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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 -

9



(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

15



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

35



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 .

41



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

57



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,
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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

70



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
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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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