 5.c2 show the relation 
between surface ozone and wind speed at the same stations. On monthly basis, 
it is noticed from these figures, that there is a positive correlation between the 
surface ozone concentration and surface wind speeds in the range of 2-7 m/s. 
The noticeably clear correlation at Cairo is due to several existing sources of 
pollutants. On daily basis, it is noticed from Table 3 that there is a negative 
correlation with a significant level better than 1 % for Cairo and Hurghada, and 
there is no significant correlation for Sidi Branni.

(al)

(bl)

(cl)

Fig. 5 .a l-c l.  Monthly variation of surface ozone and wind speed 
at Cairo, Sidi Branni and Hurghada.
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Fig. 5.a2-c2. Relation between surface ozone and wind speed at Cairo, Sidi Branni, and Hurghada.

Fig. 5d shows that for Hurghada the surface ozone concentration takes 
high values when the wind direction is northeast, while low values of surface 
ozone concentration occur when the wind is northwest. At Sidi Branni, the 
surface ozone concentration takes low values when the wind direction is north 
or northeast, and high values occur when the wind is southeast or northwest. 
The wind direction is not significant for concentration of surface ozone at Sidi 
Branni. For Cairo, high values of surface ozone concentration occur when the 
wind direction is northwest and low values occur at northeast, wind (see 
Gustenetal., 1994).
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Fig. 5d. Variation of surface ozone and wind direction at Egypt.

3.5 Relationship between surface ozone and relative humidity

The principal photochemical sink of 0 3 in the troposphere can be written by 
the following reactions:

0 3 + h v —> О (*D) + 0 2, (2 )
О (‘D) + M -> О + M, (3)
0  (‘D) + H20  -> 20H. (4)

Since this removal path depends on the concentration of water vapor, it is most 
effective at low latitudes and low altitudes, where the radiation is intense and 
the humidity is high. Ozone destruction occurs whenever an O('D) reacts with 
H20 , since this removes O('D) from the system; otherwise O('D) is just 
quenched back to O in reaction (2), and O immediately reforms 0 3by reaction:

O + 0 2 + M —> 0 3 + M, (5)

where M represents N2, 0 2 or another third molecule that absorbs the excess 
vibrational energy and thereby stabilizes the 0 3 molecule formed (Seinfeld and 
Spyros, 1998).

Figs. 6.al, 6 .bl, and 6.c l represent the monthly variation of surface 
ozone and relative humidity at Cairo, Sidi Branni, and Hurghada, respectively, 
while Figs. 6.a2, 6.b2, and 6.c2 show the relation between surface ozone and 
relative humidity at the same stations. There is a negative trend for the surface 
ozone against relative humidity, which is in agreement with the findings by 
Seinfeld and Spyros (1998).
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Fig. 6.a2-c2. Relation between surface ozone and relative humidity.

3.6 Relationship between surface ozone and temperature

Figs. 7.al, 7.bl, and 7.cl represent the monthly variation of surface ozone 
concentration and temperature at Cairo. Sidi Branni, and Hurghada, respectively, 
while Figs. 7.a2, 7.b2, and 7.c2 show the relation between surface ozone and 
temperature at the same stations. It is noticed, that there is a strong similarity 
among the family of curves, trends, correlation of surface ozone concentration 
against surface air temperature, and correlation of surface ozone concentration 
against solar radiation. This is due to the strong relationship between solar 
radiation and air temperature over Egypt (El-Hussainy and Essa, 1997).
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Fig. 7.a2-c2. Relation between surface ozone and temperature.

3.7 Relative importance o f different weather elements affecting surface ozone

The relative importance of solar radiation (R), air temperature (7), relative 
humidity (H), wind speed (S), and wind direction (D) in the formation of 
surface ozone (Z) will be studied by using multiple regression analysis 
(Snedecor and Cochran, 1980) as

Z = b0 + b{ X l +  b2 X2 + b3X3 + b4 X4 + b5 X5 + E, (6 )

where X: , X2 , X3 , X4, and X5 represent R, T, H, S, and D, respectively. E 
represents the residual (errors).

The equations for Cairo, Sidi Branni, and Hurghada, respectively, are

Z = 16.39 + 2.407? + 1 .717 '-0 .48// +  2.60S, (6 a)
Z = 59.83 + 0.25R -  0.65T- 0.06/7 + 0.03S, (6 b)
Z = 45.48 + 0.16/? + 0 .29T -0A 9H  +  1.12S- 0.05D. (6 c)

The standard deviation of errors for Eqs. (6 a) to (6 c) are 6.01, 6.08, and 5.94,
respectively.
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The variance for Eq. (6 ) is

o2̂  = b2x a2! + b22 a22 + b23 a23 + £>24 o24 + fr25 a 25 + a 2,

where a2, denotes the variance of X„ and o2 denotes the variance of the residual.
The quantity b2l a2, /o2z measures the fraction of the variance of Z 

(surface ozone) attributable to its linear regression on Xt. This fraction can 
reasonably be regarded as measure of the relative importance of X, as shown in 
Table 4.

Table 4. Relative importance of different weather elements affecting surface ozone formation 
at Cairo, Sidi Branni, and Hurghada

Stations Wind
direction

Wind
speed

Relative
humidity

Temperat
ure

Solar
radiation

Residual

Cairo 0.00 0.01 0.05 0.15 0.23 0.56
Sidi Branni 0.00 0.00 0.01 0.22 0.07 0.71
Hurghada 0.06 0.06 0.12 0.06 0.01 0.70

Cairo and Sidi Branni have lowest values in wind speed and direction. 
This means that wind speed and direction have high relative importance in the 
formation of surface ozone concentration. While the solar radiation has high 
relative importance at Hurghada.

4. Conclusions

It is found that photochemical reactions are the effective sources at Cairo and 
mainly at Hurghada, whereas the upper troposphere is the effective source at 
Sidi Branni. Higher values of concentration of surface ozone at Sidi Branni and 
Hurghada comparing to Europe (20-40 ppb) are due to the Azores high belt, 
which lies at this area making large scale subsidence which causes the 
transportation of ozone from upper air. For areas of anthropogenic activity 
(Cairo), the amplitude of diurnal variation is large, and concentrations at 
daytime can affect the human health (i.e., concentration exceeding 80 ppb).

There is a positive/negative trend for surface ozone concentration against 
solar radiation/relative humidity for all stations. The relation between wind 
speed and surface ozone concentration takes a positive trend in the range of 
2-7 m/s.
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Abstract-The objective of this study is to assess whether changes in the surface 
pressure field over Europe are reflected in the statistical structure of the wind direction 
field over Hungary. The data basis consists of hourly wind direction data measured at 
ten meteorological stations of the country in 1968-1972 and 1991-1995. Relative 
frequency, relative energy, average speed, and average duration of the wind directions 
were analysed in the above two periods, in winter and summer, over plains and 
mountains of the country. We investigated the difference of the relative frequencies 
with the so-called pi-star index. We gave the definition of the characteristic wind 
directions and we investigated their energy content and average speed compared to 
those of the non-characteristic wind directions. Then we detailed the quality of 
connections between the above-mentioned four parameters of the wind directions. Our 
main result is that the alterations of the statistical structure of wind direction field over 
Hungary depend on the features of the terrain and seasons.

Key-words: wind directions, relative frequency of wind directions, relative energy con­
tent of wind direction, pi-star index, characteristic wind directions.

1. Introduction

The rise in global surface air temperature, due to the increase of the atmos­
pheric concentration of greenhouse gases, has probably induced a redistribu­
tion of the surface pressure field. According to Schonwiese et al. (1994) and 
Meyhofer et al. (1996), this process has occurred in Europe: in the winter half- 
year the average values of surface pressure, converted to sea level, increased 
in the south and decreased in the north of the continent between 1961 and 
1990, whereas in the summer half-year there were no significant changes.
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On the other hand, Metaxas et al. (1991) and Bartzokas and Metaxas (1996) 
found that the average intensity of influx of cold air masses in summer, com­
ing from the north and north-west to the south-east of Europe, had increased. 
Therefore, according to their investigations, the summer circulation system is 
also changing, as a consequence of the redistribution of the surface pressure 
field in summer, as well. In the above-mentioned authors’ view, it is clear that 
such changes may affect Central-Europe to a relatively less degree than the 
northwestern and southeastern regions of our continent.

In continental Europe, in winter, the direction of the average pressure 
gradient is from south to north (Justyak, 1994). Thus, according to the previ­
ously mentioned results, this gradient itself is also increasing, which might also 
give rise to changes in the circulation system, e.g., the frequency or average 
speed of westerly winds may increase during this season. The spatial distribu­
tion of annual and monthly average sea level pressure fields in Hungary is due 
to the so called “basin character” : roughly in the middle of the Great Hungari­
an Plain, a pressure minimum can be found. This is caused by strong warming 
in summer and frequent passing through of the Mediterranean cyclones in 
winter (Dobosy and Felmery, 1971).

The aim of our former investigations (Tar, 1998a, 1998b, 1999, 2001; 
Mika et al., 1999; Tar et al., 2000, 2001a, 2001b; Makra et al., 2000a, 
2 0 0 0 b) was to decide whether or not the observed changes in the pressure field 
over Europe could be detected in the statistical structure of the wind field over 
Hungary, in spite of the specific pressure field over the country. Change in the 
wind field, apart from climatic effects, also produces changes, among other 
things, of deflation and wind energy.

Our aim in this paper is to demonstrate possible marked changes in the 
statistical structure of the wind direction field over Hungary. The data basis of 
our investigations consists of hourly wind direction data of ten meteorological 
stations in Hungary, measured in periods 1968-72 and 1991-95. Fig. 1 shows 
the locations and geographical coordinates of the stations. Since our data basis 
is not continuous, trends, autocorrelations, etc., cannot be determined.

2. Distribution o f the wind directions and pi-star index

From the relative frequencies of wind directions of two critical seasons, over 
the ten stations, in the two five-year periods, we can see that the bigger devia­
tions are in the winter, the significant differences are not presumable in a few 
cases in the summer.

The statistical test performed to evaluate differences was the y2 test of 
homogeneity. As the observed hours of different wind directions turned to be
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quite large numbers, this test showed significant difference in the distributions 
in each case, which was not very surprising taking into account the sensitivity 
of the y2 test for sample size. The critical value of the y2 distribution at 0.05 
significance level with 14 degrees of freedom is 23.65, which was highly ex­
ceeded in our examples, so we can conclude that wind direction field has 
changed remarkably. Note, however, that there were very big differences in 
the computed y2 values, which means that the magnitude of difference in hours 
of wind directions depended on the locations, seasons, and year very much, as 
Table 1 shows.

Station <P X h,
(1968-72)

h:
(1991-95)

^al
(1968-72)

ha2
(1991-95)

Szombathely 47°16’ 16°38’ 224 224 9 9
Keszthely 46°46’ 17°14’ 117 117 15 15
Győr 47°41’ 17°38’ 119 116 10 10
Pécs 46°00' 18°14’ 202 202 10 10
Budapest 47°27’ 19°13’ 130 130 12 12
Szeged 46°15’ 20°06’ 83 83 9 9
Miskolc 48°08’ 20°48’ 118 233 15 15
Békéscsaba 46°4T 21° 10’ 88 88 9 10 and 20.6
Debrecen 47°30’ 21°38’ 111 108 10 10
Kékestető 47°52’ 20°0r 1010 1010 26 26

h,, h2: height of the observatory above the sea level (m); 
hal, h^: height of the anemometer above ground level (m)

Fig. 1. Location and geographical coordinates of the meteorological stations.

To remove the effect of sample size, we performed an another test, which 
is not so traditional as the y2 test, but has the advantages of not depending on 
sample size and giving a nice impression of discrepancy between model and 
data. This test is not a test of significance, rather an index between zero and 
one, and it is called pi-star index.
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Table 1. Results of the x2 test

Station Winter Spring Summer Autumn Year

Békéscsaba 710 271 148 259 528
Debrecen 1177 468 249 841 1613
Szeged 1178 468 232 398 813
Budapest 1036 627 617 630 2036
Győr 1848 1035 1489 1602 4695
Szombathely 1691 979 576 433 2671
Keszthely 1517 1437 941 1524 4484
Pécs 1451 240 618 611 1511
Miskolc 843 734 662 873 2044
Kékestető 1374 484 315 267 979

The pi-star index of fit was introduced by Rudas et al. (1994) for contin­
gency table analysis. The original definition is

n  = n  (P ,M ) = inf{;r: P = (1 - n ) F  + nQ, F e M ,  0 < < 1}, (l)

where P, F and Q denote cell probabilities of two-way contingency tables of 
the same size and M  is a model. Although this definition is for two-way tables, 
it can be extended to contingency tables of any size with any model, moreover, 
to any known statistical model.

Roughly speaking, here the observations are decomposed into two parts: a 
first part, that fits the model exactly, and a second one, which is unrestricted, 
so that the sum of the observations in the first part will be maximal. Then the 
ratio of the observations in the second part is the pi-star index. This is the 
fraction of the sample that cannot be described by the model in the best case. 
Hence, if the pi-star index is small, we will conclude, that we are close to the 
model, as only a small fraction of the sample cannot be described by the 
model. On the contrary, if n  is big, we will conclude, that we are not so close 
to the model.

In our case the null hypothesis was that the distribution of the hourly wind 
direction was the same in the two time periods. Putting it in another way, we 
had to examine in what extent the measurements in the second period could be 
described by those of the first period. Again, small n  values indicated smaller 
differences, and bigger n  values meant greater discrepancy in the distribu­
tions. According to this, we could conclude, that even removing the effect of 
sample size, we found big differences in the distributions due to quite big n  
values, but here also we could make differences among the ten stations and 
seasons examined.
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Table 2. Values of n

Station Winter Spring Summer Autumn Year

Békéscsaba 0.59 0.28 0.24 0.44 0.28
Debrecen 0.55 0.48 0.40 0.58 0.39
Szeged 0.55 0.48 0.39 0.31 0.25
Budapest 0.60 0.65 0.65 0.49 0.60
Győr 0.72 0.64 0.62 0.47 0.54
Szombathely 0.71 0.49 0.47 0.44 0.44
Keszthely 0.71 0.61 0.53 0.61 0.51
Pécs 0.73 0.41 0.47 0.45 0.47
Miskolc 0.46 0.59 0.56 0.55 0.53
Kékestető 0.67 0.50 0.53 0.31 0.50

Seasonal and yearly values of n  are listed in Table 2. It can be seen from 
the table, that these values are bigger in the majority of cases in winter. This 
confirms that we wrote about this season in the introduction. The values also 
show that the temporal change of the distribution of wind directions is more 
marked in Transdanubian stations. In summer, values commensurable with 
winter ones can be seen in the no lowland-stations (Szombathely, Keszthely, 
Pécs, Miskolc, Kékestető), e.g., in the more complex geographical/orographical 
environment. All these suggest the alteration of directional distributions of 
summer wind, too, during about 20 years. This also is claimed by Mediterra­
nean authors, Metaxas et al. (1991), Bartzokas and Metaxas (1996). First of all 
they are speaking about the Etesian wind, which can be considered as part of 
the summer monsoon circulation. It is possible that the change of features of 
this wind causes the increase of frequency of northerly directions over Hun­
gary, too. In spring and autumn, the values of n  cannot be classified from 
geographical/orographical or other point of view. It is possible that the meas­
ure of marked alteration of frequency distribution of wind directions can rather 
be connected to the circulation/macrosynoptic situations.

Conclusions about the above differences were made by these two (x2 and 
n )  statistical analyses. Most of the cases they show similar results, however, 
sometimes they do not move paralelly, because they measure different things. 
The x2 statistic is a sum of the deviances in the observations in the 16 cells 
measured in two time periods, however, the pi-star index measures the amount 
of maximum deviance in the above cells.

3. Some other statistical characteristics of wind direction

By our former investigations {Tar, 2001), the frequency distribution of wind 
directions can be in close relation with the relative energy content, average
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Fig. 2. Some statistical characteristics of wind direction in Debrecen (c: characteristic wind direction).

speed, and average duration of wind directions. This can be seen in Fig. 2 and 
Fig. 3. These figures show the above-mentioned characteristics in winter and 
summer, in a lowland and a Transdanubian station (Debrecen and Szom­
bathely), which are on about the same geographical latitude. One can see, 
there are some wind directions where these characteristics differ markedly 
from the characteristics of other directions.
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S z o m b a t h e l y ,  1 9 6 8 - 7 2 ,  s u m m e r
r hour °/#

S z o m b a t h e l y ,  1 9 9 1 - 9 5 ,  s u m m e r m/s or hour

Fig. 3. Some statistical characteristics of wind direction in Szombathely 
(c.- characteristic wind direction).

3.1 Characteristic wind directions

The hypothesis on the evenness of the frequency distribution of wind direction 
was verified in the following way (Tar, 1991): let hx and h2 be
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h\ = p 0n - u £^ n p 0( \ -  p 0), (2 )

h\ = p 0n + ueJn p 0( l -  p 0), (3)

where p0 is equal to 1/16=0.0625, as we used 16 wind directions, n is the 
number of cases. uc satisfies the equation

(4)

where <P(x) is the distribution function of standard normal distribution. So, if 
£•=0.0027 (Peczely, 1957), then w£= 2.28.

Let/fl be the relative frequency of direction D, where 
£> = {N, NNE, NE, ENE, E, ESE, SE, SSE, S, SSW, SW, WSW, W, WNW, 
NW, NNW}. If f D>h2, then D is called characteristic wind direction (CWD), 
else it is a non-characteristic wind direction (NWD) on l - e  probability level. If 
f D is given in percents, then the limits of the critical interval are Hl = 100 h jn , 
H2= 100 h2/n. Fig. 2 and Fig. 3 show the value of H2, where the characteristic 
wind directions are denoted by ,,c” on axis x.

In the following we will compare the energy content and average speed of 
characteristic wind directions to those of the other wind directions. The aver­
age energy content of a D wind direction for a time period (season, year) can 
be determined with the mean specific wind power, namely with the equation

(5)

Here f Dj  is the frequency of the speed of D wind within the (vy -  0.5zlv,
Vj -I- 0 ,5dv) interval, k is the number of intervals and N  is the number of the 
days of time period, respectively. Let Pn denote the mean specific wind power 
of time period, which is independent of the wind directions, then the ratio

(6)

is equal to the relative energy content of the given D wind direction. The aver­
age speed of this direction is

(7)
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Value of the last parameter strongly depends on the height of anemometer. 
This height is regularly 10 meters at the meteorological stations, but it can 
happen that the wind speed is measured on a lower or higher level. In these 
cases the height correction is done by the following equation:

v„ = v10 [0.233+0.656 lg(7z+4.75)] (8 )

(.Mezősi and Simon, 1981), where vh is the measured wind speed on h* 10 m 
and v10 is the calculated wind speed on 10 m. In some selected cities it had 
happened that the measurements were carried out on height differing from 1 0  

m, or the stations was moved to another place, or the instrument was changed 
for an automatic one. In the last two cases the height of the sensor was 
changed, too. In all of these stations we produced the 10-meter wind speed by 
the above equation.

We investigated in detail the number of characteristic wind directions 
(CWD), common relative frequencies (CWDF), common and mean relative 
energy contents (CWDE and CWDE1), and average speeds (CWDV1) of these 
wind directions, mean relative energy content (NWDE1) and average speed 
(NWDV1) of non-characteristic wind directions, and the seasonal (independ­
ently of the wind directions) average wind speed (AWDV1), respectively, in 
winter and summer of the two five-year periods. The stations were grouped by 
the following way: stations over plain terrain (Debrecen, Békéscsaba, Szeged, 
Budapest, Győr), which are opened by geographically, stations over hilly or 
mountainous territory (Szombathely, Keszthely, Pécs, Miskolc), in which the 
orography modifies the airflow strongly, and Kékestető, because it belongs to 
an other current of air, that we have to take into consideration comparing the 
average wind speeds. We are able to compare only the relative quantities of 
Miskolc, because the meteorological station was removed to the Avas- 
mountain in the second time period, and its height above sea level increased 
markedly.

Our results at stations over plain terrain show that
• the value of CWD is between 3 and 9, CWDF is between 33 and 81% 

(Békéscsaba, 1968-72, winter and Győr, 1991-95, winter, respectively),
• CWDe is between 91% (Győr, 1991-95, winter) and 42% (Debrecen, 

1991-95, summer),
• CWDE1 (the energy content of one CWD) is between 18.6% (Győr, 1991 — 

95, summer) and 8.3% (Debrecen, 1991-95, summer),
• the maximum values of the above parameters are in Győr, but the mini­

mum value of CWDV1 is also here (1991-95, summer). The maximum of 
the latest parameter is in the Great Hungarian Plane, Szeged, 1968-72, 
winter,

161



• relative energy content of an other, non-characteristic wind direction 
(NWDE1) is between 5.3% (Debrecen, 1991-95, summer) and 1.2% 
(Győr, 1991-95, winter). The time and place of extreme values of 
NWDV1 agree with those of CWD,

• the average wind speed of seasons (AWDV1) alters from 3.5 m/s (Szeged, 
1968-72, winter) to 1.9 m/s (Győr, 1991-95, summer).

Table 3. Territorial averages: average values of CWD, common relative frequency 
(CWDF) and relative energy content (CWDE) of characteristic wind directions, average 
energy content (CWDE1) and average speed (CWDV1) of one characteristic wind direc­
tion, average energy content (NWDE1) and average speed (NWDV1) of one non­

characteristic wind direction, averages of wind speed (AWDV1)

Average of
CWD CWD, CWD, c w d e1 CWDV1 NWDE1 NWDV1 AWDV1

(%) (%) (%) (m/s) (%) (m/s) (m/s)
Stations over plain terrain

Yearly 5.3 53.7 63.5 12.4 2.9 3.4 2.4 2.7
1968-72 5.3 53.0 63.8 12.2 3.1 3.4 2.5 2.8
1991-95 5.3 54.3 63.3 12.5 2.8 3.3 2.3 2.6
Winter 5.5 55.1 66.3 12.4 3.1 3.1 2.4 2.8
1968-72 5.0 51.7 62.8 12.7 3.2 3.3 2.6 2.9
1991-95 6.0 58.6 69.7 12.1 3.0 2.9 2.3 2.8
Summer 5.1 52.2 60.8 12.4 2.7 3.6 2.4 2.6
1968-72 5.6 54.3 64.7 11.7 3.0 3.4 2.5 2.7
1991-95 4.6 50.1 56.9 13.0 2.5 3.8 2.2 2.4

Stations over no-plain terrain
Yearly 5.1 54.2 68.9 14.3 3.6 2.8 2.6 3.2
1968-72 4.6 51.8 65.1 14.9 4.0 3.0 2.9 3.5
1991-95 5.3 56.6 72.6 13.6 3.3 2.6 2.3 2.9
Winter 5.5 58.2 68.1 12.4 3.8 3.0 2.8 3.4
1968-72 5.0 56.4 62.9 12.6 4.1 3.3 3.1 3.6
1991-95 6.0 60.1 73.3 12.3 3.5 2.6 2.6 3.2
Summer 5.0 50.2 69.6 16.1 3.5 2.6 2.4 2.9
1968-72 4.2 47.3 67.3 17.2 4.0 2.7 2.7 3.3
1991-95 5.0 53.0 72.0 14.9 3.1 2.6 2.1 2.5

Table 3 shows the average values. (The average number of CWD is important 
from the point of view of other parameters only.) Based on the part concerning 
the stations over plain terrain of this table we can say that

• there is no considerable difference between the “yearly” (winter 
+ summer) parameters, given in percents, in the two five-year periods at 
these stations. The ratio of energy content of one CWD to that of one
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NWD (CWDE1/NWDE1) is 3.6 in the first five-year period and 3.8 in the 
second five-year period. The average speed of CWD (CWDV1) is larger 
than NWDV1 with 0.5 m/s, and with 0.2 m/s than the “yearly” average 
wind speed,

• note, that the decrease of different average wind speeds is 0 .2-0.3 m/s to 
the second period,

• the number of CWD increased with 1, CWDP and CWDE also increased 
with about 7 % according to this in winter,

• on the other hand CWDE1, NWDE1, and all the average speed decreased, 
the latest parameters with 0.1-0.3 m/s in winter,

• the ratio of energy content of different direction groups increased with 
3.8-4.2 to the second period, it is equal to 4 on average in winter,

• the number of CWD decreased with 1, CWDF and CWDE also decreased 
with about 4 or 8  % according to this in summer,

• the different average wind speeds decreased with 0.3-0.5 m/s in summer,
i.e., more considerably than in winter,

• the ratio of energy content of different direction groups increased some­
what to the second period, it is equal to 3.4 on average in two summers.

Our results at stations over no-plain terrain show that
• the number of CWD is between 3 (Szombathely, 1968-72, summer) and 

7, the last number occurs in more cases,
• CWDF is between 74% (Szombathely, 1968-72, summer) and 41% (in 

more cases), CWDE is between 94 and 38%,
• CWDE1 and CWDV1 are between 26-7.6%, and 5.5-1 . 8  m/s, respectively. 

In the last case we considered only 3 stations (Szombathely, Keszthely, 
and Pécs). Note, however, that the average speeds in Szombathely are 
commensurable with those in Kékestető,

• the maximum of above-mentioned parameters occurs in Szombathely. 
This value of NWDE1 occurs in Pécs (1968-72, winter) among the five 
stations, and here is the maximum of NWDV1 among the considered three 
stations,

• average wind speed of the seasons is the largest in Szombathely, too. It is 
interesting that these values decreased in the first three stations in all cases 
and in Kékestető in summer with 0.9-0.2 m/s to the second period, but 
they stagnate in Kékestető in the winter.

Based on the part concerning the stations over no-plain terrain of Table 3, we
can find the following results.
In “yearly average” (winter+ summer),
• the number of CWD, CWDF, and CWDE increased in order with about 1, 

5 and 7%, but in contrast with this
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• CWDE1 decreased by 1.3% to the second period,
• the above yearly value exceeds that of the stations over plain terrain by 

about 2% in average, 2.7% in the first, and 1.1% in the second period,
• the value of NWDE, also decreased,
• the ratio CWDE1/NWDE1 is equal to 5.1 at these stations in contrast with

3.6 at stations over plain terrain.

In winter,

• the number of CWD increased by 1, CWDF and CWDE also increased by 
about 4%, and 10%, according to this, respectively,

• the values of CWDE1 did not change,
• these values are equal to the corresponding values of plain terrain in aver­

age and by periods, too,
• NWDE1 somewhat decreased. The ratio CWDE1/NWDE1 increased here 

and now, too, but to essentially higher degree than on the plain terrain.
In summer,

• the average number of CWD increased, CWDF and CWDE also increased 
by about 6 %, and 5%, according to this, respectively,

• the value of CWDE1 decreased by more than 2%, but
• the above mentioned numbers are larger than those at the stations over 

plain terrain. Therefore, at the stations over no-plain one characteristic 
wind direction carries more than 3% energy in average. This surplus is 
5.5% in summers of 1968-72 and about 2% in summers of 1991-95,

• for the stations over plain terrain there is no considerable difference in the 
winter and summer values of the above mentioned parameters. For the 
stations over no-plain terrain, the value of CWDE1 is larger by about 4% 
in summer.

• the ratio CWDE1/ NWDE1 is the largest over no-plain terrain in summer, it 
is 6.2 in average of periods, 6.4 for summers of 1968-72, 5.7 for sum­
mers of 1991-95. It is in contrast with the stagnating summer values on 
plain terrain.
Different average wind speeds are determined, except Miskolc. Based on the

part concerning the stations over no-plain terrain of Table 3, we can find that,
• in the “yearly average”, the value of CWDV1 is larger by exactly 1 m/s 

than NCWV1 and 0.4 m/s than the average wind speed of the “year” (in 
last column, AWDV1: average speed of all wind directions),

• in the period 1991-95 these differences are the same, in the period 1968— 
72 they are 1.1, and 0.5 m/s, respectively,

• these differences do not change essentially in winter,
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• but in summer the difference CWDV1-NCWV1 is equals to or larger than 1 
m/s, CWDV1-AWDV1 is equal to or larger than 0.6 m/s. The maximum of 
two differences is in the summers of 1968-72,

• all average wind speeds are decreasing, to the highest degree, 0.9 m/s, in 
the case of summer characteristic wind directions. This value is equal to
0.5 m/s on the plain terrain.
In Table 4 we give the ratios of time and terrain average energy content of 

one characteristic and one non-characteristic wind direction (CWDE1/NWDE1). It 
can be established, that these ratios
• have orographic differences on the annual and summer averages,
• are larger on the plain terrain in winter, and on the no-plain terrain in 

summer, respectively.
The yearly ratios of two five-year periods do not show considerable differ­
ences in the two groups of stations. But these ratios have significant differ­
ences in the two groups in winter and on the no-plain terrain stations in sum­
mer. According to the table, the ratio does not increase period-by-period in 
summer, even it decreases on the no-plain terrain stations in this season.

Table 4. The ratios of CWDEI/NWDE1

Stations 
Plain terrain

over
No-plain terrain

Yearly 3.6 5.1
1968-72 3.6 5.0
1991-95 3.8 5.2
Winter 4.0 4.1
1968-72 3.8 3.8
1991-95 4.2 4.7
Summer 3.4 6.2
1968-72 3.4 6.4
1991-95 3.4 5.7

3.2 Relationship between the frequency, energy content, average speed, and 
average duration of wind directions

As it can be seen in Fig. 2 and 3, some curves of values connected to wind 
directions (frequency, energy content, average speed, and average duration) 
are roughly parallel to each other. This refers to the linearity of their stochastic 
connection, so we determined the values of linear correlation coefficient (r). 
They are given in Table 5 and 6 in stations over plain and no-plain terrain to 
the winter and summer of the two five-year periods. The critical value of r, 
belonging to 16 number of cases, on 0.05 significance level, r0 05 equals to
0.4973 (.Dobosi and Felmery, 1971).
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Table 5. Values of the linear correlation coefficient in stations over plain terrain
(italic: significant value)

Szeged, winter Szeged, summer
1968-72 rel.freq. rel. energ. m ean sp. mean dur. 1968-72 rel.freq. rel. energ. mean sp. m ean dur.

rel.freq. 0.8793 0.7232 0.7775 rel.freq. 0.9213 0.8119 0.8711
rel. energ. 0.8099 0.9113 0.7324 rel. energ. 0.9241 0.9093 0.6938
mean sp. 0.4926 0.7570 0.6297 mean sp. 0.5521 0.7566 0.5368
mean dur. 0.9016 0.7501 0 .4186 mean dur. 0.8172 0.6425 0.2182

1991-95 rel.freq. rel. energ. m ean sp. mean dur. 1991-95 rel.freq. rel. energ. mean sp. m ean dur.

Budapest, winter Budapest, summer
1968-72 re tfreq . rel. energ. mean sp. mean dur. 1968-72 rel.freq. rel. energ. mean sp. m ean dur.

rel.freq. 0 .3862 0 .2789 0.9285 rel.freq. 0.8212 0.6517 0.9041
rel. energ. 0.4469 0.9248 0.5818 rel. energ. 0.8022 0.9347 0.8050
mean sp. 0.3089 0.9473 0 .4348 mean sp. 0.3678 0.7413 0.6852
mean dur. 0.9011 0 .3372 0 .2072 mean dur. 0.9394 0.7206 0.3576

1991-95 rel.freq. rel. energ. mean sp. mean dur. 1991-95 rel.freq. rel. energ. mean sp. m ean dur.

Gyor, winter __________________ G 3'or, summer
1968-72 i^Kfreq. rel. energ. mean sp. mean dur. 1968-72 reLfreq. rel. energ. mean sp. m ean dur.

rel.freq. 0.7970 0 .3713 0.6007 rel.freq. 0.9345 0.4608 0.8253
rel. energ. 0.7994 0.7886 0.5146 rel. energ. 0.8652 0.6831 0.8373
mean sp. 0.6648 0.8829 0.2303 mean sp. 0 .4389 0.6314 0.5187
mean dur. 0.6867 0.6164 0.5108 mean dur. 0.9025 0.8393 0 .4449

1991-95 rel.freq. rel. energ. mean sp. mean dur. 1991-95 rel.freq. rel. energ. mean sp. m ean dur.

The most important conclusions from Table 5 concerning to stations over 
the plain terrain are:
• All number of significant cases (r> r0 05) are 74% in the year, 75% in 

winter, and 73% in summer. Therefore, there is no considerable seasonal 
difference.

• The numbers of significant cases do not differ considerably from each 
other in the seasons of two periods: it is 77% in 1968-72 and 73% in
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Table 6. Values of the linear correlation coefficient in stations over no-plain terrain
(,italic: significant value)

1968-72 rel.freq. rel. energ. mean sp. mean dur. 1968-72 rel.freq. rel. energ. mean sp. mean dur.
rel.freq. 0.6786 0.7797 0.8492 rel.freq. 0.9560 0.8751 0.9284
rel. energ. 0.4830 0.8566 0.8420 rel. energ. 0.9022 0.8531 0.8918
mean sp. 0.6253 0.9557 0.8218 mean sp. 0.8655 0.8877 0.8224
mean dur. 0.3392 0.5975 0.6234 mean dur. 0.8319 0.6764 0.5469

1991-95 rel.freq. rel. energ. mean sp. mean dur. 1991-95 rel.freq. rel. energ. m ean sp. mean dur.
K e s z th e ly , w in ter K esz th e ly , s u m m e r

1968-72 rel.freq. rel. energ. mean sp. mean dur. 1968-72 reKfreq. rel. energ. mean sp. mean dur.
rel.freq. 0.6606 0.6539 0.8576 rel.freq. 0.8653 0.7997 0.8377
rel. energ. 0.7496 0.9347 0.7963 rel. energ. 0.8224 0.9159 0.8103
mean sp. 0.6966 0.8792 0.7209 mean sp. 0.5748 0.8159 0.7999
mean dur. 0.9010 0.8937 0.8891 mean dur. 0.7705 0.8052 0.7653

1991-95 rel.freq. rel. energ. mean sp. mean dur. 1991-95 rel.freq. rel. energ. mean sp. mean dur.

S z o m b a th e ly , w in ter S z o m b a th e ly , s u m m e r

P é c s , w in ter P écs , su m m e r
1968-72 reLfreq. rel. energ. mean sp. mean dur. 1968-72 reLfreq. rel. energ. mean sp. mean dur.

rel.freq. 0.4683 0.1163 0.8819 rel.freq. 0.8411 0.5724 0.6756
rel. energ. 0.5967 0.8659 0.5679 rel. energ. 0.7262 0.8737 0.6381
mean sp. 0.1946 0.7915 0.3267 mean sp. 0.3151 0.8094 0.5874
mean dur. 0.7193 0 .4252 0.2774 mean dur. 0.8260 0.7219 0 .3534

1991-95 rel.freq. rel. energ. mean sp. mean dur. 1991-95 rel.freq. rel. energ. m ean sp. mean dur.
M is k o lc , w in ter M isk o lc , su m m e r

1968-72 rel.freq. rel. energ. mean sp. mean dur. 1968-72 reLfreq. rel. energ. m ean sp. mean dur.
rel.freq. 0.5031 0.0466 0.7001 rel.freq. 0.8412 0 .1503 0.6116
rel. energ. 0.5638 0.7380 0.6524 rel. energ. 0.8762 0.5916 0.5826
mean sp. 0.4584 0.7941 0.3880 mean sp. 0.4432 0.7148 0.3475
mean dur. 0.9115 0.6530 0.6420 mean dur. 0.8289 0.7290 0.5445

1991-95 rel.freq. rel. energ. mean sp. m ean dur. 1991-95 rel.freq. rel. energ. m ean sp. mean dur.
K e k e s te to , w in ter K ek es te to , s u m m e r

1968-72 rel.freq. rel. energ. mean sp. mean dur. 1968-72 rel.freq. rel. energ. m ean sp. mean dur.
rel.freq. 0.8857 0.6121 0.8336 rel.freq. 0.9483 0.6743 0.8953
rel. energ. 0.9161 0.8550 0.6888 rel. energ. 0.8767 0.8038 0.8972
mean sp. 0.8441 0.8478 0.3769 mean sp. 0.7431 0.7700 0.7733
mean dur. 0.6222 0.7576 0.7428 mean dur. 0.8204 0.8552 0.7377

1991-95 rel.freq. rel. energ. mean sp. mean dur. 1991-95 rel.freq. rel. energ. m ean sp. mean dur.

• 1991-95, in winter and summer. Namely, the ratio of significant cases de­
creased by about 4% to the second period at stations over the plain terrain.

The most important conclusions from Table 6 concerning the stations over 
the no-plain terrain are:
• All number of significant cases are 80% in winter, 92% in summer, 8 6 % 

altogether. Therefore, there is considerable seasonal difference at these 
stations.
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• The ratios of significant cases differ from each other in the seasons of two 
periods: it is 80% in winter, 93% in summer of 1968-72, 80% in winter, 
90% in summer of 1991-95. Namely, the number of significant cases did 
not change considerably to the second period in the seasons at these stations.
The most important conclusions from the two tables are:

• The connection of the relative frequency and relative energy content is not 
significant only in four cases. They are all winter cases. There are no 
orographical and temporal differences.

• There is no seasonal difference in connection of the relative frequency and 
mean velocity. There is a temporal difference in the stations over no-plain 
terrain: the number of significant cases decreased by 1 0 % to the second 
period. The orographical differences are marked: the number of signifi­
cant cases are more with 30% (1968-72), 20% (1991-95), and 25% (to­
gether), respectively, than those in the stations over no-plain terrain.

• The connection of relative frequency and average duration is significant 
except two cases, which is not surprising.

• The connection of relative energy and average speed is significant in 
every case, since they are in a complicated functional relation through the 
hourly wind speed.

• The connection between relative energy and average duration is com­
pletely random, of course. The number of significant cases is larger by 
1 0 % in the stations over no-plain terrain, considering all the cases or pe­
riods. There is a temporal difference, too: such cases decreased by 10% 
to the second period in both territories. There are no seasonal differences.

• All three kinds of differences are noticeable in connection of the average 
speed and average duration. Considering all the cases, we can establish 
twice as many significant cases in the stations over no-plain terrain than in 
the other territory (70% and 35%, respectively). The difference is only 
10% in the first period, but it is 60% in the second one. Namely, the 
number of significant cases considerably decreased at the stations over 
plain terrain and considerably increased at the stations over no-plain ter­
rain to the second period. At the same time, the number of significant 
connections is more in summer in the first period and in winter in the sec­
ond period.

4. General conclusions

Temporal change of the frequency distribution of wind directions, which is in 
connection with the global warming, during the two selected period (1968-72, 
1991-95), is not investigable by traditional statistical tests. The x2-test cannot
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be applied because of the large sample size. The n  index shows seasonal and 
orographical differences but only in the comparison of its values, there is no 
significant threshold value. Its outstanding winter values,-in Győr, Szom­
bathely, Keszthely; and Pécs, refer rather to geographical differences than 
orographical ones. They indicate the connection with the NW steering flow,
i.e., the seasonal large-scale processes (for example with the change of the 
see-level pressure in Europe). Its summer values are less, they show the less 
marked change without geographical and/or orographical differences.

The energy carried by the wind directions depends on the season and 
orography. This is verified by our investigations concerning the characteristic 
wind directions: in summer their energy content is less at the stations over 
plain terrain, more at the stations over no-plain terrain than in winter. The en­
ergy content of a characteristic wind direction increases in both territory in 
winter, decreases in the no-plain terrain in summer, to the second period. One 
characteristic wind direction carries about four times more energy than one 
non-characteristic wind direction on the yearly and winter averages, and about 
five times more than the summer average in Hungary.

There are seasonal and orographical differences in relations of the differ­
ent parameters (relative frequency, relative energy content, average speed, av­
erage duration) of wind directions. In summer the number of significant cases 
is more than in winter in the plain terrain, they are almost equal to each other 
in the no-plain terrain. We could not establish considerable temporal differ­
ences between the two periods.

With the above results and establishments we would like to contribute to 
more exact and detailed knowledge of wind climate in our country, and to sci- 
entifically/climatologically established utilization of the wind energy .

Acknowledgements-The authors wish to express thanks to OTKA (Hungarian Scientific Research 
Found) and the Ministry for Environmental Protection for the sponsorship of researches connected 
the subject of this study, as well as to the Hungarian Meteorological Service for putting the data 
basis at their disposal.

References

Bartzokas, A. and Metaxas, D .A., 1996: Northern Hemisphere gross circulation types. Climatic 
change and temperature distribution. Meteorok Zeitschrift, N.F. 5, 99-109.

Dobosi, Z. and Felméry, L., 1971: Climatology (in Hungarian), Tankönyvkiadó, Budapest, 500 p. 
Justyák, J., 1994: The Climate o f Europe (in Hungarian). Egyetemi Jegyzet. Debreceni Egyetem,

135 p.
Makra, L., Tar, K., and Horváth, Sz., 2000a: Some statistical characteristics of the wind energy 

over the Great Hungarian Plane. Int. J. Ambient Energy 21, No. 2, 85-96.
Makra, L., Tar, K., and Lukácsovicsné Horváth, Sz., 2000b: Analysis of wind speed data series in 

Hungary by using a new statistical test and conclusions in connection with climate change.

169



Scientific Meeting on Detection and Prediction o f Contemporary Climate Change and their 
Effects in a Regional Scale, Tarragona, Spain, 29-31“ May, 2000.

Metaxas, D.A., Bartzokas, A., and Vitsas, A .,  1991: Temperature fluctuations in the Mediterranean 
area during the last 120 years. Int. J. Climatol. 11, 897-909.

Meyhöfer, S., Rapp, J., and Schönwiese, C .D ., 1996: Observed three-dimensional climate trends in 
Europe 1961-1990. Meteorok Zeitschrift, N.F. 5, 90-94.

Mezősi, M. and Simon A., 1981: The theory and practice of meteorological wind measurements (in 
Hungarian). Meteorológiai Tanulmányok, No. 36. Országos Meteorológiai Szolgálat, Budapest.

Mika, J., Kircsi, A., and Tar K., 1999: Some statistical characteristics of daily maximum wind gusts 
in the Great Hungarian Plain (in Hungarian). Meteorológiai Tudományos Napok 1999. Orsz. 
Meteorológiai Szolgálat, 207-213.

Rudas, T., Clogg, C.C., and Lindsay, B .G ., 1994: A new index of fit based on mixture methods for 
the analysis of contingency tables. J. Royal Statistical Society, Ser. B 56, 623-639.

Schönwiese, C.D., Rapp, J., Fuchs, T., and Denhard, M., 1994: Observed climate trends in Europe 
1891-1990. Meteorok Zeitschrift, N.F. 3, 22-28.

Tar, K., 1998a: Statistical characteristics of the wind field over Hungary, in connection with the 
global warming (in Hungarian). In Klímaváltozás és következményei. Orsz. Meteorológiai 
Szolgálat, 249-258.

Tar, K., 1998b: Alteration of the statistical structure of the wind field in Hungary in connection with 
the climatic change. 2nd European Conference on Applied Climatology, Central Institute for 
Meteorology and Geodinamics, Nr. 19, (CD-ROM, ISSN 1016-6254) Vienna, Austria.

Tar, K ., 1999: Temporal change of statistical charcateristics of wind field over the Great Hungarian 
Plain (in Hungarian). Change o f landscape in the Carpathian Basin. Proc. of Scientific Con­
ference, Nyíregyháza, November 4-6, 1998. (ed.: Gy. Füleky), Gödöllő, 225-230.

Tar, K., 2001: Alteration of the statistical structure of the wind field in Hungary in connection with 
the conditional climatic change. OTKA Research Paper (T023765), University of Debrecen 
(in Hungarian).

Tar, K., Makra, L ., and Horváth, Sz., 2000: Some statistical characteristics of the wind energy in 
Hungary in connection with climatic change. 3rd European Conference on Applied Climatol­
ogy (CD-ROM, ISBN 88-900502-0-9), Pisa, Italy

Tar, K., Makra, L., and Kircsi, A., 2001a: Temporal change of some statistical characteristics of 
wind speed in Hungary. In Detecting and Modelling Regional Climate Change (eds.: M  B. 
India and D.L. Bonillo). Springer-Verlag, 251-262.

Tar, K., Makra, L., Horváth, Sz., and Kircsi, A ., 2001b: Temporal change of some statistical char­
acteristics of wind speed in the Great Hungarian Plane. Theoretical and Applied Climatol­
ogy, Vol. 69, No. 1-2, 69-79.

170



BOOK REVIEW

Barry, R. G. and Carleton, A. M., 2001: Synoptic and Dynamic Climatology. 
Routledge (Taylor and Francis Group), London and New York, 620 pages, 
with 15 color and black-and-white plates, nearly 300 figures and didactic il­
lustrations, extended topical index.

The book provides a comprehensive account of the dynamical behavior and 
mechanisms of the global climate system and its components, together with a 
modern survey of synoptic scale weather systems in the tropics and extra­
tropics, including the methods and applications of synoptic classification.

Roger G. Barry is Professor of Geography and Director of the National 
Snow and Ice Data Center at the University of Colorado. Andrew M. Carleton 
is Professor of Geography at Pennsylvania State University. This fact largely 
determines the key value of the book for meteorologists and other scientists. 
Scrolling through the book, the reader gets a scholarly description of the atmos­
pheric circulation from the smallest to largest scales of atmospheric motions.

Twenty-seven years have elapsed since the publication of Synoptic Cli­
matology: Methods and Applications {Barry and Perry, 1973), and the field has 
advanced considerably during that time. Computer-based classifications have 
become the rule, and the ready availability of extensive climatic data bases has 
permitted diverse analytical studies to be carried out. Results from these stud­
ies now allow us to state more confidently the most useful procedures for the 
synoptic classification and analysis of regional or local climatic conditions. 
The book differs very much from the one appeared three decades before. Only 
the last Chapter (“Synoptic climatology and its applications”) remind us to the 
book-ancestor which is not coincidental and is accompanied by displaying Prof. 
Allen H. Perry, as co-author of the present chapter, as well.

The widespread practical applications of these studies is illustrated, with 
particular emphasis on the linkages between regional and global-scale climate 
processes. The latter relation, most likely an unresolved task required by cli­
mate change impacts but not yet available with fully dynamical models, makes 
the book especially valuable. Downscaling studies frequently based on objec­
tive classifications of the circulation systems, but sometimes using just formal 
statistics and (easily available) low resolution fields, could improve a lot by 
assimilation of the corresponding chapters, too.

Part 1 provides an introduction to the global climate system and the space- 
time scales of weather and climate processes, followed by a chapter on climate

171



data and their analysis. Part 2 describes and explains the characteristics of the 
general circulation of the global atmosphere, planetary waves and blocking be­
havior, and the nature and causes of global teleconnection patterns. Part 3 dis­
cusses synoptic weather systems in the extra-tropics and tropics, and satellite 
based climatologies of synoptic features. It also describes the methods and ap­
plications of synoptic climatology and summarizes current climatic research 
and its directions.

The scale and scope of this undertaking is remarkable. Each chapter 
makes it clear what is known and what has still to be investigated. This is cou­
pled with a fascinating insight into the development of ideas over the past 
centuries and the way in which investigations have become increasingly scien­
tific, utilizing the most sophisticated technologies available. Some of the fig­
ures are interesting because we know other interpretations expressing the same 
idea. A part of the figures are a little old, however, which is acceptable with 
tolerance in case of a textbook. In some cases, however, the print of the 
drawings does not correspond to the present typographical technology.

Summarizing, the authors provided a much-needed bridge between classi­
cal synoptic climatology and the more recent developments in dynamical and 
statistical meteorology. This book will serve as a valuable reference for cli­
mate researchers. It will also provide an excellent textbook for climate related 
courses at the graduate and post-graduate levels.

J. Mika
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EDITORIAL

Prof. Dr. Gábor Szász is 75

Professor Dr. Gábor Szász has recently celebrated his 75th birthday. On this occasion we 
wish to publish a special number o f the journal Időjárás devoted to him and his lifetime 

activity. The articles o f this number are written by their colleagues who shared the work 
with him under his long and extremely successful career, and by students who were 

educated by him to be such devoted persons to meteorology and especially agrometeorology 
as he was and remains all the time o f his life. We can say without any reservation that he is 

one of the leading personalities o f Hungarian meteorology and one of the rare ones who 
could build and can maintain efficient contacts with other sciences, which gives us -  the 

community of Hungarian meteorologists - a  living joint to the engineering practice of 
agronomy and industrial use of microclimatology. He was extremely successful in building a 

school and creating a unit at the Agricultural University o f Debrecen dealing with these 
branches of our science. He has undertaken important leading positions at the mentioned 

university including the rector and prorector position fo r a long time, and this way he was 
an important personality of the country’s scientific policy, and also a leading personality of

science in the region.

In the name of the Editorial Board, the authors of this issue and all representatives o f other 
disciplines, whose activities were encouraged and supported by Professor Szász, I wish to 

send our greetings to him and wish many good and successful years in his professional and
personal life.
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He was bom in 1927 in Békés. After finishing his studies in the course of biology and geography 
at the University o f Debrecen, he obtained his teacher’s degree in 1950. Already in the years 
1948-1950, he worked for the Meteorological Institute o f the University where he started his 
professional career. He was an aspirant between 1952 and 1955, then he obtained his CSc 
degree in 1956. In this period he also finished the course o f mathematics-physics (1958). He 
became the doctor o f the Hungarian Academy of Sciences in 1999.

His long scientific career he devoted to research in the field o f agrometeorology, and inside 
it he dealt with macro- and micrometeorological problems o f water supply of plant. For the aim 
o f this research, in 1962 he developed, with significant investment, the climatic station of 
the -  now already 100 years old -  Debrecen-Pallag Agricultural Academy into a high level and 
even now state-of-the-art observatory, for which he is the head. His scientific work was always 
the part of some large country-wide scientific programs, presently he works on two big projects 
in the frame of the Széchenyi plan. In the years 1970-1980 he worked out the system of 
agroecological regions o f Hungary, that is in constant use from that time in decision-making 
practice of the Ministry o f Agriculture and Regional Policy. He maintained and continues to 
maintain intensive scientific contacts and co-operation with research institutions and universities 
from a wide range o f countries, like Germany, the Netherlands, USA, etc., mainly in 
micrometeorology. Some specific areas o f his research include

-  the characteristics and representativity of plant canopy climate,
-  the role o f micro-advection and turbulent diffusion in formation of plant canopy climate,
-  the transport o f energy and substances within plant canopy,
-  the role o f macro- and micrometeorological conditions in plant development and crop yield,
-  the use of remote sensing in determining the water supply of plant canopies.
During his entire professional life, he had affiliation with universities and never left 

Debrecen. From 1951 to 1956 he worked as lecturer in the Department of Meteorology, then 
became scientist at the same place. In 1961 he changed to the College of Agrarian Science, 
where he continued to work in the same capacity. He became associated professor in 1963, then 
professor in 1971. At both of his workplaces he was the lecturer of agrometeorology, but also 
made lectures in climatology, micrometeorology, hydrometeorology, and agroecology for 
decades. In the frame o f  the reform o f the University he organized and became the leader of a 
multidisciplinary PhD educational program and postgraduate school in agroecology. He always 
actively participated in the public life o f the Debrecen universities, held a number of leading 
positions. For ten years he was the dean o f a faculty, then fo r nine years the rector and the 
prorector of the Agricultural Univerisity o f Debrecen. From the end of the 1970s he was an 
active initiator o f the integration o f  the universities in Debrecen, and in consequence he led for 
two years the Union o f Debrecen Universities, or -  simply -  the Universitas. His long 
participation in scientific policy has given us such results, like the computer network connecting 
the universities, or the harmonization o f education and research through bringing them nearer 
to practice. In 1997 he formally retired from education, and presently he is professor emeritus 
of the University. He is member o f  numerous scientific organizations, e.g., for 10 years he was 
the president o f the Hungarian Meteorological Society. He is the author of a very long list of 
scientific publications whose number exceeds 140, with 3 big monographs among them. He was 
honored for his work with numerous orders and prizes, like the Order of Labor (two times), the 
Officers ’ Cross of the Order o f Republic, Eötvös Loránd, Pázmány Péter, and Schenzl Guidó 
Prizes, Steiner L., Hatvani I., Bocskai!., Pro Universitatis Memorial Medals, etc.

Prof. Dr. Gábor Szász ’s scientific career
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Abstract—Water demand, water consumption and water efficiency of crop canopies are 
affected by numerous factors. Plant species, variety, developing phase, plant canopy 
density, leaf area, fertilizer- and water supply play important roles. On the other hand, 
changes in these active factors are controlled by the weather and climatic conditions.

This paper presents the relationships between the features characterizing crop 
canopies and the optimal evapotranspiration affected by the weather (the water demand 
of crop canopies), on the base of few decades agrometeorological experiments.

Key-words: evapotranspiration, water demand, water supply of crop canopy, water 
balance, irrigation water demand, surface water surplus. 1

1. Introduction

At a given place, crop canopy water balance is regulated by the plant 
properties and, significantly, by the meteorological and climatic factors. Under 
Hungarian climatic conditions, precipitation plays significant role in the 
shaping of water demand and water supply of plants. Precipitation, 
capriciously spreaded in time and space, often does not satisfy the water 
demand of plant canopies, on the other hand, from time to time water surplus 
is generated which can be resulted in inland waters. In dry, drought-stricken 
years different amounts of irrigation water are needed to enhance the yield 
safety. The crop canopy water balance is exposed primarily to the permanently 
changing weather. The role of the climate becomes conspicuous when we are 
interested in the changes in space or in the effects of a climate change or 
fluctuation.

173



Examination of the plant-water-atmosphere system is always a current 
topic in our country, but nowadays it gets to the center of interest all the more, 
since it is considered that the dry, droughty periods are more frequent and 
intense in the last one or two decades, affecting the crop canopy water balance. 
Also, global warming became a timely problem in the last 10-15 years, whose 
expectable consequences can cause more unfavorable agricultural water balance 
in our country. It is obvious, that these suppositions or facts arouse the interest 
of competent experts whether it can be expected a sensible (favorable or 
unfavorable) change in the plant-water-weather-climate system in the future in 
our country. The starting point of these kind of examinations is the survey of 
the present situation, to which the expectable future situation can be compared.

On the other hand, the research activity has significantly decreased on this 
field in Hungary. There are very few studies demanding financial and material 
resources, though, the spread and direct practical use of recent measuring 
instruments and computing techniques, as well as modeling techniques would 
make the more exact description and more correct biological and physical 
explanation of the soil-plant-atmosphere system possible.

This paper gives a short overview of the relationships between the crop 
canopy water balance and the weather, based on the results of agromete- 
orological researches carried out at the Hungarian Meteorological Service. We 
try to make a comprehensive study on the questions and answers raised in the 
course of the examination of evapotranspiration.

For an objective analysis of the effects of an expectable global warming 
on the evapotranspiration, and irrigation water demand it is essential to clear 
the possible answers given to the following questions.

2. How does the permanently changing weather influence the water demand 
(optimal evapotranspiration) of crop canopies?

There is an objective answer for this question only if the characteristic 
parameters of crop canopies (variety, plant density, fertilizer- and water 
supply) in the field experimental researches are the same year by year, whilst 
the weather conditions are changing. We had been carrying out studies for 
different species planted in compensatory evapotranspirometers for years 
{Antal, 1966). The water consumption of different plant species had been 
measured from sowing to harvest by lysimeters with good water supply. From 
the experimental series we chose maize and potato from the period of 1963— 
1968 (variety, fertilizer supply, plant canopy density, and water supply were 
the same during this period). There were extremely hot and dry (1963, 1968) 
as well as cold and wet (1965, 1966) years in the field experimental period.
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Figs. 1 and 2 definitely show that the water demand changes within wide 
bounds depending on the weather conditions. (The same experimental 
conditions and varying weather conditions in the course of period 1963-1968). 
The water demand of both the potato and maize canopies is 30-40 percents 
higher in a hot and dry growing season than in a cold and wet vegetation 
period. The influence of the weather parameters is more obvious if we 
examine the course of the daily water demand in the growing season in years 
with different weather conditions {Antal, 1966, 1998) {Figs. 3 and 4).

F ig . 1. Accumulated water demand (ETopl) of maize canopy in the years 1963-1967 
with different meteorological conditions (Szarvas).

F ig . 2. Accumulated water demand (ETopl) of potato canopy in years 1963-1967 
with different meteorological conditions (Szarvas).

As Fig. 3 shows, in the period between sowing and spring, the optimal 
evapotranspiration (ETopt) of potato canopy is 1.5-2.0 mm/day, which is
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practically equal to the evaporation of moist soil surface. After this period, 
water consumption increases with the quick growing of the plants. In the 
critical development phase (blooming and intensive tuber growth), daily 
maximum of the water demand is 4-6 mm depending on the weather. On certain 
hot and dry days, the daily water loss was as high as 8 mm, while on cool and 
cloudy days it did not exceed the value of 2-3 mm, even in the period of apex 
development. After the ending of blooming, the daily water demand of potato 
canopy quickly decreases, and it less depends on the weather conditions.

April May June July August September

Fig. 3. The annual course of potato ETop, in the period 1964-1966 with different weather conditions.

May June July August September October

Fig. 4. The annual course of maize ETopl in the period 1964-1966 with different weather conditions.
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Similar conclusions can be drew on the water consumption of maize 
canopy (Fig. 4), with the difference that in the period following the critical 
development phase (head flowering, tasseling) of the individual years, the 
water consumption of maize canopy is less dependent on the weather 
conditions than the evapotranspiration (ET) of potato canopy.

Data presented in Table 1 gives an other evidence on the considerable 
dependence of the water demand of crop canopies on the day by day changing 
quantity of the heat reversible to evaporation and, indirectly, on the 
temperature (Antal, 1972, 1981, 1998, 2003).

From the blooming and hand flowering phases those periods (3-4 days) 
were chosen, when there was a quick temperature increase or decrease after a 
frontal passage. Based on the data of the table it can be concluded, that the 
temperature change of 7-10°C resulted in an overnight 50-80% change in the 
water consumptive use of maize canopy, without any change in the soil 
moisture content of the root zone.

Table 1. Changes of the daily water consumptive use of potato- and maize canopy 
as a function of the air temperature (Szarvas, silty clay soil)

Period Water demand 
of potato 
mm/day

Temperature 
daily average

°C

Period Water deptand 
of maize 
mm/day

Temperature 
daily average 

°C
1964 June 28 7.1 24.2 1963 June 26 10.0 25.9

29 7.7 23.2 29 2.3 17.5
30 4.3 11.5 30 3.5 17.8

1965 June 24 6.2 23.4 1964 July 22 9.4 27.1
25 6.4 24.4 24 3.1 20.8
28 2.6 16.5 25 3.6 19.7

1966 June 3 2.8 14.4 1965 July 26 7.1 22.6
July 1 2.4 16.7 27 2.4 16.9
July 5 7.1 24.6 28 3.7 18.0

1967 June 8 7.0 22.0 1966 July 20 7.3 24.0
9 1.3 17.3 23 1.7 17.0

10 1.4 16.5 1967 Aug 7 2.2 18.8
11 0.6 11.4 10 8.2 25.3

1968 June 9 7.4 22.9 1968 July 15 11.0 24.7
10 2.5 13.1 18 2.5 17.1
11 2.0 12.4 19 2.7 16.1

The above presented temperature dependent water demand fluctuations 
could be detected also in vegetable-, fruit-tree-, and vineyard canopies 
(Cselőtei, 1959; Gergely and Stollár, 1980; Stollár and Gergely, 1978; Füri 
and Kozma, 1975, 1978).
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On the base of the above described results, a general answer can be 
formulated for the first question. Namely, the yearly and year-by-year changes 
of the weather are definitely followed by a change in the optimal 
evapotranspiration, water demand of crop canopies, even if  the soil
moisture content availability in the root zone is optimal in irrigated 
circumstances.

An other question raised in connection with the determination of the 
irrigation water demand was the role of the species, variety, and developing 
phase in the shaping of water consumption of crop canopies. Therefore, the 
second basic question was the following:

3. How do the species, variety, and developing phase effect the shaping o f  
the water demand (optimal evapotranspiration)?

There are many ways to study the effects for getting an answer to this 
question. A definite and quantitative answer can be given only on the base of 
the results of a water balance and ET measurements, which are carried out 
under the same meteorological conditions. On the base of the few decades long 
evapotranspirometer experiments carried out at the agrometeorological 
observatory of Szarvas, a definite answer can be given for the above expressed 
question. Fig. 5, which was drawn in our earlier studies (Antal, 1966, 1998), 
presents the accumulated curves of the optimal evapotranspiration (water 
demand) of five different plant species. The curves suggest that there is a 
significant difference in the water demand of individual crop canopies, even 
with the same soil texture, water supply, and meteorological conditions. If in 
thought we transform the sowing times into the same point of time, there are 
still decided differences among the accumulated curves. For example, the 
winter wheat finished its vegetation period with 400 mm accumulated water 
consumption, while the sugar beet used 25% more water in its vegetation 
period, and the accumulated water consumption of the alfalfa crop canopy was 
about 700 mm, in the same year. The most evident differences among the 
individual species appear in the accumulated water consumption. On the other 
hand, since all the field experimental conditions were the same, the possible 
cause of the significant differences experienced in the water demand can be 
searched in the different biological and plant physiological features, as well as 
in the individual characteristics of the crop canopy type (plant canopy density, 
leaf area, different radiation balance).

The effect of the plant species difference on the water demands are more 
clearly demonstrated by the curves of Fig. 6, which presents the daily amounts
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of the optimal evapotranspiration in case of different plant species (Antal, 
1966, 1972, 1998, 2003; Antal and Szesztay, 1996).

March April May June July August September October

Fig. 5. Accumulated curves of the ETopl in case of different plant canopies (Szarvas, 1966).

Three basic conclusions can be derived from the course of the curves of 
Fig. 6:
• there are definite differences between the daily water demands of the 

species (on certain days, a plant canopy with higher water demand uses 
2-3 times more water than a plant with lower water demand, e.g., in the 
middle of May);

• the water demand of all crop canopies remarkably fluctuates during the 
growing season, which indicates the effect of changing meteorological 
conditions;

• it can be stated, too, that the maximum of daily water demand coincides 
with the critical development phase in the case of all species (it is not 
obvious in the case of pasture as it is mown a few times in the vegetation 
period).
Therefore, there is an unambiguous answer for the second question: there 

are significant differences in the water demand and water consumption of the 
individual plant species, even in the same periods and meteorological 
conditions, and the period of maximal water demand definitely coincides with 
the time of the critical development (usually blooming) phase. Taking into 
account these facts is of vital importance in the irrigation farming.
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In both irrigation- and natural farming, the role of the plant canopy 
density in the formation of the yield harvest and water demand is a matter of 
many disputes. In irrigated conditions, the size of the optimal plant number per 
hectare is influenced by the light supply, whilst in circumstances without 
irrigation it is influenced by the soil moisture content in the root zone. This 
discussion emerged the third question of the evapotranspiration researches:

April May June July August September October

Fig. 6. Dependence of the daily ETopt on the different plants species in course 
of the growing season (Szarvas, 1966).

4. What kind of relationship can be found between the plant canopy 
density and the development of water demand?

It is obvious, that in this case every effecting factors (water- and fertilizer 
supply, variety) have to be the same. Our study was based on data measured 
by evapotranspirometers in maize canopies with different plant density (Antal 
etal., 1974, 1975).

The main features of the relationship between the evapotranspiration and 
plant stem density are summarized in Table 2.

The table shows that with increasing plant density (from 4 to 6  stems per m2) 
the water demand raised with 19%. It means, that the corn canopy of 60,000 
plant numbers per hectare used 1050 m3 more water than that of 40,000.
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It was not possible to determine an optimal plant density for water 
consumption and yield without any doubt. In cooler years with less sunshine, 
the less dense plant canopy assured more yield and water consumption, while 
in warmer vegetation periods, which were rich in sunshine (for example in 
1968, see Table 2), the most dense corn canopy produced the biggest yield and 
water consumption.

Table 2. Optimal evapotranspiration measured by evapotranspirometers 
in corn canopy with different plant stem density per m2, mm (Szarvas, 1968)

Month Plant number per m2
4 5 6 7

April 10 11 11 11

May 43 48 54 54
June 135 145 154 187
July 189 209 229 284
August 126 138 150 176
September 61 65 69 99
October 5 6 7 11

April-October 569 622 674 822

Note: April and October are fragmented months (few days only)

Therefore, there is no definite answer for the third question to the experts 
of irrigation. Results of the examinations can be summarized only generally: 
with increasing plant number per hectare, the water demand definitely 
increases, however, the plant canopy can not be given with a particular value, 
since it depends on the probable weather o f the vegetation period, and this 
dependency can not be compensate even with the most favorable water- and 
fertilizer supply. It would help if a weather prediction with acceptable accuracy 
would be given in the time of sowing at least to the end of the critical 
development phase, and the sowing plant number per hectare would be 
determined as a function of that.

Development of the irrigation emerged the so far actual question, that 
farms working on soils with good productivity need to be preferred to those 
with weak productivity in the course of irrigation investments. An objective 
decision postulates studies on numerous economic, market, social, and farming 
technologic aspects. Experts of this field ask the fourth question concerning the 
water balance of the plants:
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5. Does the fertilizer supply influence the water cycle of plant canopies,
if  yes, in what extent?

The question can not be narrow down to the analysis of interaction between the 
nutrition supply and water consumption, since the crop result appears as a 
standard of value. On this field, evapotranspirometer investigations have been 
carried out for years in Szarvas and Keszthely, examining few plant species 
with different amounts of combined nitrogen, phosphorus, potassium artificial 
fertilizers (NPP) (Antal et al., 1975; Endrődi, 1978; Tóth, 1978).

From the decade long measurement series we pick out the results 
concerning maize canopy. In this case, we tried to give an answer on the basis 
of four measuring series with different fertilizer supply (0, 120, 240, 480 
kg/hectare NPP efficient substance) and three series with different water 
treatment (Antal et al., 1975; Tóth, 1978; Posza and Tóth, 1978).

Fig. 7 shows the accumulated curves of the optimal evapotranspiration 
(ET!, ET2, ET3) of corn canopy in the case of different fertilizer supply, as 
well as the actual evapotranspiration of the plant canopy with natural water 
supply (precipitation) in the surroundings of the evapotranspirometers (ET0). 
The upper curve is the calculated potential evapotranspiration (PE).

m m

Legend: PE potential evapotranspiration; ET, and ET2 optimal evapotranspiration in case 
480 and 240 kg NPP with irrigation; ET3 optimal evapotranspiration of irrigated canopy 
without NPP; ET actual evapotranspiration of controlling plot (no irrigation, no NPP).

Fig. 7. Accumulated curves of the maize canopy evapotranspiration at the different NPP supply
(Keszthely, 1973).
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The results of investigations can be summarized as follows. In the case of 
medium fertilizer supply (240 kg/hectare NPP), the water demand of maize 
canopy increased with 13%, in the case of large amount (480 kg/hectare NPP), 
the water demand increased with 2 2 % comparing to the plant canopy without 
fertilization. However, the excess fertilizer did not increased the water demand 
in the same degree, which is proved by Table 3.

T a b le  3. Increase of the water demand of maize canopy comparing to the controlling plot

Year Increase of water demand, 
240 kg/hectare NPP, %

Increase of water demand, 
480 kg/hectare NPP, %

1971 14 22

1972 8 9
1973 7 13

Average 9.7 14.7

Effects of the nutrition supply to the water demand is well demonstrated 
by the water consumption coefficient as well (to be expressed in liters of water 
used to corn cob yield production), which is presented by Table 4 on the base 
of the experiments (Antal et al., 1975).

T a b le  4. Maize water consumption coefficient in the case of different fertilizer supply

Year Controlled plant 
liter/kg

240 kg/hectare NPP 
liter/kg

480 kg/hectare NPP 
liter/kg

1971 592 431 412
1972 1090 467 430
1973 1404 539 445

The maize water consumption coefficient changes from year to year 
depending on the meteorological conditions. Similar results arised from 
examining the transpiration coefficient of vegetable canopies (Cseldtei, 1964).

It can be seen, that excess fertilizer makes the water efficiency better by 
means of bigger crop results (on the controlling parcel the water consumption 
coefficient declines from year to year, since the crop result decreases in the 
lack of fertilizer supply).
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The answer for the fourth question is the following: Increasing of the 
NPP doses leads to the increase o f the water demand and water consumption, 
nevertheless, the irrigation demand depends on the year-by-year changing 
meteorological conditions. Moreover, irrigation can be built into the farming 
technology only if it is rewarding in average of many years. As our 
investigations pointed out {Antal et al., 1975), beyond a certain extent, even 
the increasing of either the artificial fertilizer or irrigation water was not 
resulted in the efficiency of the yield.

A widely discussed question is the role of leaf area in water consumption 
of plant canopy. The majority of formulas, developed to evaluate ET, do not 
contain this feature of plants, nevertheless, many researchers tried to involve it 
in the computational methods more or less successfully. It is an understandable 
aspiration, as the leaf area projected to 1 m2 soil surface changes within wide 
limits depending on species, canopy plant density, and developing phase. 
While the leaf area of a well developed maize canopy is 2.5-3.5 m2/m2 soil 
surface, leaf area of a closed, well developed alfalfa crop canopy is much 
bigger.

In this case the following question is raised:

6. What role does the leaf area play in the change o f evapotranspiration 
amount o f  crop canopies?

Leaf area plays twofold role in influencing the evapotranspiration. On the one 
hand, it increases the transpiration area, on the other, by interception of 
precipitation and sprinkler irrigation water it decreases the water income of the 
root zone, because the interception water evaporates from the plant without 
utilization.

In this case the question is raised in the following form: what order of 
magnitude of the water, first intercepted from the precipitation and sprinkler 
irrigation by the leaf area, is evaporated without utilization, and whether this 
amount should be taken into account in drawing up of irrigation timetable. 
How should this water amount be taken into account in determination of 
irrigation water norm, single irrigation water dose, and irrigation time (day or 
night).

The evaporation deficit of the sprinkler irrigation is composed of the 
accumulated amounts of water evaporated from the irrigated water drops, 
plants, and soil surface. The quantity of the deficit depends on the leaf- and 
steam surface of plant canopy, as well as on the evaporative demand of 
atmosphere. On cloudy, cool days and in the night hours the evaporation 
deficit is minimal, under hot, dry, clear, windy weather conditions it can
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maximally reach the value of net radiation of the plant canopy expressed in 
water millimeter.

In Hungary, in the summer months, under average weather conditions the 
daily net radiation of plant canopies is 150-250 MJ/m2 depending on the plant 
species (Dávid et al., 1990). The evaporative equivalent of this value is 
3.3-6.0 mm/day. Thus, in the case of continuous daytime irrigation, the 
maximum evaporation can fluctuate within this limits, supposing that the net 
radiation is fully consumed by the evaporation, i.e., the heat converted to 
warming up the soil and air is zero.

Comparing the 3.3-6.0 mm maximum amount of evaporative water to the 
30 mm irrigation dose, the evaporation deficit of the irrigation water is given 
to be 11-20%, i.e., 24-27 mm water reaches the root zone from the 30 mm 
irrigated water. Using smaller irrigation water doses, the relative evaporation 
loss (expressed in % units)is greater, with bigger water doses the loss is less. 
It is obvious, that in the case o f plant canopies with bigger leaf area and under 
highly evaporative weather conditions, 10-20 % evaporation loss o f the 
sprinkler irrigation needs to be taken into account in determining the amount 
of irrigation water.

The above discussed questions can be numerically and objectively 
answered only by experimental measurements and analysis. These kind of 
investigations will be requisite in the future as well, as the results up till now 
have to be strengthened and corrected, and the continuously developing 
farming technologies emerge further questions. On the other hand, analyzing 
conditions of the water cycle of plant canopies improve, since the measuring 
instruments and data processing and analyzing methods are developed very 
quickly, too. It can also be supposed, that our membership in the European 
Union will be a great challenge for the Hungarian food industry as regards 
farming efficiency as well as qualitative expectations. Since under Hungarian 
climatic conditions the precipitation supply is a limiting factor for both 
efficiency and quality, prospectively the farmers, leaders of the management of 
water-supplies of the agriculture, and experts will claim for correct and 
reliable research results regarding water- and irrigation water demand as well 
as economical and effective water supply of plant canopies. Our researchers 
can fill these expectations if the concerning special fields take the initiative in 
closer co-operation. That is, as the above discussed tasks made it perceptible, 
analysis of the effects of the weather and climate to the soil-plant-water system 
is an interdisciplinary task.
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7. The role o f the climate in shaping of water demand 
and irrigation water need of plant canopies

As it was mentioned in the introduction, climatic features play important role 
in planning of the irrigation system of plant canopies. During the planning of 
the irrigation system (irrigation canal, pump capacity, size of the irrigated 
area, etc.), a claim is raised to necessary basic data, which are well-established 
in climatic point of view. Such data are, among others, the average of many 
years, expectations with different probabilities, fluctuation in time, areal 
distribution, etc., of the water demand and irrigation water need of plant 
canopies.

Based on the climatic database, being at our disposal, the parameters are 
suitable to be calculated for as long time as possible (possibly for 50, 100 
years), partly for avoiding the presence of short time climate fluctuations in the 
averages and particular frequency threshold values. The other reason is that 
building up of the irrigation system for long time needs basic climatological 
data representing few decades.

For well-established planning of irrigation systems, the basic irrigation 
water need data have to be determined by regions and plant species. The most 
expedient method is to derive empirical distribution functions from the time 
series, as the function curves represent the irrigation water need expected with 
any possibilities.

As an example, Fig. 8 presents the empirical distribution function of 
irrigation water need calculated from the almost 1 0 0  years long data base of 
our earlier studies (Antal, 1991, 1998), for three different climatic zones in 
Hungary and two plant species. Irrigation water need expected with any 
percentage frequencies and the average value belonging to the 50% can be read 
from the curves. The ending points of the curves indicates the maximum and 
minimum values occurred in the processing period.

If the irrigation water need data calculated for every vegetation period are 
put in order of magnitude and the year of occurrence is signed, we can reply to 
the question whether the droughty growing seasons were more frequent in the 
last one or two decades. Because of the size of the data table, detailed values 
are not presented, we only note that all of the three climatological stations 
reported more occurrences of extreme irrigation water need in the last two 
decades than in any other two decades of the 2 0 th century.

Summarizing our investigations on water demand, water consumptive use, 
and irrigation water need of plant canopies, we can say that these features 
change by climatic zones and plant species depending on the weather 
conditions. Consequently, the recent irrigation systems have to be based on the 
following up the dynamically changing water demand and water deficit of the
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given plant canopy. The basis of planning of irrigation system developments 
can be the irrigation water norm determined by farming regions and plant 
species from long climatological time series. The average values and 
expectations with different probabilities of the irrigation water norm have to be 
known as well.

1 5 10 25 50 75 90 95 99

Fig. 8. Empirical distribution function of the irrigation water requirement of alfalfa- and 
maize canopies in the period of 1901-1995.
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Abstract—Soil moisture is a basic enviromental factor determining the water supply of 
plants. Amount of this meteorological element is influenced by precipitation and 
evaporation. When rainfall exceeds water loss, water content of soil increases, and this 
time spell is called as wet period. In a period dominated by evaporation, water uptake 
of plants becomes more difficult and it is designated as dry period. A critical period 
from agricultural point of view is when the water shortage in soil can coincide with a 
high temperature stress, since this phenomenon can be a serious risk factor for plant 
production.

We can see that seasonal changes in water balance of soil can be determined by the 
help of climatological data of precipitation and evaporation. This calculation is based on 
water balance equation, which can be described by models of different complexity. 
First, the different indices expressing changes in water supply were studied, then wet 
and dry periods of an average year were determined by the help of an index called 
relative evaporation.

Climatological data measured in observational network of Hungarian Meteorological 
Service during the time period of 1951 and 1990 were used for studying the question.

Key-words: soil moisture, relative evaporation, dry and wet period, drought, seasonal 
changes. 1

1. Introduction

The plants are fixed in soil by their roots, and their green parts are surrounded 
by air over the surface, therefore, the value of soil moisture and humidity of 
the air, as well as evaporative power of the air (potential evaporation) moving 
water from the soil to the assimilating organs (mainly to leaves) are equally 
important for them. Besides, the water plays role in moving nutrition solved in 
water to assimilating organs. Therefore, water supply of plants should be
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continuous. This is based on soil moisture, which is varying according to the 
rainfall amount and evaporation. In a wet period, when the rainfall amount 
exceeds the water loss, the water income is determinant, and the water content 
of soil is increasing. In a period without precipitation, the evaporation becomes 
prevailing, and the water content of soil begins to decrease.

The seasonal changes of precipitation and quantity of incoming energy 
determine the annual course of soil moisture, too. This is of basic importance 
for agricultural crops because of the knowledge of irrigation water need. 
Hence, an agroclimatological analysis of this phenomenon is essential in a 
country dealing with plant breeding.

2. Material and methods

Seasonal changes in water balance of soil can be determined by the help of 
climatological data of precipitation and evaporation. This calculation is built on 
water balance equation, which can be described by models of different 
complexity. A relatively simple model was elaborated earlier for Hungary 
using climatological data (Dunay et al., 1968, 1969). This model makes up the 
data of observational network including potential evaporation data of pan „A”, 
which are very useful for practical purposes (Stanhill, 2002).

A simple form of water balance equation is the following:

W = Wq + P - E ,  (1 )

where W is the soil moisture measured at the end of investigated period, W0 is 
the soil moisture measured in the beginnig of the examined period, P is the 
rainfall amount, and E is the actual evaporation of the same period. Using this 
model we have to assume, that there is no water flow in horizontal direction, 
there is no capillary rise, and the water surplus over field capacity will 
infiltrate to lower layer of soil, under the plant root zone. It is important to 
build up a water balance model, which can be run with readily available inputs 
(.Ritchie, 1985; Brisson et al., 1992).

It is practical to characterize the soil moisture conditions by the aim of 
relative value of soil water balance. This method is based on radiation aridity 
index (ART) elaborated by Budiko (1956), and can be written in general form as

ART = —  , (2)

where E0 is potential evaporation and P is the precipitation. The ratio of 
potential evaporation and precipitation was represented in graphical form and
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designated as climate diagram of Walter (1985) for characterizing of different 
types of climate. Earlier we have analyzed the values of this index for Hungary 
('Varga-Haszonits, 2002).

For a long time, it is usual to calculate the water balance of soil by using 
relative evaporation (RE) or evaporation index, which is ratio of actual 
evaporation to potential evaporation and can be written as

This value is in very close connection with the water content of soil. 
Therefore, it is a useful method for describing the seasonal changes of soil 
moisture.

Sometimes it is practical to use the crop water stress index (CWSI), which 
is a version of relative evaporation expressing the ratio of the difference 
between potential and actual evaporation to the potential evaporation (Jackson, 
1982), that is

The values of CWSI make the values of relative evaporation up to the value 
of 1. This is the reason why it is sufficient to use only one of two. In this 
paper, the relative evaporation is calculated.

Climatological data measured in observational network of Hungarian 
Meteorological Service during the time period of 1951 and 1990 were used for 
studying the water balance of soil.

3.1 Effect o f precipitation and evaporation on the change o f soil moisture

The rainfall is the main source of water income of soil. Amounts of rainfall 
vary significantly during the year as Fig. 1 indicates. The annual course of 
precipitation is very similar over the whole territory of Hungary. Differencies are 
found only in the amount of rain. South-western part of the country has the highest 
amount of rainfall, and southern part of central Hungary has the lowest values.

The evaporation is the basic loss of water content of soil. Potential 
evaporation shows what amount of water can be evaporated from the free 
water surface. The amount of evaporated water is mainly depending on solar 
energy reaching the surface, water vapor deficit in the air, and wind speed. As

(3)

CWSI = E()-— E 
Eo

(4)

3. Results
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we can see in Fig. 1, potential evaporation indicates a seasonal variability 
within the year, which follows the annual course of solar radiation. The annual 
course of potential evaporation is similar in the whole territory of Hungary, 
but the amount of evaporation differs from area to area. Highest values of 
evaporation occur in the southern part of central Hungary, and the lowest are 
found in the south-western part of the country.

D ays o f y ea r

Fig. 1. Annual course of potential evapotranspiration and precipitation 
in Mosonmagyaróvár (1901-2000).

As we can see in Fig. 1, the rainfall amount during the cool period (from 
November to March) exceeds the amount of evaporation, therefore, this period 
is a wet period. In this period the rain water can be accumulated in soil. From 
March the evaporation exceeds the rainfall, thus, soil moisture continuously 
decreases. This period is called dry period and lasts to the November, when 
the rainfall amount becomes higher than the evaporation. During this time, the 
water is primarily the most important environmental factor for plants, and this 
is why the plant breeders have an increasing risk according to the drought.

Drought can be defined as a significant water shortage for a longer period 
{Palmer, 1965). Only shortage of rainfall itself does not cause dryness. Dry 
period, however, begins with a low level or total lack of rainfall. Especially in 
warm period of the year, the low level of rainfall is coupled with intensive 
radiation and low relative humidity of air, therefore, the evaporation is 
increasing. This is the reason why the soil water content is decreasing to such
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an extent, that plants suffer from water deficiency. Generally, the dryness 
results from the combination of low precipitation and high evaporation 
(Larcher, 2003).

Finally, rather close relationships can be determined between drought and 
crop yield. On the basis of these relationships we are able to characterize 
economically the drought as risk factor (Varga-Haszonits and Harnos, 1988).

3.2 Seasonal changes in the indices of relative evaporation

In many cases, the soil moisture conditions were characterized by relative 
evaporation. This was expressed — as we mentioned earlier — by the ratio of 
actual evaporation to the potential evaporation, where the actual evaporation 
was calculated as evaporation of bare soil, and the potential evaporation was 
determined as the evaporation of free water surface (measured by pan „A”) 
under given meteorological conditions. This index value is in a very close 
connection with soil moisture.

We calculated the average daily values of relative evaporation from 40 
years data series for Zalaegerszeg, which is in the wettest area of Hungary, 
and for Szeged, which is in the dryest territory in Hungary. We can see in Fig. 2 
that in the winter time, when precipitation amount exceeds the amount of 
evaporation, the values of relative evaporation vary most intensively. In this 
period, the values in both stations are very close to the maximum values. 
Consequently, there are no essential differences between the wettest and dryest 
area in the respect of the length of wet period. After the maximum in 
February, however, the values of RE decrease continuously to the minimum in 
August. The dryest part, Szeged, indicates a double minimum in August and 
September. In autumn the values of RE begins to rise again to the maximum at 
the end of winter, but variability of the values increases.

The curve of annual course shows a rise in values of RE between 150th 
and 180th days of the year. In this time a rainfall maximum is found in 
Hungary. In the area with various moisture content, the differences in soil 
moisture content are the highest in autumn. The reason of this fact is that in 
summer time precipitation falls mainly in the form of shower, that means a lot 
of quantity of rainfall in a short time, then a long dry and warm period follows 
with high evaporation values. Soil moisture decreases in this latter time. The 
values of evaporation also strongly decrease, the values of RE indicate low 
evaporation too.

It is worth noting, that annual course of RE can be represented by a 
polinom of six degree with a determination coefficient r 2 =0.97 (as can be seen 
in Fig. 3). This shows a very close relationship. It makes possible to model 
this phenomenon climatologically.
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3. ábra. Annual course of relative evaporation in Mosonmagyaróvár (1951-1990).
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3.3 Seasonal changes o f soil moisture

Finally, we determined the seasonal changes of soil moisture content by using 
a soil moisture model elaborated earlier (Dunay et al., 1968; Dunay et al., 
1969). We calculated the daily average values of water content of soil from 40 
years long (1951-1990) data series.

It is important to note, that the average values in winter months are very 
close to the maximum values of 40 years data series. From the beginning of 
spring, when the soil moisture begins to decrease, the mean values come more 
and more nearer to the minimum values. The minimum can be found nearly in 
the middle of August. The soil moisture values can, therefore, be characterized 
by the help of values of RE.

The southwestern part of Hungary is the wettest area of the country, 
where the maximum values of soil moisture are very close to the field capacity 
throughout the year (Fig. 4). A short dryer time can be found in the beginning 
of July and in September, but the dry period in September is more significant 
because of intensity of dryness and length of time spell. In the dryest area of 
the country, the maximum values could sometimes be quite low, near to 80% 
from the middle of summer to the end of autumn, even in some cases they fall 
short of 80% (Fig. 5).

Days of year

Fig. 4. Annual course of minimum, average, and maximum values of relative soil moisture 
in a moist area (Zalaegerszeg, 1951-1990).
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Seasonal changes of minimum values are very similar to those of averages 
and maximum. Minimum values fall down under 40% only in the middle of 
summer in the wettest area, but in the dryest area the minimum values under 
40% can occur from the end of spring to the end of autumn.

D a y s  o f  y e a r

Fig. 5. Annual course of minimum, average, and maximum of relative soil moisture 
in a dry area (Szeged, 1951-1990).

4. Conclusions

An important feature in the climate of our country — as it can be seen in 
Fig. 1 — is the length of period, when the amount of rainfall exceeds the 
amount of evaporation. This time spell begins with the secondary maximum of 
mediterranean type of rainfall. After the secondary maximum of rainfall in 
November, the rainfall is more than evaporation, therefore, if soil is not 
frozen, water continuously infiltrates into the soil. If soil is frozen and the 
precipitation falls in the form of snow, the water would infiltrate into the soil 
after melting. This is the reason why the maximum value of soil moisture 
occurs at the end of February and in the beginning of March (Fig. 6).

In spring the amount of rainfall rises intesively to the maximum of that 
element in June, but evaporation increases more rapidly because of the 
strongly rising quantity of energy, thus, soil moisture is gradually decreasing. 
Summer precipitation falls mostly in the form of shower, and long warm
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periods without rainfall can cause significant water shortage from the middle 
of summer to the end of autumn. It is a critical period from agricultural point 
of view, because the water shortage in soil coincides with a high temperature 
stress, and this phenomenon is able to rise the risk factor in plant breeding of 
our country.

Fig. 6. Annual course of relative soil moisture in Mosonmagyaróvár (1950-1990).
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Abstract—In this paper the results of calculations are shown on the error caused by the 
mispointing of pyrheliometers. The penumbra functions of three pyrheliometers 
(absolute cavity, KIPP, and NIP) are used for two atmospheric situations (high solar 
elevation and low turbidity as well as low solar elevation and high turbidity) to calculate 
the output values of pyrheliometers as functions of the pointing error.
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1. Introduction

The direct radiation is the shortwave (solar) radiation coming from the solid 
angle determined by the solar disk. The pyrheliometers are designed to 
measure the direct radiation. Their view limiting angles (slope, opening, and 
limit angle) are larger than the visible radius of the solar disk. This is partly 
due for the easier tracking of the Sun: if the limiting angles are larger than the 
solar disk, it is not necessary to follow the Sun quite precisely.

How large pointing errors or inaccuracies occur in the everyday practice? 
Let us take a hand-operated pyrheliometer. If its adjustments are made once in 
a minute, its largest mispointing in azimuth angle would be one quarter of a 
degree. The deviation from the right position in elevation angle is in the same 
order. Regarding the pointing devices of the pyrheliometers, 1 mm deviation 
of the illuminated spot from its proper position could be regarded as large 
mispointing. Depending on the length of the pointing path, this deviation 
means about half a degree of pointing error.

The purpose of this document is to present calculated values of the errors 
in the output of pyrheliometers caused by pointing uncertainty up to 2  degrees.
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Two atmospheric conditions are taken into account:
• mountain aerosol, optical depth: 0.07, solar elevation: 60 degrees, direct 

radiation: 1000 W/m2;

• continental background aerosol, optical depth: 0.23, solar elevation: 20 
degrees, direct radiation: 461 W/m2.

The calculations have been made for 3 pyrheliometers: the Packrad size cavity 
instrument (ABS), the KIPP and NIP pyrheliometers. Their slope angles are:
0.75, 1.0, and 1.78 degrees, respectively.

2. The method of calculation

The calculation is based on the Pastiels’ theory (see, for example, in Major, 
1994). The irradiance given by a circular pyrheliometer can be written as:

/  = = 7r j F{z) L (z)sin (2 z) d z , (1)
KS 0

where V is the output of the pyrheliometer,
K is the average sensitivity of the receiver,
S is the area of the receiver,
z, is the limit angle of the pyrheliometer,
F(z) is the penumbra function of the pyrheliometer,
L{z) is the radiance ( =  sky function) and
z is the angle between the direction of radiance and the optical axis 

of the pyrheliometer.

Circular pyrheliometer means that all the view limiting diaphragmes and 
the receiver are circular in shape, that is the whole pyrheliometer has a 
rotational symmetry around its optical axis. In the equation, the same rotational 
symmetry is supposed for the solar disk and the circumsolar sky.

If the optical axis of the pyrheliometer is not directed to the solar center, 
then the angle measured from the solar center (zl) differs from the angle 
measured from the optical axis (z) ■ The transformation is

cos (zl) = cos(d) cos(z) + sin(c/)sin(z)cos(^), (2 )

where d is the deviation between the solar center and the optical axis, that 
is the pointing error,

cp is an azimuth angle measured in the plane of the receiver, it is 
zero if the radiance comes from the solar center.

2 0 0



2.1 Radiance along the solar disk

Photospheric models of the Sun produce one-dimensional radiance distribution 
across the solar disk, that is the so called limb darkening function. According 
to theoretical calculations (.Allen, 1985; Zirin, 1988), the radiance depends 
near linearly on the cosine of the zenith angle at the solar “surface” . Taking 
into account some observations too (Zirin, 1988) and using zl as variable 
instead of the aforementioned zenith angle, the following radiance distribution 
along the solar disk has been used:

L(z\) = Z.0 [0.3 + 0.7 SQR [1 -  (zl/0.26)2]], (3)

where L0 is the radiance at the solar center,
0.26 is the radius of the solar disk in degrees.

This way the atmosphere affects the absolute value of the radiance coming 
from the solar disk, but not the relative distribution along it. If the direct 
radiation is 1000 W/m2, then L0 = 2.01565-107 W/(m2 sr), while at 461 W/nr 
it is 9.29216-103 * * 6. Since the gradient at the solar edge is very large, the step of 
integration in Eq. (1) has to be 0.0001 degree to obtain 0.1 W/m2 accuracy.

2.2 Radiance along the circumsolar sky

For several atmospheric aerosol contents and solar elevation angles the 
radiances coming from the circumsolar sky have been calculated by Putsay 
(1995). To make our calculation more practical, second order polynoms have 
been fitted to the logarithm of the two selected circumsolar sky functions. The 
fit is not quite perfect, but it is not significant since we want to obtain the 
effect of the shift caused by the uncertain pointing.

In Fig. 1 the whole (solar and circumsolar) sky functions are shown for 
the two selected atmospheric models.

2.3 The penumbra functions

To make the computations faster, the penumbra functions have been 
approximated by third order polynoms in the interval between the slope and 
limit angles. Again, the fit is not perfect, but this has small effect on the 
deviations of the values calculated for different pointing uncertainty.

3. Results

In the calculations the effect of the solar disk and that of the circumsolar sky
could be separated. In Figs. 2 and 3 the actually direct irradiance of the
pyrheliometric sensor can be seen. If the pointing error is smaller than the slope
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angle, the irradiance is not affected. If the solar disk is in the penumbra region 
of the pyrheliometer, the irradiance decreases rapidly with the increasing 
pointing error.

In Fig. 4 the irradiance coming from the circumsolar sky is seen for all 
pyrheliometers and both atmospheric conditions. The decrease is continuous, 
but the effect is not significant compared to that of the solar disk.

4. Conclusions

• If the pointing error of a pyrheliometer is smaller than its slope angle, the 
effect is negligible.

• If the pointing error of a pyrheliometer is larger than its slope angle, the 
irradiance of the pyrheliometric sensor decreases rapidly with increasing 
mispointing. The value can be estimated using Fig. 2 and 3.
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A b stra c t—Radiation and temperature measurements were carried out between 1978 and 
1994 in oak forest at Sikfokut, Hungary. The experimental station is located on the 
southwestern part of the Biikk Mountains at a height of 270-290 meters above sea level. 
Since about 1980, the forest decay has affected 50-60% of the sessile oak trees 
(Quercus petrea), which is the most important species (85 % of the trees belong to that 
species); while Turkey Oak trees (Quercus cerris) have not been damaged. The impacts 
of the deforestation are detectable on the radiation balance and temperature regime. The 
healthy forest (July 1978) let through 8% of the incoming short wave radiation and 
absorbed 92% of that. The decayed forest (July 1994) let already 22% of short wave 
radiation and absorbed 78%. The annual and summer mean temperatures have increased 
more rapidly in the forest than above the neighboring treeless grassland during the 17 
years period examined here. The ten years summer mean temperatures have increased 
by 2.2°C inside the forest and by 1.8°C above the treeless area. This fact can be 
explained partly by that the deforestation have decreased the tree density of the forest 
and partly by the higher frequency of warm years in the examined period. In the 
leafless forest, high temperatures can be found at the level of the crown of the trees and 
at the soil surface as well, while in the leafy forest high temperatures can only be found 
in the foliage. Because of the forest decay, sometimes when skies are clear and weather 
is calm in the afternoon, a second warm air layer can form near the surface.

Key-words: forest, forest decay, short wave radiation balance, temperature. 1

1. Introduction

The Department of Meteorology of the University of Debrecen (previously 
Kossuth Lajos University) joined in the complex ecological study of the 
Sikfokut forest (Jakucs, 1973) in 1978, when a 25 meters tall meteorological 
tower had been completed. The project was started by the Department of 
Ecology.
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The forest is situated on a slope of 2-3 degrees, which has a southern 
exposure at a height of 270-280 meters above see level. It is placed in the 
Biikk Mountains in Hungary. The average height of the trees was 19.5 meters 
at the beginning of the ecological studies. The experimental area is a 
homogenous Turkey-Sessile oak forest (Quercus-petrea-cerris). 84.5% of the 
woodland consists of Sessile oak (Quercus petrea). About 63% of the mass of 
the foliage of the forest can be found at the height between 14 and 21 meters. 
This layer absorbs a considerable amount of precipitation and incoming solar 
(global) radiation. In the forest there are two shrub levels that are not very 
thick, at heights of 0 .5-1.0 and 1 .5-2.0 meters.

The 25 meters high meteorological tower was mounted on the study area, 
which has an area of 1 hectare, while on the treeless area (grassland) a weather 
station was mounted (Fig. 1).

m

•  o psychrom eter *— anemometer solarimeter
» - »  w ind d irection  v  rain-gauge * soil-thermometer

Fig. 1. The mounting of the meteorological instruments, and the levels of measurements 
inside the forest (A) and above the treeless grassland (B) at Sikfokut.

Inside the forest, a digital data logger with 80 channels was installed in a 
wooden cabinet. It carried out meteorological measurements (radiation, 
temperature humidity, wind velocity, etc.) along a vertical profile inside the 
forest and above the treeless area. Data had been recorded on telex tape. Later 
digital data logging had been used (Justyak, 1995).
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Forest decay appeared in about 1980 in Hungary. In the Sikfokut forest 
50-60% of the Sessile oak decayed until 1995, and a part of the trees had fallen 
causing detectable changes in the climate of the forest. In the followings we deal 
with the impacts of the forest on the radiation and temperature elements.

2. Solar radiation

Data on the short wave radiation balance of the Sikfokut forest can be found in 
Table 1. It can clearly be seen that in 1978, when the forest was healthy, in 
leafless state (April), the lower layer (2 meters) of the foliage let the 48% of 
the global radiation through the forest, while the branches and trunks of the 
trees absorbed 52%. Many years later, in April 1994, 54% of global radiation 
were let through and 46% were absorbed due to the decay and fall of the trees. 
Therefore, the healthy forest lets through less and absorbs more radiation. In 
the decaying forest the situation is reversed. In both cases enough energy 
reaches the surface under the forest to form its own independent energy 
balance (the air of the forest warms up mostly from beneath). Since the near­
surface level of the forest is abundant in light and heat, the growth of the 
plants in that level is accelerated.

Table 1. Short wave radiation components in the Sikfokut forest (1978-1994), MJ m~2

Years Forest leafless (April) Forest leafy (July)
G r G -r A T G r G -r A T

1978 369 48 321 154 167 548 86 462 425 37
1980 367 47 320 160 160 536 83 453 399 54
1982 386 49 337 172 165 555 85 490 421 69
1984 397 50 347 180 167 570 89 4487 404 83
1986 399 49 350 186 164 581 81 500 4056 95
1988 395 49 346 183 163 609 86 523 429 94
1990 400 50 351 190 161 556 78 478 382 96
1992 411 50 361 195 166 625 86 540 416 124
1994 378 47 331 179 153 628 85 453 424 119

Average 389 49 340 177 163 579 84 487 412 82

Legend: G= global radiation, which reaches the surface of the forest, r=  reflex radiation from 
the surface of the forest, G -r= short wave radiation balance of the forest, A=the amount of 
radiation absorbed by the forest, F=the amount of radiation let through by the forest, measured 
at a height of 2 meters in the forest.
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In leafy state (July), the forest let through 8 % and absorbed 92% of the 
global radiation in 1978. In the decayed forest in 1994, 22% were let through 
and 78% were absorbed. These figures mean that energy transport processes in 
the lower level of the healthy forest are restricted and an independent energy 
balance can not form there (Justyak, 1987). On the other hand, in the near­
surface level of the decayed forest an independent energy balance can develop 
due to the additional incoming radiation. For this reason, the decayed forest in 
cloudless dry and hot days gets heat not just from the sides and above but from 
the warming surface beneath.

3. Temperature

In the trunk space (at a height of 2 meters) of the Sikfokut forest, usually 
lower temperatures occur than above the neighboring treeless area (Table 2 ). 
The annual mean temperature of the forest is 10.0°C, while that of the treeless 
area is 10.3°C. In the coolest year (1980), the annual mean temperature in the 
forest canopy was 8.4°C, while above the treeless area it was 8 .8 °C. In the 
warmest year (1994), the annual mean temperature in the forest was 11.3°C, 
while above the treeless area it was 11.5°C. The difference between the 
coolest and warmest year in the forest was 2.9°C, while above the grassland 
area it was 2.9°C. The warming up was only a little bit stronger in the forest 
than its environment.

Table 2. Annual and seasonal mean air temperatures (°C) inside the forest and 
above the treeless grassland at a height of 2 meters (1978-1994)

Temperature Forest
Year Winter Spring Summer Autumn

Maximum 11.3 1.8 12.7 22.9 11.8
Minimum 8.4 -4.1 8.4 17.3 8.0
Average 10.0 -0.5 10.6 19.6 10.0

Treeless area
Maximum 11.5 1.8 12.5 23.6 12.4
Minimum 8.4 -4.1 8.2 18.2 8.4
Average 10.3 -0.4 10.7 20.3 10.4

In Fig. 2 the changes of the annual mean temperatures, their trend lines, 
the equations of the trend lines, and the R2 values are presented during the 
studied period inside the forest canopy and above the treeless area. On the base 
of the figure, it is visible that during the 17 years of the studied period, the
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annual mean temperature increased faster in the forest than above the treeless 
area: the ratio of steepness of the lines is 1:13. The ratio of the temperature 
increase in a 10 years period is 1.0°C. The increase of the mean temperatures 
in the forest stand can be explained by two reasons. One of them is that the 
forest stand became rare due to the decay of the trees. The other reason is that 
there had been some years warmer than the average during the studied period. 
As it is visible, at the beginning of the period the difference between the two 
trends is 0.4°C, while at the end it is only 0.2°C.

Fig. 2. Fluctuations and trends in the annual mean temperature in the oak forest.

In the forest the mean temperature in the summer period (Jun-Aug) is 
19.6°C, above the treeless area it is 20.3°C. In the coolest summer (1978) it 
was 17.3°C in the forest and 18.2°C above the treeless area. In the warmest 
summer (1994) the mean temperature was 22.9°C and 23.6°C above the 
treeless area. The difference between the warmest and coolest summer was 
5.6°C, while in the case of the treeless area it was 5.4°C. In this case there 
was a stronger warming up in the forest again.

As it can be seen in Fig. 3, the increase of the mean temperatures is the 
most rapid and significant in summer. The 10 years average increase of the 
mean temperatures in the treeless area is 1.8°C, while in the forest it is 2.2°C 
and R2 reaches its highest values in this case. The ratio of steepness (1.19) is 
maximum as well. The ratio of the increase is more than double of the increase 
the annual mean temperatures: the ratios of the corresponding lines are 2.18 in 
the forest and 2.08 abc e the treeless area (Tar, 1995; Antal et al., 1997).
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In the studied period (1978-1994) it is characteristic for the decayed 
Síkfőkút forest, that its heat balance system had been altered, and its 
microclimate had become similar to the microclimatic system of the treeless 
area (Justyák, 1995; Justyák and Víg, 1997).

Fig. 3. The change and trend in the summer mean temperatures in the oak forest.

In both the healthy and decayed forest in leafless state, the warmest 
(active) surfaces can be found in the level of the leafless crowns and on the soil 
surface of the forest. In the leafless forest more solar energy reaches the soil 
surface warming it up, and the surface emits heat into the surface layer of the 
atmosphere (see part A in Fig. 4).

In both the healthy and decayed forest, the air temperature is lower under 
the foliage of the forest than over it, because the foliage absorbs and retains 
considerable amounts of solar radiation and heat. The active surface, which 
transfers the heat, is the foliage. In leafy state, only one active surface forms. 
The 19.5 meters high level of the foliage takes the place of the soil surface in 
warming the lower layer of the atmosphere (see part B in Fig. 4).

Heat is emitted into both layers: the air over the forest and inside the 
forest from that level of the foliage. For this reason, daytime and in the 
summer the air is cooler under the active surface of the foliage than inside the 
upper level of the foliage.

Nevertheless, in the decayed forest, where 50% of the trees had perished, 
especially in early afternoon in the drought-stricken ’90’s, when the weather 
was clear and calm, sometimes another active warm layer formed in the lower
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air layer of the forest. In such cases two active surface developed: one in the 
upper level of the foliage and another in the level of the dry fallen leaves and 
soil surface. In such weather conditions, a heat surplus of 1.0-2.0°C formed at 
a height of 2  meters compared to the treeless grassland.

m 6,5 6,5 7 8 9 10 11 11 10 9 8 °C

Fig. 4. The diurnal changes of air temperature profile in the leafless (A) and leafy (B) oak forest.
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Abstract—In this study we summarize the initial results of our examinations on the 
wind climate of the growing season. We have selected those weather conditions, when 
wind directions are stabile and wind velocity is low. These are preconditions for 
effective irrigation or spraying. These conditions -  theoretically -  cannot be satisfied at 
the same time, for this reason we have selected those ones, where the stochastic 
relationship is weak -  it does not differ significantly from 0 -  between the stability of 
the wind directions and mean wind velocity. The database consists of the 5-year (1991- 
95) hourly wind direction and velocity records of three meteorological stations: 
Debrecen, Békéscsaba, and Szeged. Analysis had been carried out for each weather 
station for the whole data set, for the growing season (from April 1 to September 30), 
and for certain subsets of them. These subsets had been established on the base of 
macrosynoptic type groups and the so-called central types described by Péczely. We can 
state that the most favorable for spraying and irrigation is macro synoptic type A and 
the MS type group. The time of irrigation and spraying can be planned a few days in 
advance, on the base of the results of the studies on the lifetime of the types, time 
pattern of their fluctuations, and fluctuations of their transitions into each other.

Key-words: stability of wind direction, index of stability, growing season, irrigation, 
spraying, macrosinoptic type by Péczely. 1

1. Introduction

“When dealing with the microclimates of the plant stands, it is not advisable to 
separate the characteristics of the inner microclimatic spaces of the plant stands 
from the features of the microclimatic spaces over the plant stands, especially 
from the wind velocities there. Wind velocity and radiation are the governing 
factors of the fluxes, which develop in microclimatic spaces. It means that the
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before mentioned elements control the formation of fluxes.” (Szász, 1995). 
Therefore, the wind conditions inside the plant stand, which have an effect on 
the thermal conditions of the plant stand for instance, are not independent from 
the characteristics of the wind field over the plant canopies. On the base of this 
idea, we started the detailed analysis of the wind conditions during the growing 
season in Hungary. In a previous paper (Tar and Szegedi, 2002) we dealt with 
the initial results on meteorological conditions of the sprinkling irrigation and 
sprinkling, which are in direct connection with the developing of the plants. In 
the present paper we focus on those questions that were not answered there, 
for instance, the clustering of the data (the establishment of subsets).

2. The aim o f our research

For effective sprinkling irrigation or sprinkling, those weather conditions are 
suitable, when wind directions are stabile (less variable) and wind velocity is 
low. These two preconditions are contradictory, since presumably, those wind 
directions are stabile that have high velocities. How can we select those macro­
synoptic situations, when conditions are suitable for the irrigation or sprinkling? 
The aim of our research is to select those weather situations, where the 
stochastic relationship between the measure of the stability of the wind directions 
and mean wind velocity does not differ significantly from zero or very weak.

3. Database

The database consists of the 5-year (1991-95) hourly wind direction and 
velocity records of three meteorological stations: Debrecen, Békéscsaba, and 
Szeged, which was made available for us by the Hungarian Meteorological 
Service. The dataset -  according to the climatologic standard -  consists of 16 
wind directions. When preparing the data for the analysis, it was taken into 
consideration, that not each value was measured at the standard 1 0  meters height. 
In those cases data were transformed to the 10 meters height using the equations 
proposed for meteorological wind measurements (Mezősi and Simon, 1981).

Analysis had been carried out for each weather station for the whole data 
set, during the growing season (from April 1 to September 30), and for certain 
subsets of whole data set and growing season. These subsets had been 
established on the base of the macro synoptic type groups described by 
Péczely. In opposition to Péczely (1983), the central types are handled 
separately on the base of its obviously different air flow characteristics. 
According to this, the following categories are used: meridional northern 
(MN), meridional southern (MS), zonal western (SW), zonal eastern (ZE) type
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groups, and anticyclone center (A) and cyclone center (C) types. Their 
characteristics are summarized in Table 1.

Table 1. Codes, letter codes, and short descriptions of the Peczely’s macrosynoptic types

No. Code Description

Types connected with northerly current (type group MN)
1 mCc Hungary lies in the rear of an Eastern European cyclone
2 AB anticyclone over the British Isles
3 CMc Hungary lies in the rear of a Mediterranean cyclone

Types connected with southerly current (type group MS)
4 mCw Hungary lies in the fore part of a Western European cyclone
5 Ae anticyclone in the east from Hungary
6 CMw Hungary lies in the fore part of a Mediterranean cyclone

Types connected with westerly current (type group ZW)
7 zC zonal cyclonic
8 Aw anticyclone extending from the west
9 As anticyclone in the south from Hungary

Types connected with easterly current (type group ZE)
10 An anticyclone in the north from Hungary
11 AF anticyclone over the Fennoscandinavian region

Types of pressure centers
12 A anticyclone over the Carpathian Basin
13 C cyclone over the Carpathian Basin

As it can be seen, the base of the classification is the place of the cyclone 
or anticyclone centers as compared to Hungary. The types, when a cyclone 
governs the weather of Hungary, can be grouped in the cyclonal type group 
(CG). The types of the CG are: 1, 3, 4, 6 , 7, 13. Anticyclone type group (AG) 
can be defined similarly; its elements are: type 2, 5, 8 , 9, 10, 11, and 12. For 
the classification of the individual days, we used the macrosynoptic codes of 
Karossy (1998). The size (the number of days) of the macrosynoptic types/type 
groups for the whole five years long period and for five growing season 
together is shown in Table 2. It can be seen that in the frequency of the 
occurrence of the macrosynoptic types/type groups, the greatest differences 
(4-5%) are in the meridional group: the number of the days in the MN group 
has increased, while in the MS group it has decreased relative, to the whole 
period. It is remarkably that in the relative frequency of the cyclonal and 
anticyclonal type groups there are practically not differences between the 
whole period and growing season.
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Table 2. The number of days of the various type groups (days), and their length 
relatively to the whole length of the period (%) in the whole 5-year period (1991-95), 

and in the growing season

Type
groups

1991-1995 Five growing seasons

days % days %

MN 401 22.0 244 26.7
MS 434 23.8 161 17.6
z w 390 21.4 182 19.9
ZE 235 12.9 142 15.5
A 269 14.7 120 13.1
C 97 5.2 66 7.2
SUM 1826 100.0 915 100.0
AG 1259 68.9 627 68.5
CG 567 31.1 288 31.5
SUM 1826 100.0 915 100.0

4. Methods

On the diurnal changes of the wind directions in Hungary, Hegyfoky (1904a-d) 
had published data first. On the base of the records of ten weather stations, he 
established that near the surface layer of the atmosphere there is a positive 
change in the wind directions in the morning, and a negative change in the 
afternoon, if we determine positive direction as a clockwise turn facing the 
wind. He assumed that the reason for this phenomenon is the mechanical effect 
of the air pressure system drifting to the east on one hand, and the diurnal 
changes of the temperature conditions on the other hand. Based on this, in a 
previous paper we studied the change of the wind direction as a random 
variable (Tar, 1980) using the five years long dataset (1968-72) of five 
weather stations situated on the Great Hungarian Plane (Kisvárda, Debrecen, 
Kecskemét, Békéscsaba, and Szeged), which are affected by orography to a 
lower degree. The method of the examinations, which we follow in the present 
paper, too, is that we create elemental events from the hourly wind directions. 
The wind direction of the t hour of a day of a given period (subset) is 
compared to that of the previous (r-1) hour. If these are uniform (that is the 
difference between them expressed in degrees is lower than 360/16 = 22.5), 
then the t hour is considered to be a stable (permanent) point o f time from the 
aspect of the change of the wind directions, and it is marked by Sr Otherwise, 
the t hour is an unstable (fluctuating) point of time, and the event is /,. The 
wind direction of the first hour of the day is compared to the 24th hour of the
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previous day, even though it belongs to another subset. If in each hour of a 
given time interval the wind direction is stable or unstable, it is considered to 
be a stable or instable period.

Therefore, in our case the maximal daily number of stable or instable 
hours can be 24. This should be considered as a lower limit from any aspect. 
The number of stable or instable hours increases if the number of observations 
and/or wind direction categories increases. Both are true, for instance, for the 
case of automatic weather stations. Our results would obviously change if we 
used such datasets, that would have not only climatological consequences but 
effects on the utilization of wind energy as well (Tar, 2003).

5. The measures o f the stability o f the wind directions

First we define the measure of the stability of the wind directions, i.e., the 
stability index. It is the ratio of hours with stabile wind direction in a given 
period to the whole length (in hours) of that period. The values of the stability 
index for the whole studied period growing season, as well as different type 
groups are presented in Table 3. Generally it can be stated, that on the Great 
Hungarian Plane wind directions show a stronger trend to be stable than to 
fluctuate, since, with the exception of three cases (the ZE type group, types A 
and C in Békéscsaba during the growing season), they take 0.5 or higher 
values. It can also be seen in the table, that in Békéscsaba the stability indexes 
are lower than those in the same subsets at the two other stations for the years 
and growing season, with the exception of the ZW type group. That is because 
the bent for fluctuation is the strongest there. The reason for this is presumably 
orografic, because that station is the nearest to the Carpathian Mountains, 
therefore, the development of thermal circulations is the most possible there. 
This fact and that the sequence (from the lowest to the highest) of the stability 
indexes for almost all cases is: Békéscsaba-Debrecen-Szeged, are quite in line 
with the observations of Péczely (Péczely, 1963) on mountain and valley winds.

From the table it is also visible, that stability indexes for all subsets and 
stations are lower during the growing season than in the whole year. The 
strong fluctuation of the wind directions during the growing season presumably 
has thermal reasons, because the mean temperatures during the growing season 
are much higher than in the whole year. The five-day mean temperatures are 
between 10 and 20°C during the growing season and under 10°C in the other 
part of the year (Szász, 1988).

The minimum of the stability index in the whole year occurs -  understandably -  
at all the three stations in the C type. During the growing season the picture is 
not so simple: in Békéscsaba and Debrecen this value in type A is near the
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minimum. The logic of the maxima generally speaking is the following: in a 
north-south direction through the zonal (ZW, ZE) type groups it arrives to the 
meridional southern type group (MS). This logic is disturbed by the values of 
the whole year in the A type in Szeged and the values of the growing season in 
the MN type in Debrecen. The absolute maximum occurs in both periods in 
the MS type group in Szeged, but these values are very close to those of type A.

Table 3. Stability index (st.i), mean wind velocity (vmean), and mean daily number of 
stabile hours (st.h) in various periods

S ta t io n s
C h a ra c­
teristics

W h o le M N M S Z W Z E A C A G C G

Y ear

st.i. 0.56 0.55 0.57 0.56 0 .5 9 0.56 0.53 0.57 0.54
Debrecen vmc„(m/s) 2.7 3.1 2.4 2.9 2.8 2.0 3 .3 2.5 3.2

st.h. 13.5 13.1 13.6 13.5 14.1 13.4 12.6 13.7 13.1
st.i. 0.54 0.54 0.55 0 .5 6 0.53 0.52 0.51 0.54 0.55

Békéscsaba vme„(m/s) 2.8 3.2 2.6 3.1 2.5 2.0 3 .5 2.7 3.4
st.h. 13.0 13.0 13.2 1 3 .4 12.7 12.5 12.3 12.9 13.2
st.i. 0.58 0.55 0 .6 1 0.58 0.57 0 .6 1 0.54 0.59 0.56

Szeged Vm can(m /S) 3.1 3.5 3.3 3.2 2.8 2.2 3 .9 2.9 3.7
st.h. 14.0 13.3 1 4 .6 13.9 13.8 14.5 12.9 14.2 13.4

G ro w in g sea so n

st.i. 0.52 0 .5 4 0.52 0.51 0 .5 4 0.50 0.51 0.53 0.51
Debrecen Vmea,,(m/S) 2.6 3.0 2.4 2.6 2.6 2.0 3 .2 2.5 3.0

st.h. 12.5 1 2 .9 12.5 12.3 1 2 .9 12.0 12.2 12.6 12.3
st.i. 0.50 0.50 0.51 0 .5 2 0.48 0.48 0.48 0.50 0.50

Békéscsaba vracan(m/s) 2.9 3.1 2.9 2.9 2.7 2.5 3 .3 2.7 3.2
st.h. 12.0 12.1 12.1 12 .5 11.5 11.6 11.5 12.0 12.0

st.i. 0.54 0.52 0 .5 6 0.55 0.54 0.55 0.51 0.55 0.52
Szeged Vrnea„(m /S) 3.0 3.3 3.2 3.0 2.7 2.2 3 .6 2.8 3.4

st.h. 12.9 12.5 1 3 .5 13.2 13.0 13.1 12.2 13.1 12.5

b o ld : the maximum value, italic: the minimum value in the macrosynoptic type groups and types

On the base of the data in the table, the strength and trend of the 
stochastic relationships between the stability indexes and average wind 
velocities for the individual subsets (MN, MS, ZW, ZE, C, A) can be 
determined. It can be stated, that the linear correlation coefficient does not 
differ from 0  significantly in any cases, since its absolute value does not reach 
the critical value (r005=0.81) of the probability level of 0.05. The closest to
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the critical value occurs in Szeged in the case of the year (-0.706). On the base 
of the before mentioned facts, we can establish that type C is quite unsuitable 
from the aspect of the sprinkling irrigation of the plant, because in that type 
low stability indexes are combined with high wind velocities. On the other 
hand, there are no types or type groups where the opposite is true, that is, 
where maximal stability indexes and minimal wind velocities occur. To find 
the solution, we have to analyze the relationships between the daily parameter 
of stability and daily mean wind velocity.

6. The relationship between the stability and daily mean wind velocity

As daily characteristic parameter of the stability, we choose the daily number 
of hours with stabile wind directions. Its average values are presented in Table 
3. The relationships between daily stability and mean wind velocities are 
examined by two methods. In the first case we correlate the actual daily 
number of stabile hours of the periods with the mean wind velocity of the same 
day. Two examples for this are presented in Fig. 1 and Fig. 2, where the 
regression line is presented as well (it will be called case o f day-to-day in the 
followings). In the second method we gather the days that have the same number 
of stabile hours, and then we correlate their mean wind velocity with the daily 
number of stabile hours (case o f classification). The frequency of those days, that 
have the same number of stabile hours, their daily mean wind velocities and the 
regression line applied for them are presented in Fig. 3. In Table 4, linear 
correlation coefficients determined by the two methods, and their critical 
values at the significance level of 0.05 (r0 05) are shown in the different cases.

Critical values -  the minimal values of the correlation coefficient that 
significantly differs from 0  - , up to about 1 0 0  sample elements, can be most 
simply determined using the Fisher-Yates table, in some cases by interpolation 
(.Dobosi and Felmery, 1971). Dealing with more than 100 elements -  that 
occurs using the first method -  the significance analysis must be carried out 
using the t-test that is r0 05 was calculated from the value of t0 05. Therefore, the 
test function is

where n is the number of the elements (Yule-Kendall, 1964). The critical t 
values (/0 .05) ° f  the 0.05 probability level over 400 elements are 1.96-1.97 
-  they practically do not change but because of the different number of the 
elements, the r0 05 changes. The critical values of the correlation coefficient 
between the daily number of the stabile hours and mean wind velocity of the
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same day (case of day-to-day) are the same in the three stations, because the 
number of the elements is the same. It is not true for the clustering of the days 
that show the same stability (case of classification), since the number of stabile 
hours -  that theoretically can take values between 0 and 24 -  can be different 
in each case (subset) and each station. The occurrence of low (0, 1, 2) and 
high (22, 23, 24) values can even be 0.

m/s

6  7  8  9  1 0  11  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  2 1  2 2  2 3  2 4

Daily number of stabile hours

F ig. 1. Linear regression and correlation between the daily mean wind velocity (m/s) 
and daily number of stabile hours in the case of day-to-day (growing season, the case of 

minimum correlation: Debrecen, type A).

m/s

Daily number of stabile hours
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F ig . 2. Linear regression and correlation between the daily mean wind velocity (m/s) 
and daily number of stabile hours in the case of day-to-day (growing season, the case of 

maximum correlation: Debrecen, type group ZE).



On the base of Table 4 it can be stated, that in the case o f day-to-day, 
values of the correlation coefficient between the daily number of the stabile 
hours and daily mean wind velocities in the six subsets (MN, MS, ZW, ZS, C, 
and A) of both the whole year and growing season are the lowest in type A at 
all the three stations, and they are not significant in Debrecen (see Fig. 1) and 
Szeged. The “second lowest” but significant values at all the three stations 
occur in type group MS. In the case o f classification there are slight 
differences between the whole year and growing season: for the whole year 
there are not significant correlation coefficients in type A, in Debrecen and 
Szeged (see Fig. 3), in Békéscsaba the lowest value can be found in type group 
ZE. The next correlation coefficient by the value is in type group ZW in 
Debrecen, it falls into type group MS in Békéscsaba and Szeged, but it is not 
significant in Szeged. The picture is more clear during the growing season: it 
is similar to the daily event with the exception of that in Szeged in the case of 
type group MS and type C the values are not significant.

% , m/s

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
D a ily  n u m b e r  o f  s ta b ile  hou rs

Fig. 3. Frequency of days having the same number of stabile hours (%), as well as 
the linear regression and correlation between the mean wind velocity (m/s) and 
daily number of stabile hours in the case of classification of the days (Szeged, type

A, growing season).
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Table 4. Linear correlation coefficients and their critical values at the 0.05 significance 
level in the case of day-to-day and classification of the days, in various periods

M e th o d  o f  the  
d a ta  g ro u p s

W h o le M N M S z w ZE A C A G C G

Y ea r

Debrecen
Day-to-day 
Classification of

0.29 0.42 0.27 0.27 0.46 0.11 0.41 0.30 0.36

the days 0.91 0.94 0.88 0.80 0.87 0.43 0.82 0.87 0.95
Békéscsaba

Day-to-day 
Classification of

0.44 0.56 0.39 0.48 0.44 0.34 0.53 0.32 0.33

the days 0.88 0.91 0.88 0.96 0.80 0.91 0.90 0.92 0.77
Szeged

Day-to-day 
Classification of

0.21 0.39 0.20 0.21 0.32 0.03 0.38 0.19 0.38

the days 0.84 0.79 0 .27 0.62 0.60 0.20 0.60 0.78 0.90
Critical values -  
day-to-day 0.05 0.10 0.09 0.10 0.13 0.12 0.20 0.06 0.08

Critical values -  classification of the days

Debrecen 0.40 0.42 0.42 0.44 0.42 0.45 0.50 0.42 0.42
Békéscsaba 0.41 0.41 0.44 0.44 0.42 0.42 0.47 0.41 0.41
Szeged 0.43 0.43 0.43 0.44 0.43 0.45 0.43 0.43 0.41

G r o w in g  sea so n

Debrecen
Day-to-day 
Classification of

0.37 0.440 0.26 0.37 0.54 0.08 0.40 0.41 0.35

the days 0.89 0.92 0.67 0.86 0.75 0.07 0.79 0.78 0.92
Békéscsaba

Day-to-day 
Classification of

0.34 0.41 0.26 0.35 0.33 0.26 0.44 0.35 0.36

the days 0.80 0.85 0.48 0.78 0.90 0.77 0.58 0.80 0.62
Szeged

Day-to-day 
Classification of

0.25 0.32 0.20 0.29 0.36 0.17 0.33 0.27 0.29

the days 0.80 0.820 0 .32 0.73 0.67 0.15 0.19 0.59 0.62
Critical values -  
day-to-day 0.06 0.130 0.16 0.14 0.16 0.18 0.24 0.08 0.11

Critical values -  classification of the days

Debrecen 0.42 0.47 0.43 0.52 0.47 0.53 0.50 0.42 0.43
Békéscsaba 0.43 0.47 0.44 0.50 0.47 0.50 0.50 0.44 0.44
Szeged 0.41 0.48 0.48 0.47 0.48 0.48 0.50 0.43 0.41

bold: no significant coefficients
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For both periods examined here it can be stated, that the stronger 
correlations, can be found for the case of day-to-day in Békéscsaba in the whole 
year, and at the two other stations during the growing season. Higher 
correlations can be found at all the three stations during the growing season 
only in the antyicyclonal type group (AG). In the AG and CG groups and A 
and C types, considering the whole period in the case of classification, the 
situation is the opposite: the correlations for the whole year are stronger. 
Consequently, our assumptions discussed in Chapter 2 are not true for type C, 
because in that type two fronts appear together.

7. Conclusions

It can be stated, that on the Great Hungarian Plane the conditions for the 
sprinkling and sprinkling irrigation are the most favorable in the A type and 
MS type group (its elements can be found in Table 2). In these cases there is 
no correlation, or only very weak linear correlation can be found between the 
parameter characteristic for the stability of the wind directions, daily number 
of stabile hours, and daily mean wind velocity. On the base of the studies on 
the life span of the macrosynoptic types (Peczely, 1983), time patterns of their 
fluctuations (Tar and Kircsi, 2002), and frequencies of their transformations 
into each other (Mika and Domonkos, 1994), the time of the sprinkling or 
sprinkling irrigation can be planned in a few days in advance.

We have proved that the increase of the size of the subsets (groups) 
decreases the amount of information useful for solving the problem (see, e.g., 
type groups AG and CG). Presumably, we could gain better results in this 
aspect carrying out the above detailed analysis for the individual macro­
synoptic types. This analysis, however, requires more abundant database.

The relationship between the wind conditions and water supply of plant 
canopies can be examined from a completely different point of view. Wind 
machines, which use wind energy for water pumping, are suitable for dripping 
irrigation. It is proven that the specific wind power is in a -  not obviously 
linear -  stochastic relationship with the stability of the wind directions.
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A b str a c t—The surface temperature measured by satellite can be the basis of 
evapotranspiration (ET) computation. The possibility of the daily sum of the regional 
ET using surface temperature was examined under Hungarian weather conditions. 
Simplified relationship, namely RrJ -  ETd =A +  B(TC -  TA), which relates to the daily 
ET and daily net radiation with one measurements of surface and air temperature was 
used for the calculation. No information was obtained about the surface inequality using 
NOAA AVHRR satellite data. To collect any information describing the distribution of 
surface temperature, infrared thermometer was used to scan the surface from the board 
of a hang-glider, ultra-light-aeroplane, and light aeroplane. The limited field 
observations were made during the vegetation period of 1992, 1993, and 1994. In 
eastern part of the country, a homogeneous field (1 km x 1 km) and a larger, and 
relatively homogenous area was scanned, before noon and afternoon. In the western 
part of the country, a much larger area (45 km x 45 km) was investigated. The 
distribution of the surface temperature in special cases is shown. The paper presents a 
calculation system which can produce the daily sum of evapotranspiration using the 
daily maximum surface and standard air temperature. The results of a simplified 
validation method proves the usefulness of the shown method. The limitation of the use 
and possible development of the method concludes the paper.

Key-words: evapotranspiration, latent heat flux, near-surface measurements, satellite 
born information, surface temperature.

1. Introduction

One of the basic task of agricultural meteorology is the determination of water 
supply of plants using simply measurable meteorological elements. The ratio of 
transpired water and potential evaporation shows the plant water supply, the 
measure of plant water stress. Determining the water stress status of the plant,
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agrometeorology can give useful information to the users. Nowadays, three 
great changes have happened in meteorology. The first two are connected with 
the instrument and measurement technique, the third one is related to the data 
transfer and processing. The operative application of remote sensing gives 
new, previously impossible methodology to the agrometeorology. The satellite 
born information promotes the regional investigation as much as it was not 
possible earlier. The computer technique and data transfer allow so quick data 
process which was unthinkable 10-15 years ago.

The application of remote sensing in agrometeorology started when the 
first instruments were issued to measure the surface temperature. The equation 
using the surface temperature (.Jackson et al., 1977, 1981, 1988), the 
developed methods are valid for more or less small field experiment places. 
The question we have to answer is how to use the results of field experiments 
for larger scale processes (Caselles et al., 1992, Hurtado et al., 1994 ). Two 
demands triggered the present work. The first one was the investigation of 
possible use of directly measured surface temperature in agricultural 
meteorology (Dunkel et al., 1989). The second one (Kerényi 1993, 1994) was 
the demand of ground truth for calibration of satellite born surface temperature 
measurements. Hungarian experiments (Dunkel and Vadász, 1993) were 
carried out to determine the water stress status of plants using the surface 
temperature.

The investigations were continued not in this direction. Previously the 
application of satellite born surface temperature for calculation of 
evapotranspiration was investigated. More or less the same approach is how to 
exploit the recent meteorological development in agricultural meteorology. The 
present study gives the methodology of the calculation of areal evapo­
transpiration. Neither the important calibration problems of the measurement 
of surface temperature close to the surface nor the evaluation of evaporation 
calculation methods are shown. To choose surface control method we had to 
evaluate few classic calculation methods, but only the result of the comparison 
with Antal (1968) method is presented. Combining the different systems, a 
method was developed which is suitable for calculation of daily areal 
evapotranspiration.

The surface temperature measured by remote sensing can be the basis of 
territorial investigation of water stress status of any kind of canopy. ET can be 
calculated following Seguin and Itier (1983) or Lagouarde (1991) by solving 
the surface energy equation in a simplified way, or Jackson et al. (1981, 1988) 
calculating directly the water stress status of the canopy. In the present paper 
water stress map is not shown. An example for calculation of territorial ET for 
Hungary is presented. There is no information about the changes within a 
pixel. There is no information about the emissivity of the investigated surface.
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Knowledge about the water vapor content and its influence on the measured 
surface temperature is poor. Surface reference values to calibrate the ET 
calculation equation are inadequate. To answer at least partly the problem, a 
surface controlled measurement was made in Hungary.

2. Description o f the field experiments

In order to get a better spatial resolution for estimating the temperature 
distribution, a near-surface trial was executed during the vegetation period of 
1992, 1993, and 1994. KT-24 type infrared thermometer was used every year. 
The instrument was put on board of a hang-glider in 1992, a light (CESSNA 
105), and ultra-light (TUCANO) aeroplane in 1993. Later, in 1994 and 1995, 
the measurement program was extended to measuring, besides the surface 
temperature short wave reflected, and the long wave irradiated radiation, by 
Kipp-Zonen CM-5 type radiometer, and Eppley pyrgeometer, respectively. In 
the first two years, the data were collected using one-channel data-logger. In 
1994, the instruments were built into the wing of an AN-2 type aeroplane, and 
the data were loaded directly to a PC. The cruising height was 100 m in case 
of the hang-glider, and 500 m in case of the aeroplane. To understand the 
effect of water vapor on surface temperature, the runway was scanned from 
600, 400, 200, and 20 m heights.

As reference to ET for surface control measurements in 1992 and 1993, 
only the class A-pan evaporation observation was used. The ET reference 
value, using empirical formula derived for Hungarian climate was calculated. 
In 1994, it was possible to measure the latent heat flux directly using Bowen 
ratio system, however, for only one place. In 1992, the basic goal was to 
investigate the temperature change within one field. Two fields were chosen as 
control area. Their size was about 1 km x  1 km. In the eastern part of Hungary 
sometimes such a large field with approximately homogeneous vegetation was 
found. In the present investigation the surface temperature scanning over 
irrigated and non-irrigated maize canopy was executed. The scanning routes 
had north-south direction in 1993 and 1994. In 1992, a relatively small area 
was scanned in the eastern part of Hungary close to the town Szarvas, where 
an agrometeorological observatory was maintained by the Hungarian 
Meteorological Service (HMS). The scanned surfaces were maize and wheat 
canopies. We tried to measure a more or less homogeneous surface as large as 
it could be identified in the satellite picture. In 1993, the philosophy was 
changed. We tried scan as large area as it was possible. The length of one 
scanning route was 45 km. The experiment area was in the western part of the 
country. Eleven scanning routes completed the examination area. Few
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scanning route crossed the lake Balaton. In 1994, the place of the field 
experiments was the Hortobágy puszta in the eastern part of the country close 
to Debrecen, the second biggest city of Hungary. The surface of the “puszta” 
is more less natural grass, it looks like a steppe. The assumption of 
homogeneous surface worked more or less in this case as well. The length of 
scanning route was shorter in 1994, 25 km.

To calibrate the infrared thermometer, a “black body” model was used. 
This “black body” was a sooty copper plate. The instrument and the “black 
body” were placed together into a climate chamber. The near-surface 
temperature measurements were not all simultaneous. Because of the achieved 
cruising speed, the time-leg between the first and last measured value could be 
few hours. If a comparison of the result with any kind of satellite picture is 
desired, the measured values need to be homogenized. Following Sellers et al. 
(1986), a simplified model was used for this purpose (Dunkel et al., 1991). 
The main problem in the use of the suggested model is the estimation of heat 
capacity of the canopy. The calculated and measured surface temperatures 
were compared for sunflower canopy under different experimental conditions. 
Using the developed diurnal temperature change model, the measured surface 
temperature values were homogenized for the same time. This homogenization 
is necessary, because airborne measurements are not synchronous.

Comparing the morning and near afternoon temperature distribution along 
one cruising route during the 1993 field experiments, characteristically 
different distribution was observed. Few hours after sunrise almost no change 
in canopy temperature was observed, nevertheless, the swamp can be well 
identified, and of course the surface of the lake Balaton shows characteristic 
values.

Fig. 1. The distribution of the surface temperature along a Balaton crossing route. 
July 9 and August 5, 1993.

The hypothesis before the flight was that no change would be found in the 
water surface temperature. As Fig 1. shows, the surface temperature of the 
shallow lake is not homogeneous, but comparing with the other surfaces it is

228



much more characteristic. Repeating the flight over that area near noon, 
opposite situation was observed. The swamp was much cooler than the 
surrounding area, and the variation in temperature was more than 1 0  degrees. 
The temperature distribution shows the same change along the same route 
during July-August across the lake Balaton. The lake surface temperature 
shows almost no change. The temperature difference outside the lake could be 
more than 1 0  degrees, but the results of the scanning showed that the 
homogeneous surface conception is not valid even in case of a shallow lake 
such as Balaton.

3. The model

The calculation method is based on the simplified surface energy balance 
equation. The energy balance equation of any given surface could be written as

Rn — D + G + J  4* fjA  + H  + L E  , (1)

where Rn is the net radiation, D is the horizontal energy transfer, G is the soil 
heat flux, J  is the energy storage in the “surface”, juA is the energy used for 
biochemical processes, H is the sensible heat flux, LE is the latent heat flux. In 
our terminology the evapotranspiration expressed in W mf2 unit, later converted 
into traditional unit mm. A very simple and useful solution of the equation was 
suggested by Jackson et. al (1977). Later Seguin and Itier (1983) used only the 
larger elements of energy budget and neglected the smaller terms, namely /jA 
(Hunkar, 1985), the rate of energy stored biochemically, and G, the ground 
heat flux is more or less zero on a daily basis. After the simplification the 
equation shows the following form:

Rn =H + LE. (2 )

The term H, the sensible heat flux could be expressed in the near-surface layer as,

i r  7L — T  aH =  - p c  — ------(3)
rA

where Tc is the surface temperature, later to be determined using satellite 
information, and TA is the near-surface temperature practically to be taken 
equal with the air temperature measured in the standard wind screen above the 
surface in 2 m height at the synoptic station. The p  is the density, cp is the heat 
capacity of the air at constant pressure, rA is the air resistance in the lower 
layer. In the present approximation every value is instantaneous. After the
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simplification, we have found a linear expression between the temperature 
difference latent heat flux, and net radiation difference, as

LE -  Rn = -b *  (Tc - T A),  (4)

where all physical constants are united into one parameter, b*. We would like 
to calculate the daily evapotranspiration, but only instantaneous values are 
measured. The field experiments, in case of cloudless day, proved that the 
presented linear expression is good approximation (Seguin and Itier, 1983; 
Lagourde, 1991) for the calculation of daily sum of evapotranspiration using 
only one temperature difference as it is shown in Fig. 2. The final expression 
will be

ETd -  Rnd = A + B (Tc -  TA) (mm/day), (5)

changing the LE abbreviation to ET, as usually accepted in agricultural 
meteorology for the searched quantity, and signing the daily values with d. In 
the expression A and B , parameters can be estimated by linear regression, Tc is 
the surface (canopy, skin) temperature measured by satellite or any kind of 
remote sensing technique, and TA is the near-surface (daily maximum) 
temperature. The determination of Tc, the surface (canopy, skin) temperature 
measured by satellite, is one of the basic tasks of satellite meteorology (Becker 
and Li, 1990; Kerenyi, 1994).

Fig. 2. The relationship between the two differences, ten-day average (Lagourde, 1991).

The parameters can be estimated experimentally, simulated, or calculated 
by a combination of the two methods. The regression coefficients depend on 
the surface roughness as it is shown in Table 1.
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T ab le  1. The value of “A” intersection (mm day'1) and “B” slope (mm day'1 grad'1) 
by L a g o u rd e  (1991), Zq is the roughness coefficient

z0 A B

0.001 0.41 0.145
0.002 0.43 0.166
0.005 0.47 0.204
0.01 0.5 0.244
0.02 0.53 0.296
0.05 0.55 0.394
0.1 0.59 0.498

The simple linear regression between the daily sum of ET and the midday 
difference of surface temperature minus air temperature is proven by many 
investigators (Caselles et al., 1992; Jackson et al., 1977, 1981, 1989; Hurtado et 
al., 1994; Kustas eta l., 1982; Lagourde 1991; Sandholt and Andersen, 1993).

4. Calculation method

Satellite Research Laboratory of HMS has been receiving NOAA-AVHRR 
data digitally, since 1992. The data are calibrated and geographically 
identified. For the ET calculation, NDVI is derived from Channel 1 and 2, 
which is the calculation procedure widely used all over the world. The surface 
temperature was calculated by split-window method from the data of Channel 4 
and 5 (Kerenyi and Putsay, 2000). The calculated and measured surface 
temperature were compared in case of few situations during summer time. For 
estimation of ET, following Seguin and Itier (1983) suggestion, besides the 
midday surface temperature, the maximum air temperature measured by 
standard meteorological network is also needed. During the 1995/96 period, 
the traditional meteorological observations were replaced by automatic 
synoptic stations. If the observation time was very different from the date of 
maximum air temperature, a shifting correction was applied following the 
Sellers etal. (1986) model.

The basic goal of the research was to establish a method which could be 
used in operative practice to determine the daily sum of evapotranspiration. 
The base of the method is a simplified solution of surface energy balance 
equation as it was introduced earlier in Eq. (5). This equation is valid not only 
for instantaneous but longer period, namely for daily values, too, as showed by 
many field experiments. If we apply this equation for the whole day, the daily 
evaporation minus net radiation is the linear function of maximal air and 
surface temperature difference. To apply the method in the practice, we need 
several further informations.
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The elements of the calculation system are shown in Fig 3. The near­
surface air temperature and surface temperature are measured by HMS 
operatively. The necessary A and B constants are originated partly from field 
experiments and mainly from the cited literature, because we had possibility to 
carry out the necessary field experiment only in few cases of the possible land 
surface covering situations. The air-born surface temperature measurements 
were carried out above different parts of Hungary, as it was mentioned in the 
previous chapter. The measurements were done in summer during the time of 
well developed vegetation. We tried to carry out the measurements above 
homogeneous surface and use as large experimental area as it could be 
identified on satellite picture.

Fig. 3. The flow-chart of daily evapotranspiration calculation.

The satellite born surface temperature could be useful for our purpose if 
they were done near noon. Sometimes we need the temporal change of surface 
temperature. Using the surface energy equation, a simplified solution was 
developed to calculate the surface temperature. The calculation method was 
controlled using lysimeter data derived from the experimental sites. The 
evaporation calculation system could be compared with other calculation 
methods. Few potential evaporation calculation formula were evaluated to 
decide which one could be used for our evaluation. Taking into consideration 
the difficulties of many ET calculation methods, the comparison with the Antal 
(1968) potential ET calculation method is shown as verification of the method. 
For the calculation we used only the meteorological stations equipped with 
standard A pan. In Fig. 4, the stations are shown where Pan A open water 
evaporation is measured operatively by HMS.
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Fig. 4. Comparison of values derived from satellite data with surface measurements and 
calculation, July 23, 1998.

The calculation were carried out in dry and wet years as well. In present 
paper the results of the 1998 year are shown. The main problem concerning 
the application of the method is whether it is possible to determine realistically 
the daily sum of evapotranspiration using only one daily maximum value. The 
other problematic case is when the radiation balance will not follow sinus 
function when any kind of cloudiness appears. In this situation, to calculate the 
daily sum of ET using only one instantaneous value of temperature does not 
seem to be correct approach.

Nevertheless, when areal conditions are optimal for application of the 
method, the accuracy limit is approximately ±1 mm day'1. It does not seem to 
be very good approach, if we take into consideration that the maximum value 
of daily evapotranspiration exceeds 10 mm day" 1 very few times. But the 
accuracy of any classic method is more or less the same. We can accept this 
limitation, because in agrometeorological practice the 1 0  days time step is the 
standard, and on this time scale the calculation error seems to be not so bad.

Anyway, our basic approach is to exploit the standard meteorological 
observation system as simple as possible and the introduced method is 
applicable. Fig. 3 summarizes the structure of the whole methodology of the 
introduced method.
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5. Validation of the method

The introduced method produces areal values. The resolution of the prepared 
ET map is equal to the resolution of the satellite images. Practically, we can 
calculate with an approximately 3 km resolution. It means that we have got 
cca. 9,000 data every day for the whole territory of the country. The only 
possibility of the validation is, if the satellite born data are compared with the 
measured values in individual points. We have got only few places where A- 
pan measurements are available. For these stations the ET values using Antal (1968) 
method were calculated and compared with the satellite born values. As an 
example, the distribution of the values are presented on July 23, 1998 in Fig. 4. 
As it was mentioned, the method could be applied only on cloudless days. A 
really cloudless day occurs only few times during the vegetation period. Table 2 
shows a comparison for the days which met the requirements in 1998. In few 
cases the table shows good coincidence, but in few cases not. The basic 
reasons of the not too good fitting is the use of universal constant. But taking 
into consideration the difficulties of the determination of coefficients, the 
permanent lack of the necessary ground truth, we could be satisfied with the 
results as a first guess.

Table 2. Comparison of measured (Pan A), calculated by the method of Antal (1968), 
and satellite born values for cloudless days. The given values are the simple arithmetic 

averages of the values of the available stations (as shown in Fig. 4)

D a y

o f
c a lc u la t io n

P an
A

n u n /d a y

M e th o d
A n ta l

m m /d a y

S a te llite
b o rn

m m /d a y

A  v ersu s  
A n ta l

%

A  v ersu s  
S a te llite

%

S a te llite /
A n ta l

%

June 03, 1998 5.7 5.7 5.7 100 140 139
June 10, 1998 6.1 6.1 7.9 100 128 130
July 01, 1998 4.1 3.8 4.9 92 120 129
July 23, 1998 8.3 8.2 7.9 98 96 97
July 25, 1998 13.2 12.9 12.6 98 96 97
July 29, 1998 1.2 1.2 1.8 102 141 137
July 31, 1998 6.4 6.5 8.1 101 124 123
Aug 01, 1998 6.3 6.5 7.8 102 123 120
Aug 02, 1998 7.6 7.7 8.6 99 111 111
Aug 04, 1998 15.0 15.0 16.3 100 108 108
Aug 07, 1998 5.9 5.9 8.6 101 147 145
Aug 09, 1998 8.1 7.1 8.5 88 106 119
Aug 10, 1998 9.2 8.1 9.0 88 98 112
Aug 12, 1998 6.8 6.9 8.5 101 124 122
Aug 13, 1998 8.1 7.8 8.2 96 101 105
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6. Conclusion

Based on NOAA-AVHRR visible, near-infrared, and thermal infrared data in 
combination with meteorological data, it is possible to calculate daily sum of 
(actual) ET for days when the satellite born surface data are available. The 
calculated values of areal ET were compared with surface evaporation 
measurements values. There are no direct methods to “calibrate” either the 
satellite born surface temperature or the daily sum of ET satisfactorily. The 
results of our method were compared with the standard surface A-pan network, 
and in few cases with the measurements and calculated ET at agromete- 
orological research sites. The method could be used in case of cloudless 
summer days to estimate territorial distribution of ET values for large area, but 
its accuracy is about ±1 mm day“1. In our case, the main goal is not the precise 
determination of actual ET but to inform extension service about the possible 
drought situation or about area water stress status. To prepare the application 
of the method, air-plane born surface temperature measurements were carried 
out in some years. The goals of these measurements were double-folded. The 
first goal was to help the establishment of satellite calibration. The second one 
was to discover the surface temperature inequality. Cloudy weather could limit 
the application of the method. The longer cloudy period can mitigate the water 
stress status or completely stop it, when the soil moisture content is 
satisfactory. In this case, the areal evapotranspiration from the practical point 
of view is less important. The main parts of the investigation were the near­
surface skin temperature measurements and the comparison of collected data 
with satellite born surface temperature. The determination of areal evapotran­
spiration for a large region was the main goal.

The results could be summarized that a system was introduced to 
determine the daily sum of evapotranspiration. The system is suitable for 
everyday operative application. Using the introduced method one day after the 
measurements, we can get the daily sum of evapotranspiration. The method is 
useful to calculate the areal evapotranspiration for a large region with the given 
error and limitation factors. Continuous application of the method can act as 
drought monitoring system as well.
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A b stra ct— The high risk of drought in Hungary can be illustrated by the high crop 
failure in the year 2000 when compared to the average crop of the past years. The crop 
failure of grain and industrial plant species varied between 15-40%. About 1.3 million 
hectares of arable land were affected by drought.

Increase in the frequency, length, and intensity of drought is more likely during the 
warming periods. The series of droughts in the past decades may be explained as a sign 
of global warming. The studies have shown that a small degree (+0.5 and +1°C) of 
global warming can cause significant climate change in Hungary. There will be a 
marked increase in summer temperature and a decrease in annual precipitation of about 
10% (60 mm). Increase in sunshine hours can also be expected, and the length of 
periods with low relative humidity will probably grow, too. The drier air is 
accompanied with increasing potential evapotranspiration, that results in increasing 
transpiration intensity. Therefore, it is to be expected that the water demand of crops 
will increase.

As a result of global warming, the more frequent occurrence of drought will be an 
important challenge of the Hungarian society and economy during the following 
decades. That is why it is urgent to make efforts towards the development of a national 
drought strategy, that will coordinate and maximize the effectiveness of the work of all 
Ministries involved.

In this paper the authors present a survey of the drought situation in Hungary, and 
outline the most urgent tasks for reducing its harmful effects for the country.

Key-words: drought, drought frequency, drought strategy, climate change, irrigation water 
requirement.
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1. Introduction

In Hungary, mainly in the Great Plain, the climate and weather have 
significant roles in the agricultural sphere, first of all through the variability of 
precipitation. Although the average climate conditions are favorable for the 
agricultural production in the Great Plain, there are some years or periods or 
months of years when the crop is decimated by drought, flood, or surplus 
water (Szlávik and Fejér, 1999). Nowadays, when there are permanent extreme 
climate occurrences or they last for years, the whole national economy can be 
shaken by the caused harms, while in the previous past they were accompanied 
by starvation, epidemics, and other social and economic tragedies (Vágás, 
1982). However, nowadays it is concluded that unfavorable alterations of 
weather and climatic conditions and the potential coincidences of events 
observed in the past could lead to extraordinary consequences in the Tisza 
watershed (and in this manner on the Great Plain), as it was unfortunately 
evidence by large floods in 1998-2000 (Szlávik, 2002).

Because of the great climate sensibility of our society and economy, when 
there are some extreme or permanent weather oscillations, people instantly 
suspect a climate change, and they try to proclaim it as a result of human 
activities. Through the past centuries, deforestation, flood protection, drainage 
and riverbed controls were thought to be driven to serial, long lasting, and 
intensive extremes of weather. In the last century, building of dams and water 
basins, irrigation and other water management activities, nuclear explosions, 
air pollution, and changes in agricultural cultivation have become the supposed 
or real causes of the proceedings of extreme weather conditions or supposed 
climate change.

In Hungary, the question of climate change and the components of water 
balance was brought up in connection with flood release in the Great Plain 
after a permanent droughty period in the 19th century. During the last two or 
three decades, when some extreme weather events occurred, the scientists and 
the society concentrated on a possible global warming. While earlier the 
question was that whether the drainage of marshlands, moors, and flood 
inundated area of the Great Plain and the important riverbed controls had 
changed the climate of the country and caused a start of turning into desert. 
From the last two decades, people and scientists wonder whether the beginning 
of a warming up period is statistically significant? If yes, what kind of climate 
and water balance changes can be expected in this area? Will there be a change 
in the climate? Will there be a warmer and drier climate type? What kind of 
climate scenarios will be expectable in the following decades? What about 
temperature increase and the amount of precipitation? How will our economy 
and society change as a result of the climate change? What changes can be
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expected in the nature? Will there be an increasing drought frequency and 
intensity on the Great Plain?

In the last 150 years, some experts took up the question of climate change 
in the Great Plain, that was supposed to be the consequence of flood protection 
in particular after a series of droughty periods in the first half of the 1860s. In 
the 1930s, our acknowledged experts on climatology (Róna, 1936; Réthly, 
1936) had to prove repeatedly, that the series of droughts in the first part of 
the ’30s were not the consequence of flood protection, but concomitant 
characteristics of our climate. They could analyze a century-old time series of 
climate monitoring, because the systematic instrumental monitoring had been 
started in the first part of the 19th century. They both found out, that the 
control of the River Tisza and its creeks did not cause any turning into desert 
in the macroclimate of the Great Plain, however, the local microclimates 
became drier.

The weather of the last years can be characterized by the water balance of 
our climate with its long-lasting floods (Szlávik and Fejér, 1999), surplus 
waters besides unusual droughts and long-lasting heat waves. On the basis of 
climate records we can state that these climate extremities can be caused 
clearly neither by the flood protection or control of rivers in the 19th century, 
nor human activities in the 20th century (Szlávik, 2002).

It is founded on facts, that the frequent droughts and extreme weather 
events (floods, surplus waters, long-lasting periods of heat) from the last one 
or two decades are characteristics of our climate, but the increasing frequency 
and intensity of them can be the consequence of the global warming in the 
Carpathian Basin. However, we should consider the possibility of a warming 
up rising phase of a period of natural climate fluctuation, too.

2. Expectable climate changes increase the drought suspectibility in Hungary

Apart from the consequences of global warming, experts state that among the 
circumstances that cause drought in Hungary, we should emphasize the 
weather, hydrological, soil, and agronomical conditions equally. These factors 
can be particularly affected by the geographical position of a farm or the relief 
conditions. As mentioned above, the drought suspectibility is a typical 
characteristic of the climate in Hungary. The drought frequency shows 
significant regional variability, as it can be seen in Fig. 1. Drought affects the 
western part of the country which is richer in precipitation, as well as the 
much drier counties of the Great Plain. In summer, which is most important 
for cultivation, there is high drought frequency in the region of the Great Plain, 
and it causes significant damage to the fields with poor water management.
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The high risk of drought in Hungary can be illustrated by the high crop 
failure in the year of 2000 compared to the average crop of the past years. The 
crop failure of grain and industrial plant species varied between 15-40%. 
About 1.3 million hectares of arable land were affected by drought that caused 
more or less crop failure.

Fig. 1. Moderate, serious, and extreme drought occurrences in Hungary between 1951 and 1992
(after Dunay and Tölgyesi, 1993).

Table 1. Expectable changes in temperature and precipitation in Hungary till 2050 (after Mika)

G lo b a l  
c h a n g e , °C

C h a n g e  in  t e m p e r a tu r e  in  

s u m m e r

H u n g a r y , °C  

w in te r

C h a n g e  o f  an n u a l 
p r e c ip ita t io n , n u n / °C

0,5 1.5 0 -60 (±20)
1.0 0.8 1.0-2.5 -60 (±40)
2.0 0.8 1.5 about 0
4.0 0.6-0.9 1.5 ±10 (±100)

According to the researches on climate in Hungary (Antal, 1988, 1991, 
1992, 2002; Mika, 1988, 1991, 1993), an increase in frequency, length, and 
intensity of drought can be supposed during the warming period to come. On 
one hand, the series of droughts in the past few years and decades may 
probably be explained as a sign of global warming. The studies have shown
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that a small degree (+0.5 and +1°C) of global warming can cause significant 
climate change in Hungary (see Table 1).

A marked increase in summer temperature and a significant decrease in 
annual precipitation of about 10% (60 mm) can be expected. Increase in 
sunshine hours can also be expected, while the length of periods with low 
relative humidity will probably grow. The drier air is accompanied with 
increasing potential evaporation, that results an increase in the intensity of 
transpiration. Therefore, it is to be expected, that the water demand of crops 
will increase, while the amount of precipitation and probably the number of 
rainy days will decrease during the warmer and drier growing season (Antal, 
1988, 1998).

Table 1 shows that in summer, in case of little global warming (0.5°C), 
about one and a half times higher (that is 0.75°C) rising in temperature is 
expectable, while the annual precipitation can be reduced with 60 mm by each 
degree rise. In case of 1 or more degrees rise in temperature in the northern 
hemisphere, more moderate warming up is expectable in Hungary in summer, 
while in winter higher warming up can be expected (1.0-1.5°C). It is 
remarkable, that in case of higher global warming, the decrease of 
precipitation is not so significant, but its deviation in time increases (Mika, 
1991, last line of Table 1).

3. Indirect and direct impacts of climate change 
on the agricultural water management

The indirect and direct impacts of climate change in Hungary is considerable
by the following aspects (Antal and Szesztay, 1994):

• From the point of view of the agricultural sphere, the supposed climate 
change (first of all an increase in the frequency of drought) is one of 
those uncertain factors that have direct practical importance to the long­
distance planning of agricultural water management.

• In the land ecological parts of a given area, the water supply for plant 
production that gathers precipitation, appears for farmers as the provider 
of complicated interactions between the climate, soil, and plants that in 
the end becomes the question of cultivation, pasture management, forestry 
and regional planning through water balance processes of the root zone.

• Finally, the examination of the possibility of feedback is essential. That is 
to find out the relationship between the role of climate regulation of 
atmospheric water cycle and the expectable climate change (climatic 
scenario).
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When we try to analyze the effects of the increasing drought frequency on 
the agricultural water management, and to give a rough estimate of them, we 
have to emphasize that the changes in surface and subsurface water resources, 
caused by climate change or agricultural (or other anthropogen) activity in 
catchment areas, can be found out exactly only by the cognition and 
numerically definition of interactions between the water balance units and land 
ecological units divided into three parts of agricultural region.

The climate change can have a direct effect on the water supply of 
cultivated fields through the changes of hydrological cycle. In a qualified 
sense, besides the potential water supply, the whole water demand of the 
agricultural sphere may alter as a result of warming up, and because of it, an 
unfavorable change in the elements (first of all precipitation and evaporation) 
of climate may appear that will have an influence on the agricultural water 
management technologies (Orloci and Szesztay, 2002).

In the future, the conditions of the agricultural water management can be 
modified by the change in climate, first of all the change in the elements of 
agricultural water balance. According to the latest examinations, the trends of 
the possible changes in the climate and water balance of our area are as 
follows:

• Global warming have a modifying influence on water cycle and water 
supply (surface and subsurface) that is commensurable with the effects of 
human activities on them, and sometimes it is more significant. As our 
climate is turning into drier, the damages caused by drought could be 
increased, because 1 % decrease of precipitation (annual 6-7 mm) causes 
1 m decrease of karst water level. A long-lasting period of decrease of 
ground water level could increase the sensitivity of plants in such areas, 
where it supplies more water to the stocks of plants nowadays.

• While the soil moisture content of the root zone follows the weather 
conditions (mainly precipitation) fast, the influence of climate change 
appears later as a change in the average humidity of soil supply of many 
years (turning into one direction).

• The change of ground water content during the time is influenced by 
precipitation and potential evaporation, and as these meteorological 
elements have a marked annual course, the ground water level also 
follows an annual rhythm. However, the long lasting warming up periods 
and the decrease of precipitation cause slow, but considerable decrease in 
the average of subsurface water resources of several years. The change 
can be dramatic in the areas having high ground water level, while in 
fields with lower ground water level it can be a bit more favorable.
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4. Climatic water shortage and irrigation water requirement

As drought appears more often and more intensively, first of all, it has a 
marked influence on the development of need for irrigation water of plant 
stands in those fields, where there is a possibility for irrigation. However, the 
estimation of the expectable changes in the plant water requirements 
(numerical data) is one of the most complicated water management modeling 
tasks. The irrigation water requirement of plants changes in time and space, 
because it is controlled by the changing water demand of plants through the 
changeability of weather, water storage capacity of the root zone, depth of 
water table, physical properties of soil, and biological characteristics of 
plants (species, type, phase of development, population density, nutrient 
supply, etc.).

The available water supply for plants in cultivable lands can be well 
characterized by climatic water demand and its change in space and time. 
According to surveys in Hungary, as a consequence of worse precipitation 
supply, the climatic water demand is growing in the whole Carpathian Basin in 
the future. So the agricultural water management will ask for more and more 
water for irrigating purposes, while the neighbouring countries use more and 
more water from streams flowing through Hungary. As a consequence, our 
surface water supply decreases because of the decrease in precipitation and the 
decrease of water output of streams (Antal, 1988; Novaky, 1988; Szesztay, 
1995). It is to be remarked that 10% decrease of precipitation causes more 
than 10% decrease of surface runoff. It is true for the climatic conditions in 
Hungary, that the modification effects of soil surface and cropcover (that 
causes a progressive change in crop rotation structure because of the increasing 
drought frequency) can cause a change of surface runoff in space and time, 
which can be equal with the change of precipitation, or it can be higher than 
that (Novaky, 1988; Varallyay, 1990).

According to the above, it is clear, that the supposed (predicted) climate 
change in Hungary has an unfavorable influence on almost all contaminants of 
plant water balance -  supposing warming up in the Carpathian Basin and 
decreasing of precipitation as a consequence of it. Besides them longer, more 
intensive and more frequent droughts, as well as wider range of extremities in 
climate elements are expectable -  so the availability of water supply will be 
less for the agricultural water management, while the quality of water will 
grow worse. This means that the costs of irrigation water and other water 
utilization will grow by the cost of purification of water. According to the 
water directives of EU, during the compulsory adaptation and implementation, 
additional cost growth is expectable.
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The effect of climate change on cultivation is significant from the point of view 
of the society, economy, and ecology, because the crop, the effectiveness and 
success of farming, and the annual fluctuation of it are caused by weather, and 
they have an effect on food industry, export market, the price structure of the 
domestic food market, and the employment. You should know that the 
agricultural sphere is almost the only stage utilizing the primer natural 
resources and converting its power {Antal, 1984; Láng et al., 1983; Szász, 
1985).

From the point of view of potential production, the temperature 
increasing is the smaller risk, although we can not neglect it. According to 
surveys in Hungary, in case of 2°C of temperature rise, the number of those 
days when the temperature reaches 30°C (that is they can be characterized by 
atmospheric drought) can be doubled (at present it is 15-30 days yearly). It 
will have a harmful influence on dry matter production (high breathing rate, 
turgor loss in the midday hours, intensive transpiration, disadvantageous water 
transport in plants etc.), mainly in the periods of droughts.

The expectable decrease of precipitation amount will cause more troubles 
for the agricultural water management with its worse water balance system. 
Supposing an annual 1 mm decrease of precipitation for 2020, the annual 
precipitation amount can fall under 470 mm in the middle of the Great Plain. 
Thus, producing of intensive plant species with more drought resistance is 
recommended, or we should calculate that the crop-time chart will be 
saturated, that is the crop will not grow in case of more intensive supplying of 
nutritive. It seems that in the next few decades of the 21st century, the 
agricultural water management (decrease of precipitation, irrigation) will be 
the most critical scientific problem of primer biomass production (Varga- 
Haszonits and Harnos, 1988).

On the basis of the above, it is evident that working out a well-adaptable 
ecological strategy and practical application of new technologies will be 
essential for our agriculture (Szász, 1993), because in case of high frequency 
of drought, the degree of supplying of precipitation will become one of the 
most important factors of ecological crisis. The indications of it have been 
shown since the beginning of the ’80s and every Hungarian climate scenario 
has shown us the possible extrapolation of droughty tendency of the past one 
and half decades. They equally prognosticate rising in temperature and 
decreasing in precipitation. In Fig. 2, three categories of Palmer Drought 
Severity Index (PDSI; Palmer, 1965) are shown by way of illustration of 
increasing drought frequency since the beginning of the ’80s (Bussay et al.,

5. The expectable impacts o f the increasing drought frequency
on biomass production
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1999). To the classification of droughts according to PDSI, they use three 
categories -  moderate (PDSI<-2.0 and the drought extends to 50% of 
Hungary), serious (PDSI< -3 .0  and the drought extends to 33% of the 
country) and extreme (PDSI < -4 .0  and the drought extends to 20% of our 
country). These categories have been determined by Bussay et al. (1999). It 
can be seen that in the past two decades moderate and serious droughts have 
been ensued almost continuously in every year. On country-wide scale, 
drought occurred more frequently and more clustered at the end of the 
investigated period (1881-1995). The climatic stations exhibited a drying 
tendency verified by regression analysis. At most of the examined 
meteorological stations, the majority of the months show decreasing PDSI 
values (Fig. 3).
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Fig. 2. Classifications of droughts according to the Palmer Drought Severity Index (PDSI)
(after Bussay et al., 1999)

Fig. 3. The values and trend of PDSI in July (after Bussay et al., 1999)
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On the basis of experience of drought frequency in the last 1-2 decades, we 
can state as a summary that if we count on the decrease only of precipitation 
amount in the following decades, and a significant temperature rise will not 
occur in 20-30 years, we can not avoid working out a new ecological strategy 
to keep and even increase biomass production because of the expectable 
changes in the use of land.

The basis of the new ecological strategy is an up-to-date strategy of 
defending against drought (mainly passively), that is due to summarizing as a 
scientifically established national drought strategy (as a part strategy of the 
agricultural water management) and dealing with it as a government program 
(Vermes, 1998; Vermes et al., 2000). On the other hand, it is necessary to 
increase the active agricultural water management interventions (irrigation, 
keeping precipitation in water basin, reducing evaporation and transpiration, 
reducing the surface runoff, managing the humidity of the soil more 
effectively, etc.).

Among the active processes of defence, we must review the technological 
and economical conditions of irrigation, and the practical and technical state of 
it. The present situation can not be preserved for a long time (preference, 
effectiveness, quality of crop, supply of liquid nutrients, soil-physical and 
chemical problems, etc.).

As in Hungary the agricultural sector remains a significant part of the 
economy for a long time (because of natural conditions of Hungary), it is 
essential to draw the political and economical decision makers’ attention to all 
risk factors that can have influences on the agriculture of Hungary as the 
consequences of global environmental changes, which can endanger the use of 
land and primer plant production.

Among the natural factors we must emphasize the consequences of global 
warming in Hungary, but while working out the agricultural strategies 
(including national drought strategy), nowadays, and even in the future in 
connection with joining the EU, it is compulsory to considerate other anthro­
pogenic effects, e.g., agricultural consequences of acid rains, acidification of 
soil as part of soil degradation, low ground water table and other environ­
mental effects caused by global changes. The aim of a national drought strategy 
is to serve the expert and social cooperation, summarizing all the necessary 
concepts, methods, steps, and financial sources that are important in the fight 
against drought damages in a longer term (Antal et al., 2002; Vermes, 1998). 
There will be a governmental body, which could maintain all those coordination 
tasks which are indispensably necessary in due time for the complex measures 
against drought damages and for an effective drought mitigation.

6. Increasing frequency of drought -  national drought strategy
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A b stra c t—A field campaign to determine the dry fluxes of nitrogen and sulfur 
compounds between the atmosphere and a Norway spruce forest was conducted during 
the spring of 1998. The field site was located in the Mátra mountains in north-eastern 
Hungary. Fluxes of particulate phase ammonium, nitrate, and sulfate were determined 
in addition to fluxes of gas phase ammonia, nitric acid, and sulfur dioxide. Dry 
deposition velocities determined by the gradient method are 1.9 and 1.3 cm s"1 for nitric 
acid, 3.7 and 1.1 cm s“1 for ammonia and 0.6 and 0.3 cm s' 1 for sulfur dioxide in 
unstable and stable cases, respectively. For fine ammonium and sulfate particles there 
were no detectable concentration differences between the different measuring heights. 
For nitrate particles, existing mostly in the coarse fraction the gradient method is not 
applicable to determine the dry flux.

K ey-w ords-, dry deposition velocity, gradient method, sulfur dioxide/sulfate, nitric 
acid/nitrate, ammonia/ammonium.

1. Introduction

Knowledge of the dry deposition flux of different nitrogen and sulfur 
containing species is necessary for estimating the nitrogen and sulfur balance 
in forest ecosystems. However, there are substantial differences among the few

'Corresponding author
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existing data sets caused in part by differences in climatic conditions during the 
collection of the data.

Field studies carried out mostly during the last decade over forests have 
derived dry deposition velocities for gaseous ammonia ranging typically 
between 0.8 and 4.5 cm sec" 1 (.Andersen et al., 1993; Erisman et al., 1995; 
Duyzer et al., 1994; Wyers et al., 1995). In some cases emission was reported 
{Andersen et al., 1999). Dry deposition velocities for nitric acid determined in 
field studies are much higher {Janson and Granat, 1997) than had been 
estimated on the basis of theoretical and field studies {Baldocchl et al., 1992) 
due to the low canopy resistance of these species.

In the case of sulfur dioxide the dry deposition velocity measured over 
forests ranges between 0.05-3 cm s" 1 (Mennen, 1995). For aerosol particles, 
limited field studies {Erisman, 1995; Wyers, 1995) have obtained 
systematically higher deposition velocities than there were determined by 
theoretical calculations and wind tunnel experiments (Ruijgork et al., 1993 and 
Borrell et al., 1997).

The aim of this paper is to provide data set for dry deposition velocities of 
these compounds, to increase the available data based on experimental 
investigations.

2. Measurements and calculations

Gradient flux measurements were carried out in the Mátra mountains, Hungary 
(Nyirjes station) in a Norway spruce forest, during a field campaign in May 
1998. Characteristics of the measuring site are:

latitude =  47° 54’ N,
longitude =  19° 57' E,
altitude =  560 m a.s.l.,
type of vegetation: Norway spruce ( 8  ha),
surroundings: Pine, Beech,
average height: 16 m,
age 33-35 years,
leaf area index (LAI): 3.3.

Concentrations of gaseous and aerosol species were measured with 
parallel three stage filter packs, located at heights of 13 and 23 meters on an 
instrumented tower for 8  hour sampling periods, during day and night 
(corresponding to unstable and stable conditions). Since the average calculated 
displacement height was 12 m, the lower height (13 m) is also above the
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canopy layer, therefore the turbulent motions are not disturbed by the canopy 
between the two measuring heights. A total of 18 measurements were carried 
out partly during daytime, partly in the night. A Teflon filter collected 
particles on the first stage of the filter packs, and on the second and third 
stages Whatman filters with basic and acid coatings collected acidic (nitric 
acid, sulfur dioxide) and alkaline (ammonia) gases, respectively. 
Concentrations of ammonium ions were determined by spectrophotometry 
using the indophenol-blue method, while nitrate and sulfate ions were 
determined by ion chromatography. The bulk precision of sampling and 
analysis was determined by parallel sampling at the same (23 m) level. The 
results of 1 0  measurements show that the mean relative error of sampling and 
measurements for all components is around ± 5 %.

The eddy-diffusivity of heat was calculated from the measured wind and 
temperature profiles on the basis of the Monin-Obukhov similarity theory 
(.Horváth et al., 1998; Weidinger et al., 2000). The Monin-Obukhov length 
was calculated using the Richardson number derived from profile 
measurements and the universal functions for momentum and heat transfer (for 
details see Horváth et al., 1998). It was assumed that the average bulk eddy- 
diffusivity for the trace materials is same as for the eddy-diffusivity of 
momentum and heat transfer. The values of the heat (KT) were calculated on 
the basis of profile-flux relationship using the measured wind and temperature 
profiles. During the evaluation of the profile measurements the similarity 
theory provides the more appropriate estimations for the calculation of 
turbulent momentum and heat flux and hence for the calculation of the eddy- 
diffusivity (Weidinger et al., 2 0 0 0 ).

The eddy-diffusivity depends on the surface roughness as well as on 
meteorological conditions in the surface layer, especially the on stratification. 
During stable conditions (mostly during nighttime) the rate of exchange is 
generally lower, when the eddy-diffusivity is generally lower (0.3 m2 s '1) by a 
factor of three as compared to unstable conditions (0.9 m2 s_1 as an average, 
daytime). The eddy-diffusivity of the heat was considered as the measure of 
the turbulent exchange for all species. Stable and unstable cases were separated 
by the sign of the Richardson number.

3. Results and discussion

Dry deposition velocities of gases were calculated according to the gradient 
method. Concentration gradients of gases were multiplied by eddy- 
diffusivities. Eddy-diffusivities (KT) and concentration gradients were 
determined separately for unstable (mainly daytime) and stable (nighttime)
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conditions. Concentration differences between the two sampling heights ranged 
between 4 and 82 per cent as shown in Table 1. The precision of concentration 
measurements was determined to be about ± 5 per cent in field and laboratory 
tests. The mean eddy-diffusivities for unstable and stable stratifications were
0.89 and 0.17 m2 s_1, respectively.

Table 1. Deposition velocities, mean concentrations and 
mean concentration differences of gases and aerosols

C o m p o u n d P er io d
M e a n

d e p o s i t io n  v e lo c ity  
(c m  s “1)

M e a n
c o n c e n tr a t io n  

(n m o l m “1) 
23  m  13 m

M ean
co n cen tra tio n

d iffe r e n c e
(%)

HNO, day 1.9 + 0.4 11 8.1 27
night 1.3 + 0.1 2.7 0.5 82

NH3 day 3.7+0.4 28 18 35
night 1.1+0.1 16 8.2 47

S02 day 0.6+0.4 134 124 8
night 0 .3+0.1 59 49 18

N 03 day 6.9 4.8 30
night 12 7.6 37

NH„+ day < 0 .4+ 0 .4 68 72 6

night 82 78 4

s o 42 day < 0 .4+ 0 .4 54 51 6

night 51 49 5

According to the Table 1, in the case of nitric acid the deposition 
velocities for both unstable and stable conditions are similar, indicating 
substantial cuticular uptake. These figures are in the range of the deposition 
velocities collected by Baldocchi (1992), 0.5-5.0 cm s' 1 for deciduous forests 
on the basis of model calculations compared to experimental results. The 
deposition velocity provided by Janson and Granat (1997), 7 cm s_1 for coniferous 
forest, is substantially higher, suggesting that canopy resistance is higher than 
it was expected by these authors.

For ammonia, where the stomatal uptake is the dominant deposition 
process, the deposition velocity figure (Table 1) is about three times higher 
when stomata are open (daytime) than during nighttime. These figures are in a 
good agreement with other field measurements above forests: Andersen et al., 
1993: 2.6 cm s" 1 or 4.5 cm s“ 1 in the intensive vegetation period; Duyzer et al.,
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1994: 2-3 cm s’1; Erisman et al., 1995: 2.5 cm s’1; Wyers et al., 1995: 1.5-
4.3 cm s" 1 at night, 0.8-4.0 cm s" 1 in daytime, however the last authors did not 
found any difference between the deposition velocities during day and night 
hours. Andersen et al. (1999) pointed out the importance of ammonia emission 
from the forest, demonstrating that deposition dominates in the net flux when 
the ammonia concentration exceeds the compensation point.

The deposition velocity of sulfur dioxide is lower than that of nitric acid 
and ammonia during both stable and unstable conditions (Table 1). The sulfur 
dioxide deposition rate determined for forests ranges two orders of magnitude 
(Mennen et al., 1995: 0.05-3 cm s’1; Erisman et al., 1995: 1.5 cm s’1; 
Horvath et al., 1997: 0.6-1 . 6  and 0.2-0.34 cm s’1, during unstable and stable 
conditions, respectively).

As to the nitrate particles, annular denuder system (ADS) (cyclone, 
denuder tubes, filter pack) measurements made in parallel with the filter pack 
measurements show that nitrate particles are found mainly in the coarse 
fraction (Table 2). Therefore, the gradient method for determining the dry 
deposition of nitrate flux needs correction for the effects of gravitational 
settling.

Table 2. Share of nitrogen compounds in different phases in nmol m 3

P h a se N itr a te /n itr ic  ac id A m m o n iu m /a m m o n ia

Coarse particles 18 <2
d>2.5  m

Fine particles <2 188
d<2.5  m

Gas 12 26

In contrast, ammonium particles were found solely in the fine fraction 
(d<2.5 m). The majority of the total nitrogen, consisting of ammonia gas, 
nitric acid, and particulate nitrate and ammonium, was contained in the form 
of ammonium fine particles. The molar ratio of ammonium to sulfate in the 
samples was between 1 and 2 , i.e., sulfuric acid has been neutralized by 
ammonia to ammonium bisulfate or ammonium sulfate. Because ammonium 
(bi)sulfate was present mainly in the fine fraction, the gradient method is 
applicable provided gravitational settling can be neglected.

However, the average concentration difference between the upper and 
lower levels was between 4 and 6  per cent for ammonium and sulfate during 
both unstable and stable conditions. Considering the precision in sampling and
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measuring the concentrations with the filter pack method (about 5 per cent), 
and the precision (bulk relative error) of (estimated as 5-10 per cent) 
deposition velocities for ammonium and sulfate could not be determined. In 
Table 1 estimated limits for deposition velocities of ammonium and sulfate 
can be found. According to the measurements concerning forests the dry 
deposition velocity of these compounds are: 2.4 cm s" 1 for sulfate (Sanchez et 
al., 1993); 1.2-1.5 cm s_1 for ammonium particles over 0.8 m size (Wyers et 
al., 1995); 1-2 cm s' 1 for fine and 5 cm s" 1 for coarse sulfate and ammonium 
particles (Erisman et al., 1995). Different research groups agree with the high 
uncertainty of these figures {Lopez, 1994). Borrell et al. (1997) suggests over 
1 cm s' 1 deposition velocity of particles according to the re-evaluation of 
theoretical, wind tunnel and field estimations {Ruijgork et al., 1993). Our 
results contrast with most of these studies where relatively high ammonium 
deposition velocities were found suggesting that generalization of particle dry 
deposition field measurements is limited.
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Abstract—The sensitivity of transpiration, E, characteristics to areal variations of soil 
properties is analyzed. The study is performed by a deterministic model and a 
statistical-deterministic model. The core of the models is based on the Penman-Monteith 
concept. The transpiration characteristics are investigated in terms of analyzing the 
change of E  versus soil moisture content, 0, relative frequency distribution of E(0), and 
the algorithms for relating E  obtained for a homogeneous and an inhomogeneous areal 
distribution of 0. The heterogeneity of soil characteristics is considered in terms of soil 
texture, areal variation of 6, and areal variation of soil hydraulic parameters (field 
capacity and wilting point soil moisture contents). In the study sand and clay are used 
as soil textures. The soil hydraulic parameters are evaluated for both the North- 
American and Hungarian soils. In the simulations strong and weak atmospheric forcing 
conditions are used.

According to the results, transpiration characteristics seem to be most sensitive to 
the areal variation of 0. The E  characteristics are sensitive to the changes of soil texture 
and areal variation of soil hydraulic parameters at about the same rate, though the 
characteristics of the sensitivity are different. The analysis is valid when there are no 
advective effects and mesoscale circulation patterns. The results obtained can be useful 
for estimating area-averaged transpiration.

Key-words: transpiration, sand, clay, soil hydraulic parameters, heterogeneity, 
parameterization. 1

1. Introduction

A number of factors contribute to generate surface heterogeneity: (1) 
variability associated with surface type (e.g., vegetated surface, bare soil, 
inland water, snow, ice, urban area), (2 ) variability associated with terrain 
morphology (e.g., elevation, slope, and orientation), (3) spatial variability of
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climatic forcings (e.g., precipitation pattern on macro, -meso, and microscale, 
wind field), and (4) spatial variability of soil characteristics (e.g., soil color, 
soil texture, hydrophysical and thermal properties of the soil). Among the 
factors mentioned, we focus on the spatial variability of soil characteristics.

For evapotranspiration, among soil characteristics soil texture and soil 
hydrophysical properties are the most important (Ek and Cuenca, 1994). The 
spatial heterogeneity of these factors is pronounced. The spatial heterogeneity 
of soil texture is mostly represented by soil texture maps. The maps have 
different scales (for instance 1:100 000 or 1:500 000 scale) (Várallyay et al., 
1980), and they are based on different data sources (Mika et al., 2002). These 
data refer to soil surface layer. Subsurface soil texture data are rarely 
available. This missing information can be important in some cases, because 
soil evaporation is sensitive to the changes of soil texture not only in the soil 
surface layer but also in the soil subsurface layer {Acs and Löké, 2001a). 
Among soil hydrophysical properties, soil moisture content, 6, and the 
hydrophysical parameters (field capacity and wilting point soil moisture 
content, 6f  and 9W, respectively) are the most important. Soil moisture content 
shows spatial variability on both the microscale and macroscale (Robock et a l., 
1998). The macroscale variability of 6 is determined by the macroscale 
precipitation pattern. The microscale variability of 6 is observed on a few m2 

{Rajkai, 1991; Seyfried, 1998) and also on a few km2 {Nielsen et al., 1973; 
Bell et al., 1980; Hawley et al., 1983) of the soil surface. This inhomogeneous 
ö-field can be characterized by normal distribution {Erdős and Morvay, 1961; 
Bell et al., 1980). In the point and close vicinity of it, the variability of 6 can 
be neglected, therefore, the ö-fíeld is homogeneous. The hydrophysical 
parameters depend not only on soil texture but also on soil type. Therefore, 
they also depend on geomorphological characteristics of the location 
{Tomasella et al., 2000; Acs, 2002b; Acs and Drucza, 2003).

The impact of areal variations of these soil characteristics on 
evapotranspiration or transpiration is extensively investigated {Ek and Cuenca, 
1994; Boulet et el., 1999; Braud et al., 1995; Kim and Entekhabi, 1998; 
Giorgi, 1997a, 1997b; Mika et al., 2002; Ács, 2002a; Ács and Lőke, 2001b; 
Ács and Szász, 2002). In these studies, the impact of only one soil 
characteristic is analyzed. There is no study dealing with a comparative 
analysis between transpiration and all the three above mentioned soil 
properties: areal variation of 0, soil texture, and areal variation of soil 
hydraulic parameters. This comparative aspect is the novelty of this study. 
Such a comparative analysis would give an insight into the relative importance 
of the soil heterogeneity effects mentioned above.

In the study, we applied a diagnostic approach. The transpiration models 
for both the homogeneous and inhomogeneous areal distribution of 0 are based
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on the Penman-Monteith concept (Monteith, 1981; Acs and Hantéi, 1999; Acs 
et al., 2000a; Acs and Szász, 2002, Acs, 2002a). In the study, we assumed that 
there are no advective effects accompanied by occasionally observed internal 
boundary layers (Garratt, 1992; Hupfer and Raabe, 1994), and there are also 
no mesoscale circulation patterns induced by surface discontinuities. Then the 
atmosphere can be assumed to be horizontally homogeneous with constant 
meteorological boundary conditions above a certain level (Shuttleworth, 1988).

In this study I use terms homogeneous and inhomogeneous 6 rather than 0 
at the point and local scale as in the former studies (Acs et al., 2000b; Acs, 
2002a; Acs and Szász, 2002). I think the expressions “homogeneous 0" and/or 
“inhomogeneous 9 ” are more accurate than the expressions 0 at the “point” 
and/or “local” scale. Namely, there is no any specific length scale to separate 
the so called point and local scales.

Two model types are used for diagnozing transpiration: deterministic (D) and 
statistical-detrministic (SD) models. In the D-model there is no areal variation 
of 6, that is 0 is homogeneous over the surface area under consideration. In the 
SD-model, in contrast to the D-model, there is areal variation of 6, that is 0 is 
inhomogeneous over the surface area under consideration.

2.1 Deterministic model

In the model, we suppose that the vegetation canopy is completely closed, and 
that there is no interception. So the water vapor flux above vegetation is 
formed only by transpiration. The core of the model is based on the Penman- 
Monteith concept (Monteith, 1981) by the following equations:

2. Models



The latent heat flux is determined by Penman-Monteith's equation, and the 
sensible heat flux is obtained as residual from the energy balance equation. The 
surface and aerodynamic transfers are parameterized using a resistance 
representation. The aerodynamic transport is parameterized using Monin- 
Obukhov's similarity theory taking into account the atmospheric stability (Acs 
and Kovács, 2001). The surface resistance of vegetation canopy is 
parameterized by Jarvis (1976) formula. The moisture availability function, 
Fma, is expressed as simply as possible via soil moisture content <9(e.g., Eq.
(6 ) in Acs et al. (2001) or Eq. (35) in Acs and Hantéi (1998)), that is I used the 
77zeia-parameterization. The model is described in details in work of Acs and 
Szász (2002). A somewhat shorter description of the model is given in work of 
Czúcz and Acs (1999), Acs and Hantéi (1999), and Acs (2 0 0 2 a).

2.2 Statistical-deterministic model

The model consists of a deterministic submodel for estimating transpiration 
(see section 2 . 1 ), a statistical submodel for generating #as  a random variable 
(Wetzel and Chang, 1988), and a submodel for calculating the area-averaged 
E(9). As input it uses atmospheric boundary conditions, soil/vegetation 
parameters (roughness length, zero plane displacement height, leaf area index, 
moisture content at field capacity, and wilting point), and the averaged value 
and standard deviation of the soil moisture content. It is described in details in 
works of Acs et al. (2 0 0 0 b), Acs (2 0 0 2 a), and Acs and Szász (2 0 0 2 ), therefore, 
it will not be presented.

3. Numerical experiments

The numerical experiments are performed by both the deterministic and 
statistical-deterministic models for grass covered surface. The simulations are 
made for different atmospheric forcing conditions, soil textures, and soil 
hydraulic parameters. Concerning atmopheric forcing conditions, we 
distinguished strong and weak atmospheric forcings (Table 1).

Concerning soil textures, the simulations are performed for sand and clay. 
It has to be mentioned, that there are differences in the textural composition 
between the North-American and Hungarian soils. This is presented in Table 2. 
For sand, there are practically no differences. In spite of this, the differences 
between the North-American and Hungarian clay are somewhat greater. The 
silt and the clay fraction of the North-American clay is 20 and 58 percent. For 
Hungarian clay, the silt and clay fractions are 30 and 50 percent (Acs and 
Drucza, 2003). These differences are presumably caused not only by the
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differences in the geomorphological characteristics but also by the differences 
in the soil texture classification systems. A more detailed analysis of this 
subject can be found in the paper of Acs and Drucza (2003).

Table 1. Atmospheric forcing conditions

Variables Strong atmospheric 
forcing

Weak atmospheric 
forcing

Net radiation flux (W itT2) 700 300
Air temperature at reference level (°C) 25.8 25.8

Vapor pressure at reference level (hPa) 18.0 32.0

Wind velocity at reference level (m s '1) 6.0 2.0

Table 2. Average values of textural fractions in percentage for sand, loam, and clay 
of North-American and Hungarian soils

Soil texture Country Sand fraction Silt fraction Clay fraction

Sand Hungary 92 5 3
USA 92 5 3

Loam Hungary 52 26 22
USA 43 39 18

Clay Hungary 22 30 50
USA 22 20 58

The soil hydraulic parameters (field capacity and wilting point soil 
moisture contents) are chosen for parameterizations of Clapp and Hornberger 
(1978) (hereafter CH-parameterization) on one hand, and for parameterization 
of Varallyay et al. (1979) and Rajkai (1984, 1988) (hereafter VR- 
parameterization) on the other hand. The former parameterizations refer to 
North-American, while the latter parameterizations to Hungarian soils. The 
soil hydraulic parameter values for both the North-American and Hungarian 
soils are presented in Table 3. The values are presented for sand, loam, and 
clay assuming both the homogeneous and inhomogeneous areal distribution of
6. Note that the parameters for loam are also given in Table 2 and 3, although 
they are not used in the analysis. The 6hom, f - values, irrespectively of the 
parameterization used, are defined for K(0)  =0.1 mm/day. Similarly, the 
9hom,„-values are defined for log!/7!# )  =4.2, when *P(9 ) is given in cm water 
column height.
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Table 3. Boundary values of soil moisture content obtained for North-American 
(parameterization of Clapp and Hornberger (1978); briefly CH) and Hungarian 
(parameterization of Vdrallyay (1979) and Rajkai (1984, 1988); briefly VR) soils for 

sand, loam, and clay as soil textures

Boundary values of soil 
moisture content (nr1 m~3)

Sand Loam Clay

CH VR CH VR CH VR

nE'inhom, >v 0.03 0.02 0.08 0.08 0.15 0.14
n

horn, w 0.07 0.02 0.15 0.15 0.29 0.25
ec 0.09 0.06 0.18 0.20 0.31 0.30
dhom.f 0.14 0.15 0.24 0.31 0.37 0.40
n
'-'inhom.f 0.27 0.27 0.36 0.39 0.47 0.50
0 s 0.40 0.42 0.45 0.48 0.48 0.51

Abbreviations: 0Mom,w = the wilting point soil moisture content for inhomogeneous 0, 0 , =  
the wilting point soil moisture content for homogeneous 0, 0C = a soil moisture content value in 
the transition region for which Ehom(0c)= E inho„,(0c), 0komf = the field capacity soil moisture content 
for homogeneous 8, 8inhomj  = the field capacity soil moisture content for inhomogeneous 8, and 
0S = saturated soil moisture content.

During numerical experiments, 2 x 2 x 2  runs are performed using both the 
deterministic and statistical-deterministic models. Of course, the computation time 
of the latter model is much longer because of the generation of statistical variables.

4. Simulation results

Verification of E(0)  model based on Theta parameterization assuming 
homogeneous areal distribution of 6 is performed on the well known Cabauw 
data set from 1987 (Beljaars and Bosveld, 1997) . These results are presented 
in Acs and Szász (2002) and Acs et al., (2000a).

The transpiration characteristics are considered in terms of analyzing the 
change of E versus 6, relative frequency distribution of E{0), and the 
algorithms for relating E  obtained for homogeneous and inhomogeneous 6. 
These features are analyzed for both North-American and Hungarian soils 
using sand and clay as soil texture.

4.1 Analysis o f transpiration curves

The Ehom{6) and E,nhom(@) curves for strong and weak atmospheric forcing 
conditions are presented in Fig. 1 and 2, respectively. From the point of view 
of the inhomogeneity of 0 , the main characteristics are as follows:
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A r e a - a v e r a g e d  s o i l  m o i s t u r e  c o n t e n t  ( m 3 m '3)

0.07 0.13 0.19 0.25 0.31 0.37 0.43 0.49

A r e a - a v e r a g e d  s o i l  m o i s t u r e  c o n t e n t  ( m 3 m '3)

Fig. 1. Transpiration curve as obtained (a) by parameterization of Clapp and 
Hornberger (briefly CH-parameterization) (1) for sand and homogeneous 9 (black 
continuous line), (2) for sand and inhomogeneous # (black dashed line), (3) for clay and 
homogeneous 6  (grey continuous line), and (4) for clay and inhomogeneous 9  (grey 
dashed line); (b) by parameterization of Varallyay and Rajkai (briefly VR- 
parameterization) (1) for sand and homogeneous 9  (black continuous line), (2) for sand 
and inhomogeneous 9 (black dashed line), (3) for clay and homogeneous 9  (grey 
continuous line), and (4) for clay and inhomogeneous 0(grey dashed line). The curves 

refer to strong atmospheric forcing conditions. 1

( 1 ) the slope Shom=dEhom{0) /89  is greater than the slope Sinhom=8Einhom(0) /80  
in the transition region between the soil-controlled and atmospheric-controlled 
transpiration. This is caused because the transition region of Einhom(9) is much 
greater than the transition region of Ehom(9 ) .  (2) The greatest I Ehom(0) -  
Einhom(0) I differences appear at 0W and 9f  At 0W, Enhom(0) > Ehom(9), while at 0fi 
Emhom{0) < Ehom(0). The course of E(0)  curves for North-American loam is 
also analyzed in details in the paper of Ács and Szász (2 0 0 2 ).
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A r e a -a v e r a g e d  so il m o is tu r e  c o n te n t  ( in ' m ‘3)

Fig. 2. As in Fig. 1 but for weak atmospheric forcing conditions.

From the point of view of the soil texture, the general characteristics of 
the course of E(0)  curves are as follows: (1) Potential (high 0-values (0> Oj) 
and atmospheric control) and water-stressed (low 0 -values ( 0 < 6W) and soil 
control) transpiration does not depend on the soil texture. (2) The slope 
Shom=dEhom(6>) / 50 do not depend on soil texture, that is, Shoms=Shomc. In spite 
of this, Smhom=dEmhom{6) / 86  depends on soil texture, that is, SinhJ * S mhomc. 
The dependence of E(6)  curves on soil texture for North-American soils is 
also analyzed in details in the paper of Acs (2002a).

The course of E(0)  curves obtained for both the CH-parameterization 
(North-American soils) and VR-parameterization (Hungarian soils), separately 
for sand and clay is presented in Figs. 3 and 4, respectively. Inspecting the 
curves, the main characteristics are as follows: (1) The slope 
Shom.cH=dEhom, CH(0)ld6  is greater than the slope ShomVR = 8EhomiVR(6)/d0. (2) 
The potential and water-stressed transpiration are independent not only from 
the soil texture but also from the parameterization used. (3) The width of the 
transition region between the soil-controlled and atmospheric-controlled tran­
spiration is different for North-American and Hungarian soils (see Table 3).
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600

A r e a -a v e r a g e d  s o il  m o is tu r e  co n ten t (m 3 m ‘3)

Fig. 3. Transpiration curve as obtained (1) for homogeneous 6  using sand as soil 
texture and CH-parameterization (black continuous line), (2) for homogeneous 9  using 
sand as soil texture and VR-parameterization (grey continuous line), (3) for 
inhomogeneous 6 using sand as soil texture and CH-parameterization (black dashed 
line) and (4) for inhomogeneous 9 using sand as soil texture and VR-parameterization 

(grey dashed line). The curves refer to strong atmospheric forcing conditions.

Fig. 4. As in  Fig. 3 but for clay as soil texture.

The average width for all three textures is about 0.08 m3 irf3 for CH- 
parameterization, while the same parameter for VR-parameterization is about 
0.15 m3 irf3. The greatest differences between CH-parameterization and VR- 
parameterization appear for sand at 0hom w. In this case, the 9hom,w,CH-0 homwVRK
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0.05 m3 m"3. (4) The course of Etnhom CH{d) and Emhom VR(6)  curves are very 
similar; the differences between them are very small. The greatest differences 
(about 80-90 W m"2) appear for sand and strong atmospheric forcing in dry 
conditions (dhom,w-0 mhom,w region).

4.2 Areal variations o f transpiration

Areal variation of E(9) is analyzed inspecting its relative frequency distribution 
RF. The estimates are performed for strong atmospheric forcing conditions 
and two different ^„-values. The characteristic 0m-values are 6hom w (0.07 and 
0.02 m3 m 3 for sand and 0.29 and 0.25 m3 m 3 for clay) and 9hom} (0.14 and 
0.15 m3 m-3 for sand and 0.37 and 0.40 m3 m 3 for clay). The histograms of 
RFC[f  and RFCHc for 0hom f  and 6hom „-values are presented in Fig. 5a and Fig. 
5b, respectively. The histograms for VR-parameterization are shown in Figs. 
6a and 6b.

7 0  150 230 3 1 0  390 470 550
Latent heat flux (W m'2)
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Fig. 5. Relative frequency distribution of latent heat flux from vegetation as obtained by 
CH-parameterization using sand (light columns) and clay (dark columns) as soil texture for 
(a) 6homJ and (b) 6hom w The results are obtained for strong atmospheric forcing conditions.



The RF' and RFC are very similar. In dry regime (Om = Ohom w), the RF 
maximum is on the left hand side of the spectrum. In wet regime (0m = @homf), 
the RF maximum is on the right hand side of the spectrum. For both 
parameterizations, the greatest deviation between the peaks referrig to sand 
and clay appear at 0hom w (see Figs. 5b and 6b). For CH-parameterization, RF' 
shows unimodal, while RFC shows bimodal distribution. For VR- 
parameterization, both RFS and RF‘ show unimodal distribution.

Latent heat flux (W m'2)

Fig. 6. As in Fig. 5 but for VR-parameterization.

Inspecting RFCHS versus R F ^  and RFCHc versus RFvrc, the main 
characteristic is as follows: RFCH (excepting sand at 0homw) possesses a 
bimodal, while RF^  rather an unimodal distribution. Note that there is a 
difference between RFCHS and RFy^, though both relative frequency 
distributions are unimodal. It is hard to explain these ^-differences; they can 
presumably be related to the differences in soil moisture potentials obtained by 
CH- and VR-parameterizations (see Acs and Drucza, 2003).
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4.3 Aggregated soil moisture content

The aggregated soil moisture content 6ag is defined by

E(0ag) = (E(9m,a0)),  (6 )

where E(0ag) is the area-averaged transpiration calculated by the deterministic 
model using 0 , and <E(0m, a 0)>  is the area-averaged transpiration 
calculated by the statistical-deterministic model using 9m and a0. The 
relationship between 0ag and 0m can be obtained comparing Ehom(0) and 
E nm ity  curves (Figs. 1 and 2). The relationships obtained by such comparison 
refer to the transition zone of E (^-curves. The change of 9ag,cH> @ag,cH’ 
0agt vr ' ancl 9ag,vR versus 0m for strong and weak atmospheric forcing 
conditions is presented in Fig. 7.

A rea-averaged soil moisture content (m3 m"3)

A rea-averaged soil moisture content (m3 m'3)

Fig. 7. Aggregated versus area-averaged soil moisture content as obtained (a) by CH- 
parameterization for (1) sand, using strong atmospheric forcing conditions (dark 
squares), (2) sand, using weak atmospheric forcing conditions (dark triangles), (3) clay, 
using strong atmospheric forcing conditions (light squares), and (4) clay, using weak 
atmospheric forcing conditions (light triangles); (b) by VR-parameterization for (1) 
sand, using strong atmospheric forcing conditions (grey squares), (2) sand, using weak 
atmospheric forcing conditions (grey triangles), (3) clay, using strong atmospheric 
forcing conditions (light squares), and (4) clay, using weak atmospheric forcing 

conditions (light triangles).
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The relationship between 9ag and 0m is linear, while the relationship 
between 0 c and 9m is slightly non-linear. In all cases there is a dependence on the 
atmospheric forcing conditions. This dependence is weak in dry regime (9m<9c), 
but it is more stronger in the wet regime (9m>9c). This is in accordance with 
simulation results of Shao et al. (2001) made by a mesoscale atmospheric model.

The impact of atmospheric forcing conditions can be analyzed comparing 
9ag(9m) courses for strong and weak atmospheric forcing conditions. The 
differences between 9agtVR(9m) courses for strong and weak atmospheric 
forcings are greater than the differences between 9ag)CH(9m) courses for strong 
and weak atmospheric forcings. Therefore, the dependence on the atmospheric 
forcing conditions is stronger for VR-parameterization than for CH- 
parameterization. In spite of this fact, it has to be mentioned, that the course of 
9ag!cH ^J  >s Quite similar to the course of @ a g , Vr ( ^ h)-

5. Conclusions

The relationship between transpiration characteristics and areal variation of soil 
properties is analyzed. The transpiration characteristics are analyzed in terms 
of analyzing the change of E versus 9, relative frequency distribution of E(9) 
and the algorithms for relating E obtained for homogeneous and 
inhomogeneous 9. The heterogeneity of soil characteristics is considered in 
terms of areal variation of soil moisture content, soil texture, and areal 
variation of soil hydraulic parameters (field capacity and wilting point soil 
moisture contents). In the analysis, sand and clay are used as soil textures. The 
soil hydraulic parameters are evaluated for both the North-American and 
Hungarian soils. The North-American soils are represented by parameter­
ization of Clapp and Hornberger (1978), while the Hungarian soils by 
parameterization of Varallyay et al. (1979) and Rajkai (1984, 1988).

The transpiration for homogeneous 9 is evaluated by a deterministic 
model. The transpiration for inhomogeneous 9 is estimated by a statistical- 
deterministic model. The simulations are performed for strong and weak 
atmospheric forcing conditions. The results obtained can be summarized as 
follows:
• The slope of Ehom(9) curves in the transition zone is much greater than the 

slope of Einhom(9) curves, irrespectively of the parameterization and soil 
texture used. In spite of this, the course of EinhomCH(9) curves and 
E i n h o m , v r ( 0) curves are very similar. Further, the slope of Ehom(9) curves in 
the transition zone, potential and water-stressed transpiration is 
independent from the soil texture used.
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• The histograms of RFS and RFC for 0homf and 6hom w are very similar. The 
greatest deviations between them appear for sand in dry conditions. In 
most cases the RFCH possesses a bimodal distribution. In spite of this, the 
RFVK shows an unimodal distribution.

• The 6ag\0 m) relationship is linear, while the daf  (0m) relationship is 
slightly non-linear. In all cases there is a dependence on the atmospheric 
forcing conditions. This dependence is stronger for VR-parameterization 
than for CH-parameterization.
The results obtained are valid when there are no advective effects and 

mesoscale circulation patterns. In the latter cases the transpiration 
characteristics are more complex.

Acknowledgements—This study is partly financially supported by the OTKA Foundation, project 
number T-043695.

List o f  symbols

H -  sensible heat flux,
AE -  latent heat flux,
Я -  latent heat of vaporization of water,
Ae -  available energy of vegetation surface,
A  -  slope of saturated vapor pressure curve,
p  -  air density,
Se -  vapor pressure deficit,
ra -  aerodynamic resistance,
у  -  psychrometric constant,
rv -  surface resistance of vegetation canopy,
u . -  friction velocity,
L  -  M onin-O bukhov  length,
ur -  wind speed at reference height,
Tr -  air temperature at reference height,
cp -  specific heat of air at constant pressure,
g -  gravitational acceleration,
k -  von Karman constant,
f , f2 -  functions which depend on the stratification and choice of the universal functions,
Ѳ -  soil moisture content,
Ѳт -  area-averaged soil moisture content,
cts -  standard deviation of soil moisture content,
Ѳае -  aggregated soil moisture content,
Qag.cH/w ~ aggregated soil moisture content obtained by CH- or VR-parameterization,
Ѳаех н ,с ~ aggregated soil moisture content obtained by CH-parameterization for sand or clay,
eag VRS/C -  aggregated soil moisture content obtained by VR-parameterization for sand and clay,
6hom.w ~ homogeneous Ѳ at wilting point,
0homf -  homogeneous 0  at field capacity,
ѲМощ„ -  inhomogeneous 0  at wilting point, 
dimmj -  inhomogeneous Ѳ at field capacity,
&hom,w,cH/vR ~ homogeneous <9 at wilting point obtained by CH- or VR-parameterization,
@inhom,w,cHm -  inhomogeneous <9 at wilting point obtained by CH- or VR-parameterization,
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fynonf.cH/vR ~ inhomogeneous 0 at field capacity obtained by CH- or VR-parameterization,
E hoM  -  area-averaged transpiration flux in W m"2 for homogeneously distributed 9,
EMom(0) ~ area-averaged transpiration flux in W m“2 for inhomogeneously distributed 9,
Ehom,cH/vR -  area-averaged transpiration obtained by CH- or VR-parameterization for 

. homogeneously distributed 9,
EMwm chivr -  area-averaged transpiration obtained by CH- or VR-parameterization for 

inhomogeneously distributed 9,
Shom(9) -  slope of Ehom(9) transpiration curve in the transition zone between the soil-controlled 

and atmospheric-controlled regime,
S,nhom(8) -  slope of Einhom(9) transpiration curve in the transition zone between the soil-controlled

and atmospheric-controlled regime,
Shom. ch/vr -  slope of EhoJ9) transpiration curve obtained by CH- or VR-parameterization,
Sinhom,ch/vr -  slope of Einhom(8) transpiration curve obtained by CH- or VR-parameterization,
RF -  relative frequency distribution of E(9),
REch/vr -  relative frequency distribution of E(9) obtained by CH- or VR-parameterization,
RF,C -  relative frequency distribution of E(9) obtained for sand or clay
RFCHs,c -  relative frequency distribution of E(9) obtained by CH-parameterization for sand or clay.
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Abstract—There are several estimation methods to calculate daily global radiation using 
different input data. The Szász method uses the daily sum of sunshine hours, the 
Ritchie-Fodor method uses the daily thermal oscillation. It was investigated whether 
global radiation estimated by the Szász method or Ritchie-Fodor method can substitute 
the measured global radiation for biomass and yield predictions in the 4M crop 
simulation model. The reliability of estimated global radiation is much greater if the 
data is used for yield prediction than for biomass prediction. The global radiation 
estimated by the Szász method can substitute measured data in 4M and other CERES 
based crop models with 89-96% of reliability, when yield prediction is the goal. The 
Ritchie-Fodor method made less reliable radiation estimations. This method needs 
further development.

Key-words: radiation estimation, 4M crop model, yield predictions. 1

1. Introduction

The primary purpose of crop models is to describe the processes of the very 
complex atmosphere-soil-plant system using mathematical tools and to simulate 
them with the help of computers. The ultimate aim of using crop models, 
however, is to answer questions that otherwise could only be answered by 
carrying out expensive and time-consuming experiments.

In the year 2000 a workshop, called 4M, was set up within the new 
System Modelling Section of the Hungarian Soil Science Society, with the 
specific purpose of creating an easy-to-use package for modeling cropping 
systems. The 4M package was developed at RISSAC using predominantly the
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results of Hungarian scientists from various institutes in the country. The 
CERES model was chosen to be a starting point for this project, since it has an 
open source code, and several studies have proved its competence in 
describing the soil-plant-atmosphere system (Kovács et al., 1995; Németh, 
1996; Jamieson et al., 1998).

The accuracy of a crop model is judged mostly by how precise it is in 
estimating the production. The preciseness of a crop model is determined, on 
one hand, by the authenticity of the algorithms describing the processes of the 
real world, and on the other hand, by the quality of its input data. Even the 
“perfect” model would not be able to simulate the real processes precisely if 
inaccurate input data were fed into it.

Air temperature, global radiation, and precipitation are the key inputs for 
most crop models. In 4M, a number of calculations are based on the global 
radiation, such as soil evaporation, plant transpiration, and daily amount of 
photosynthesis. Despite of this, a considerable source of error is made while 
making direct measurements of solar radiation, all over the world. Accurate 
measured data is rarely available even in the United States. What adds to the 
difficulties of inaccuracy in Hungary is the limited number of the places where 
observations are made. This hinders the modelers in extending the spatial 
validity of crop simulation, which explains why modelers are interested in 
using estimated data instead of measured ones, that being the case when a 
good model is at hand for estimation, and easily accessible data are available. 
There are estimation methods to calculate daily global radiation using 
different input data: Angstrom, 1924; Szász, 1968; Bristow and Campbell, 
1984; Fodor et al., 2000; Donatelli and Bellocchi, 2001. The first two 
methods use the daily sum of sunshine hours, the other three use the daily 
thermal oscillation. In our present study it was investigated whether the global 
radiation estimated by the Szász method or Ritchie-Fodor method can 
substitute the measured global radiation in 4M (Fodor et al., 2003) crop 
simulation model. 2

2. Materials and methods

The 4M crop model was used for the test. Since the basis of 4M is the well- 
known CERES model, that was used as a starting point for several other crop 
models in the world, the result of this test gives relevant information for a 
wide range of scientists.

A daily global radiation estimation method was elaborated by Szász 
(1968). It calculates the daily global radiation from the daily sum of sunshine 
hours, depending on which month the observed day belongs to.
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R = 0.024347 VI C Q  ■ Gmax ,

where R is the daily global radiation (MJ m '2),
VI is the correction of Albrecht’s loss factor,
C is the ratio of sunshine and sunlit hours,
Q  is the length of sunlit period of a day (h),
Gnm potential value of daily global radiation (MJ m 2) .

( 1)

For a given day of the year, knowing the sum of sunshine hours, the values of 
VI, C, Q, and Gmax can be read from a table given by Prof. Szász.

The Ritchie-Fodor method (Fodor et al., 2000) uses the difference 
between the daily maximum and minimum temperatures for predicting the 
global radiation.

R = ETR ■ FCD ■ CDTOM, (2)

where R is the daily global radiation (MJ m"2),
ETR is the extraterrestrial radiation (MJ n r2),
FCD is the fraction of clear day (varies between 0 and 1),
CDT is the clear day transmissivity (varies between 0 and 1),
OM is the optical airmass (varies between 1.58 and 3.89 in Hungary).

Since ETR and OM are the functions of the latitude and day of the year solely, 
and CDT can be expressed as a function of the daily maximum temperature, 
and FCD can be expressed as a function of the daily thermal oscillation, with 
the help of Eq. (2) the daily global radiation can be estimated for a given 
location and day of the year -  knowing the daily maximum and minimum 
temperature.

The algorithms of the two procedures were incorporated into the 4M 
cropping model package, therefore, there is an option to select the measured or 
estimated data directly for model runs. The Szász method was tested using a 
twenty-year long (1968-1987) independent dataset coming from the 
meteorological station of Pestlőrinc, Hungary (Fig. 1).

Since the Ritchie-Fodor method was developed using the dataset from 
Pestlőrinc, it was tested on a different, independent, ten-year long (1970-1979) 
dataset from Debrecen (Fig. 2), that was offered by Prof. Szász.

We were not only interested in the direct comparison of the observed and 
estimated values, since it had already been done from a meteorological point of 
view. Rather, the focus of this study was to figure out the effect of errors of 
radiation estimations on the crop model outputs. The obvious aim of this is to 
see the expected reliability of the generated radiation data for those locations,
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where there was no observation of global radiation, but there was observation 
of sunshine hours or temperature, respectively.

Y ears

Fig. 1. The yearly sum of observed global radiation at Pestlőrinc, Hungary, 
during the studied period.

4800 -

1970 1971 1972 1973 1974 1975 1976 1977 1978 1979

Years

Fig. 2. The yearly sum of observed global radiation at Debrecen, Hungary, 
during the studied period.

A recent study on the sensitivity of crop models to the inaccuracy of 
meteorological observations (Fodor and Kovács, 2003) showed that the 
uncertainty caused by the errors of the measured global radiation can be up to 
6% and 11% for the calculated biomass and yield, respectively. These
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thresholds (acceptance limits) were used for deciding whether the radiation 
estimation is acceptable for the crop model or not. If the difference between 
the model resűlts obtained by using estimated and measured radiation is less 
than the above mentioned limits, the radiation estimation is said to be 
acceptable.

Since global radiation indirectly affects the water balance of the soil, two 
soil profiles, having different water regimes, were selected for the model runs: 
a calcaric chernozem soil on loam (Table 1) and a meadow soil on clay (Table 
2). Soil data were provided by the Research Institute of Soil Sciences and 
Agricultural Chemistry (Rajkai et al., 1981; Vár ally ay, 1987).

Table 1. Some characteristics of the loamy chernozem soil profile. Ks stands for hydraulic conductivity

H o rizo n
B u lk  d en sity

(g  c m '3)
H u m u s

(% )
K s

(cm  d '1)
S an d

(%)

S ilt

(% )
C la y
(%)

Ap 1 .4 9 4 .2 3 8 .8 2 17.7 6 0 .1 22.2
A 1.45 3 .6 9 4 .6 3 19.4 5 8 .1 2 2 .5

B 1 .32 2 .4 9 6 .3 3 18.1 5 7 .5 2 4 .4

BC 1 .3 2 0.00 6 .3 5 16.9 6 0 .1 2 3 .0

C 1 .43 0.00 3 .5 0 21.8 5 6 .4 21.8

Table 2. Some characteristics of the clayey meadow soil profile. Ks stands for hydraulic conductivity

H o r izo n
B u lk  d en sity  

(g  c m '3)
H u m u s

(%)
K s

(cm  d"1)
S a n d
(%)

S ilt
(% )

C la y
(%)

AP 1.22 4 .4 8 5 .9 6 6 .9 3 2 .4 6 0 .7

B1 1 .2 8 2.01 2 .3 8 8 .9 3 1 .6 5 9 .5

c 1 .4 8 0.00 0 .2 8 7 .3 4 7 .0 4 5 .7

The genetic parameters of the PÍ3978 cultivar (maize) were used as crop 
specific inputs. Each run started on the 1st of April, the initial water content of 
the soil profiles was set to 90% of the field capacity.

To test the Szász method, 80 model runs (one year -  one run) were made 
using the measured and estimated global radiation input of the selected 20 
years (Pestlőrinc: 1968-1987), on two soil types. Similarly, to test the Ritchie- 
Fodor method, 40 additional model runs were made (Debrecen: 1970-1979). 
For the simulated biomass and yield, the difference between the runs with 
measured and estimated radiation was calculated.
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3. Results

First, the measured and estimated global radiation values were compared for 
the two methods (Figs. 3-4). As one can see, the correlation coefficient is very 
high for the Szász method, even though it slightly underestimates the global 
radiation (Fig. 3). The correlation coefficient is much worse for the Ritchie- 
Fodor method, the dots on the graph are much more scattered. This method 
slightly overestimates the global radiation (Fig. 4). This does not come as a 
surprise since the connection between the global radiation and daily sunshine 
hours is much stronger than between the radiation and daily thermal 
oscillation.

35 1

Fig. 3. Measured and estimated (with the Szász method) global radiation values 
at Pestlőrinc, Hungary, 1968-1987.

Measured radiation (MJ m'2)

— I
35

Fig. 4. Measured and estimated (with the Ritchie-Fodor method) global radiation values 
at Debrecen, Hungary, 1970-1979.
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The 4M model was run for biomass and yield predictions using measured 
and estimated radiation. For the two soil types the same results were obtained 
cTable 3).

Table 3. Average difference between the run results with measured and estimated 
radiation as a percentage of the results obtained by using measured radiation.

The ± values stand for the confidence interval having a  = 0.05

M eth o d Soil ty p e B io m a ss  (%) Y ie ld  (% )

Szász Loamy 5.7 ± 2.1 8.9 ± 3.2
Ritchie-Fodor Loamy 10.3 + 3.6 15.7 ± 5.3
Szász Clayey 5.4 ± 2.1 8.4 ± 2.9
Ritchie-Fodor Clayey 8.7+ 3.9 11.8 ± 5.2

Taking the average difference for the two soil types, the Ritchie-Fodor 
method made unacceptable radiation estimations causing 9.5% and 13.8% 
“errors” in average in the calculated biomass and yield, respectively. That 
means that even the average differences (for the biomass and yield) are greater 
than the acceptance limits. There were only two years (20% of the cases), 
where the radiation estimations were acceptable for the loamy soil, and five 
years (50% of the cases), where the radiation estimations were acceptable for 
the clayey soil.

If we take the average difference for the two soil types, we can conclude 
that the Szász method made acceptably good radiation estimations causing 
5.6% and 8.7% “errors” in average in the simulated biomass and yield, 
respectively. Since these values are within the acceptance limits, this result is 
somewhat misleading. We calculated the level of confidences at which the 
whole confidence intervals are within the acceptance limits (Table 4).

Table 4. Level of confidences for the Szász method at which the whole confidence intervals are 
within the acceptance limits, and the corresponding percentages of the acceptable cases (years)

S o il ty p e B io m a ss Y ie ld

L oam y a  = 0.76 -> 62% a  = 0.22 ->• 89%

C la y ey a  = 0.60 -> 70% a  = 0.08 -> 96%

Only 62-70% of the radiation estimations were acceptable for biomass 
predictions and 89-96% for yield predictions depending on the soil type. The 
reason for this is that the Szász method slightly underestimated the global
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radiation at Pestlőrinc. Perhaps the method is not valid for this site, or the 
“radiating circumstances” have been changed since 1968.

We modified Eq. (1) by simply multiplying it with 1.08, so that the slope 
of the graph in Fig. 1 would be 1. The modified Szász method gave 100% 
acceptable radiation estimations for crop model input for Pestlőrinc.

5. Conclusions

Daily global radiation is one of the key inputs for most crop models. Since 
radiation is measured only in a few places, and the measurements are often 
loaded with errors, there is a great need for radiation estimators for crop 
models.

The reliability of estimated global radiation is much greater if the data is 
used for yield prediction than for biomass prediction.

Based on this study, the global radiation estimated by the Szász method 
can substitute measured data in 4M and other CERES based crop models with 
89-96% of reliability, when yield prediction is the goal. The Ritchie-Fodor 
method is not reliable for radiation estimations for crop models yet, it needs 
further development. Since temperature is measured at many more locations 
than sunshine hours, our group continues to work on the method.

The Szász method should be revisited, so that it would be a 100% reliable 
method both for yield and biomass predictions for the whole country. It should 
be recalibrated by using the latest databases of more meteorological stations 
from the country.
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