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In this study, the snow cover dynamics in Lithuania from 1961 to 2010 is analyzed. The 
spatial distribution of snow cover parameters, as well as intra-seasonal variability and 
long-term changes are evaluated. Snow survey results in the open field and the forest are 
compared. The Hess-Brezowski circulation form classification is used to link heavy snow 
cover accumulation or ablation events in Lithuania with the synoptic situations. The long-
term variability of the number of days with snow cover and its connection with large-scale 
atmospheric circulation patterns (AO and NAO) is also investigated. The decrease in the 
number of days with snow cover during the study period is determined throughout the 
whole territory of Lithuania. Meanwhile, changes in the maximum snow depth are not so 
unambiguous. The study results also show that large-scale atmospheric patterns strongly 
influence the snow cover regime.

Introduction

Snow cover is the most changeable land-sur-
face condition in boreal environments (includ-
ing polar- and mid-latitudes). The snow cover’s 
physical characteristics depend on the winter 
weather conditions. On the other hand, snow is 
not only a product of winter, but it is also one 
of the major climate-forming forces (Serreze 
and Barry 2005). Moreover, the snow albedo 
is a very important characteristic because it 
determines changes in the atmospheric boundary 
layer. Therefore, the characterization of snow 
cover became a very important issue in climate 
change trends in the 20th century (BACC Author 
Team 2008, Vaughan et al. 2013).

Snow is a common feature in the Baltic Sea 
Region every winter (BACC Author Team 2008). 

In Lithuania, diverse research into snow cover 
developed at the beginning of the 21st century 
(Bukantis et al. 2001, Galvonaitė et al. 2007). 
Rimkus and Stankunavichius (2002) investigated 
the trends of the snow’s characteristics. Research-
ers also analyzed the relations between snow 
conditions and atmospheric circulation (Gečaitė 
and Rimkus 2010) or the North Atlantic Oscilla-
tion (NAO) (Bartkevičienė 2003, Stankunavičius 
2004). Scientists from neighboring countries also 
investigated the snow cover’s relationship with 
atmospheric circulations (Jaagus 2006, Falarz 
2007, Draveniece 2009, Klavins and Rodinov 
2010). Nevertheless, snow cover variability anal-
ysis still has gaps in Lithuania and elsewhere.

Nowadays, snow analysis and research has 
a very wide spectrum of interests. Our research 
focuses on four aspects of snow cover vari-
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ability in Lithuania: (1) Spatial distribution and 
the intra-seasonal dynamics of snow cover, (2) 
atmospheric circulation conditions during inten-
sive accumulation and ablation processes, (3) 
long-term changes to the snow cover’s charac-
teristics, and (4) the impact of large-scale atmos-
pheric circulation on the snow cover.

There is a special interest in the spatial dis-
tribution and intra-seasonal dynamics of snow 
cover in the northern hemisphere (Brown 2000, 
Peng et al. 2013) and on a regional scale (Bed-
norz 2004, Kitaev et al. 2005, Bulygina et al. 
2009). Also, long-term changes in the snow 
cover’s characteristics (Bulygina et al. 2011, 
Peng et al. 2013) and the relationship between 
the snow cover and large-scale atmospheric cir-
culation (Cohen et al. 2007, Falarz 2007, Popova 
2007, Bednorz 2011, Falarz 2013) are frequently 
studied. The snow cover regime and its vari-
ability are very much dependent on NAO and 
Arctic Oscillation (AO) phases (Saito and Cohen 
2003, Bartolini et al. 2010, Allen and Zender 
2011, Kim et al. 2013), anomalies (Kitaev et al. 
2002, Seager et al. 2010), and regional differ-
ences (Bednorz 2002, Falarz 2007, Gečaitė and 
Rimkus 2010, Klavins and Rodinov 2010).

Moreover, researchers investigated physical 
snow pack characteristics in different landscapes 
(Pomeroy et al. 2002, Winkler et al. 2005, Jost et 
al. 2007, Varhola et al. 2010). The efficiency of 
metamorphic processes in open fields and forests 
(Andreadis et al. 2009, Veatch et al. 2009, Var-
hola et al. 2010), the variation of snow cover in 

different types of forests (Jost et al. 2007, Kitaev 
2013) and the impacts of forest interception 
on the snow-pack characteristics (Hedstrom and 
Pomeroy 1998, Winkler 2001, Talbot et al. 2006) 
are also being analyzed.

The climate is changing, and therefore a 
refreshment of snow cover trends and discover-
ing new characteristics is necessary. The main 
aim of this paper is to analyze the inter-annual 
and intra-annual dynamics of the snow cover’s 
characteristics in terms of climate change in 
Lithuania. We related the snow cover parameters 
to the NAO and AO indices and analyzed the 
atmospheric circulation impact on snow accu-
mulation and ablation processes. We also identi-
fied the snow cover’s characteristics in different 
landscape patterns.

Material and methods

Number of days with snow cover and 
snow depth

For an analysis of the snow cover’s characteris-
tics in Lithuania, we used the data from 17 mete-
orological stations (MS) (Fig. 1). The research 
covered the period from 1961 to 2010, except 
for Dotnuva MS, for which the period was 
1963–2010. We filled single gaps (less than 1% 
of all raw data was missing) in the station data 
sets with the values of the snow cover’s charac-
teristics calculated using the ratio method.

Fig. 1. The location of 
meteorological stations 
the data of which were 
used in the study and the 
type of snow survey infor-
mation in meteorological 
stations. Geographical 
regions of Lithuania are: 
1 = Coastal Lowland; 2 = 
Žemaičiai Highland; 3 = 
Middle Lithuanian Low-
land; 4 = Baltic Highlands.
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The Lithuanian meteorological stations carry 
out daily snow depth measurements, and also 
determine the percentage of the surrounding area 
(visible from the meteorological station) covered 
with snow. A day with snow cover is defined as a 
day when snow covers more than 50% of the sur-
rounding area. We calculated the average maxi-
mum depth of the snow for the period 1961–2010 
according to daily measurements. The annual 
maximum snow depth was evaluated as the maxi-
mum daily value of the cold season. In this study, 
we also evaluated the total number of days with 
snow cover, as well as the number of days when 
the snow depth exceeded 10 cm or 20 cm.

Snow surveys can give additional informa-
tion on the snow cover’s characteristics. A snow 
survey is an evaluation of the mean values 
of snow depth, snow density and snow water 
equivalent in a typical landscape along perma-
nent, 1–2-km-long transects. This means that 
the observational points do not vary much. If 
possible, the MSs make measurements in open 
fields and in forests. They carry out snow sur-
veys on the last day of each ten-day period when 
the snow covers more than half of the area and 
its depth exceeds 5 cm. The stations measure 
the snow depth in open fields every 20 m and in 
forests every 10 m, at 100 measurement points in 
total. They measure the mean snow density and 
snow water equivalent in open fields every 200 
m and in forests every 100 m, at ten measure-
ment points in total.

We analyzed the snow survey records from 
MSs for the period 1961–2010; 15 out of the 17 
stations carried out snow surveys in open fields, 
and 11 out of the 17 stations carried out surveys 
in forests. Nine stations made measurements in 
both open fields and forests (Fig. 1). We used 
data from these nine stations for comparison of 
the snow depth, density and snow water equiva-
lent dynamic in open fields and forests during 
the cold season. We calculated the average snow 
depth, density and snow water equivalent for 
each ten-day period from December to March. 
Although snow cover can build up earlier, such 
cases are quite rare and the number of measure-
ments was not sufficient to make a generaliza-
tion. The annual number of the analyzed snow-
survey records from each meteorological station 
depends on the snow conditions, and they vary 

from 1 (in very warm winters) to 15 (in very cold 
and snowy winters). The total number of the ana-
lyzed snow-survey records exceeded 4500. We 
also used a t-test for the purpose of evaluating 
the significance of the differences in mean values 
between open fields and forests. Test values with 
a probability p < 0.05 were considered to be sta-
tistically significant.

Classification of atmospheric circulation 
forms

We used the macro-circulation form classifi-
cation by P. Hess and H. Brezowski (Werner 
and Gerstengarbe 2010) for linking heavy 
snow-cover accumulation or ablation events in 
Lithuania with the prevailing synoptic situation 
schemes. This classification (1952) is one of the 
most widely used (Bartholy et al. 2007) based on 
large-scale atmospheric circulation patterns over 
the North Atlantic and European regions (Fig. 2).

The classification designed for central Euro-
pean synoptic patterns and circulation forms 
did not always correspond to the same situa-
tion over Lithuania. Therefore, the circulation 
forms were reviewed for Lithuania’s territory 
using a 500-hPa geopotential height (Fig. 2a) 
and sea-level pressure (Fig. 2b) schemes (North 
Atlantic sector). This classification distinguished 
three circulation forms, six weather types and 
29 weather condition subtypes (Table 1). The 
weather subtype U was marked only under 
unclassified conditions. The smallest units — 
weather condition subtypes — describe specific 
synoptic situation patterns every day. Macro-cir-
culation forms could be zonal, mixed or meridi-
onal (Bartholy et al. 2007, Werner and Gersten-
garbe 2010). A zonal circulation (weather type 
A) occurs when a clear west–east direction air 
mass flow forms between a subtropical high-
pressure zone over the North Atlantic and a low-
pressure zone forms over the sub-polar regions. 
A mixed circulation (weather types B, C) is typi-
cal for both zonal and meridional air mass flows. 
Stationary and processes blocking high-pressure 
(between 50°N and 60°N) form a meridional cir-
culation (weather types D, E, F). All north–south 
direction ridges are classified in this macro-
circulation form (Rimkus et al. 2011).
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In this study, we analyzed the period from 
1961 to 2009. All the cases when the mean snow 
depth in Lithuania increased or decreased by 
3 cm or more per day were classified into the 
corresponding weather type (Table 1). In Lithu-
ania, heavy snowfalls are usually associated with 
frontal system patterns — moist weather advec-
tion from the west (sometimes from the south), 
while thaws are associated with the advection of 
warmer air from the west and southwest, mostly 
in late winter (Galvonaitė et al. 2007). In total, 
there were 119 cases of strong snow accumu-
lation and 110 cases of strong snow ablation 
during the investigation period.

Long-term changes

We analyzed the dynamics of the annual maxi-
mum snow depth, the annual number of days 
with snow cover, as well as the number of days 
when the snow depth exceeded 10 cm or 20 cm 
in Lithuania during the period 1961–2010. We 
calculated the magnitude of changes of the snow 
cover’s characteristics by using a Theil-Sen esti-
mator (Helsel and Hirsh 1992). This method of 
slope calculation is more robust than the least 
square method due to its low sensitivity to outli-
ers. We applied the Mann-Kendall tests to deter-
mine the statistical significance (p < 0.05) of the 

Fig. 2. The example of weather condition WZ used in the P. Hess and H. Brezowski macro-circulation classification: 
(a) 500 hPa geopotential height, and (b) sea-level pressure (Werner and Gerstengarbe 2010).

a	 b

Table 1. Classification of weather types and conditions according to the P. Hess and H. Brezowski macro-circula-
tion classification for Lithuania (after Werner and Gerstengarbe 2010).

Circulation form	 Weather type	 Weather conditions

Zonal	A : Western	 WA, WS, WZ
Mixed	 B: Southwestern	S WA, SWZ, TRW, WW
	 B: Northwestern	HN Z, NWA;
	 B: High pressure centre	 BM, HM, SA, SEA
	C : Low pressure centre	N WZ
Meridional	 D: Northern	H B, HNA, NA, NZ
	E : Northeastern	H FNA, HFNZ, NEA, NEZ, TRM
	E : Eastern	H FA, HFZ
	 F: Southeastern	SE Z, TB
	 F: Southern	S Z, TM
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observed trends. The Mann-Kendall test is a tests 
widely used in environmental science because 
it is simple, robust and can cope with missing 
values and values below the detection limit. We 
used MULTMK/PARTMK software for calcula-
tions (Libiseller 2002).

Large-scale atmospheric circulation

Large-scale atmospheric patterns are one of the 
main factors determining winter snow condi-
tions. Lithuania is in the zone of influence of the 
North Atlantic (NAO) and Arctic (AO) oscilla-
tions. In this study, we determined the relation-
ships between the snow cover indices in the 
territory of Lithuania and the atmospheric circu-
lation indices from 1961 to 2010. The strength 
of the linear relationship was evaluated using the 
Pearson correlation (rP). Correlation coefficients 
with a probability p < 0.05 were considered to be 
statistically significant. The standardized NAO 
values (according to P. Jones) were taken from 
the University of East Anglia Climate Research 
Unit Database and the AO values were taken 
from the U.S. National Climatic Data Center 
Database. We divided the standardized AO and 
NAO values into three gradations (greater than 
0.5, between –0.5 and 0.5, and less than –0.5), 
and evaluated the spatial differences of snow 
cover parameters in Lithuania during different 
phases of oscillation.

Results

Spatial distribution and the intra-
seasonal dynamics of snow cover

Permanent snow cover in Lithuania usually 
forms during the second half of December and 
melts in mid-March. The average number of 
days with snow cover varies from 63–67 days 
in the southwestern part of Lithuania and the 
coastal region, to more than 100 days in the 
most eastern part (Fig. 3a). The greatest values 
of the coefficient of variation (CV of the annual 
number of days with snow cover exceeding 
0.4) were found for the southwestern part of the 
country, while the lowest (varying from 0.24 to 

0.27) were determined for the eastern part of 
Lithuania (Table 2).

The large variability in winter weather con-
ditions in Lithuania leads to fluctuations in the 
snow depth, the duration of the snow accumula-
tion period, as well as the thaw frequency. The 
maximum snow depth had a strong inter-annual 
variability. The high values of the variation coef-
ficient indicate a large instability in this param-
eter. In some areas CV exceeded 0.7, while in 
eastern Lithuania the values were lower. In most 
cases the maximum snow depth was observed 
in January or February (32% and 28% of cases, 
respectively) and less frequently in March (24% 
of cases) and December (14% of cases).

The average maximum snow depth in Lithu-
ania was very similarly distributed as the number 
of days with snow cover. The distance from the 
Baltic Sea and the absolute elevation mostly 
determined the distribution of the number of 
days with thick snow cover in Lithuanian ter-
ritory (Fig. 3b). On average, there were 18–49 
days when the snow depth exceeded 10 cm, 
and up to 25 days when it exceeded 20 cm. The 
greatest number of these days was in observed 
January and February.

The relatively warm sea in the winter has a 
major impact on the distribution of snow cover 
in Lithuania. The lowest values of the snow 
cover’s characteristics were found in the Coastal 
Lowland (Fig. 3). This effect was particularly 
strong in the first half of the winter. Higher 
values in Laukuva MS were due to the altitude 
of the station (Table 2). Besides that, more pre-
cipitation fell on the southwestern slopes of the 
Žemaičiai Highland. Both factors — the altitude 
and the distance from the Baltic Sea — explain 
the high values of the snow cover’s characteris-
tics in the Baltic Highlands.

We analyzed the snow depth, density and 
snow water equivalent dynamics in open fields 
and forests in Lithuania according to date from 
nine MSs (Fig. 1). According to the snow survey 
data, the snow depth in the open fields and for-
ests was almost the same (the difference in mean 
values did not exceed 1 cm) at the beginning of 
the snow accumulation period (December to first 
half of January) (Fig. 4a). Due to the impact of 
stronger winds in an open field, snow becomes 
denser and thinner than in a forested area, where 
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the snow is intercepted by the forest canopy. The 
effect of the forest canopy gradually becomes less 
strong because the maximum interception ability 
of the canopy layer cannot be exceeded during 
intensified snow accumulation. The amount of 
total solar radiation beneath the forest canopy 
is lower, which reduces the radiative melting 
of snow and snow evaporation. Consequently, 
during the second part of the snow accumula-
tion period, the snow cover in the forests was 
thicker (by 3–4 cm on average) than in the open 
fields, and this difference existed until the end of 
ablation (Fig. 4a). According to the t-test results, 
this difference was statistically significant (p < 
0.05) from the second 10-day period of January 
onwards (Table 3). It should be noted that from 

the forests, the snow disappeared approximately 
ten days later than from the open fields.

Throughout the entire cold season, the snow 
density was growing (Fig. 4b). During the accu-
mulation period, changes in the total snow den-
sity caused by variations in the internal structure 
of the snow were not significant due to the 
falling of new, low-density snow. The snow 
density varied from 0.18 to 0.23 g cm–3. During 
the second half of the season, the amount of 
snowfall gradually decreased and snow abla-
tion started. Snow melt was especially strong 
in March. During that time, the snow density 
reached its maximum (it usually exceeded 0.30 
g cm–3). During the whole season, the snow 
density in the open fields remained higher than 

Fig. 3. (a) The mean 
number of days with snow 
cover and the mean maxi-
mum snow depth, and (b) 
the mean number of days 
with snow depth above 10 
cm and 20 cm in Lithuania 
in 1961–2010.
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Table 2. Statistical parameters of the main snow cover characteristics and its annual changes in 1961–2010. Statis-
tical significant changes (Mann-Kendall test, p < 0.05) are set in boldface. CV is the coefficient of variation.

Location	A bsolute	N umber of days	N umber of days	M aximum snow depth (cm)
	 height	 with snow cover	 with snow cover above 10 cm
	 (m a.s.l.)	 	 	
		  Mean	CV	C  hange (p)	M ean	CV	C  hange (p)	M ean	CV	C  hange (p)

Coastal Lowland
  Klaipėda	 6	 63	 0.46	 –0.33 (0.255)	 20	 1.24	 –0.03 (0.551)	 13	 0.65	 0.02 (0.750)
 N ida	 2	 67	 0.48	 –0.29 (0.398)	 35	 0.96	 –0.07 (0.731)	 24	 0.77	 0.17 (0.295)
  Šilutė	 3	 71	 0.40	 –0.36 (0.216)	 28	 1.12	 –0.11 (0.530)	 16	 0.69	 –0.00 (1.000)
Žemaičiai Highland
 L aukuva	 165	 85	 0.36	 –0.31 (0.197)	 48	 0.75	 –0.67 (0.051)	 25	 0.57	 –0.04 (0.756)
 R aseiniai	 111	 89	 0.29	 –0.34 (0.192)	 33	 1.02	 –0.21 (0.314)	 17	 0.72	 –0.09 (0.244)
  Šiauliai	 106	 93	 0.28	 –0.48 (0.076)	 33	 0.95	 –0.11 (0.633)	 16	 0.62	 0.00 (0.854)
 T elšiai	 153	 92	 0.32	 –0.20 (0.427)	 39	 0.86	 –0.20 (0.525)	 20	 0.61	 0.05 (0.621)
Middle Lithuanian
Lowland
  Biržai	 60	 94	 0.27	 –0.43 (0.046)	 44	 0.76	 –0.50 (0.222)	 18	 0.57	 –0.05 (0.519)
  Kaunas	 76	 85	 0.28	 –0.24 (0.218)	 28	 1.00	 –0.06 (0.605)	 14	 0.57	 0.04 (0.669)
  Kybartai	 58	 68	 0.39	 –0.50 (0.065)	 18	 1.30	 0.00 (0.899)	 11	 0.73	 0.07 (0.299)
  Dotnuva	 69	 86	 0.32	 –0.54 (0.024)	 35	 0.87	 –0.47 (0.156)	 18	 0.64	 –0.18 (0.110)
  Panevėžys	 57	 90	 0.28	 –0.33 (0.099)	 33	 0.89	 –0.25 (0.393)	 16	 0.58	 0.03 (0.700)
  Ukmergė	 72	 82	 0.30	 –0.47 (0.032)	 33	 0.93	 –0.28 (0.202)	 16	 0.63	 –0.14 (0.244)
Baltic Highlands
 L azdijai	 133	 83	 0.30	 –0.20 (0.417)	 32	 0.95	 –0.35 (0.167)	 17	 0.71	 –0.09 (0.331)
  Utena	 105	 97	 0.25	 –0.50 (0.009)	 43	 0.74	 –0.71 (0.040)	 19	 0.54	 –0.11 (0.261)
  Varėna	 109	 95	 0.24	 –0.58 (0.005)	 49	 0.66	 –0.52 (0.160)	 22	 0.55	 0.00 (0.978)
 V ilnius	 162	 99	 0.26	 –0.48 (0.026)	 49	 0.68	 –0.80 (0.047)	 24	 0.54	 –0.13 (0.257)
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Fig. 4. (a) Snow depth (cm), (b) snow density (g cm–3), 
(c) snow water equivalent (mm) dynamics during the 
cold period of the year in Lithuania in 1961–2010 based 
on the data from 9 meteorological stations.
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in the forests (by 0.01–0.04 g cm–3). This dif-
ference was especially large after a snowfall. 
The wind speed was one of the most impor-
tant factors determining the snow density of a 
newly-formed snow cover. The snow density in 
the open fields after a snowfall was higher than 
in the forests because of higher wind speeds. 
According to the t-test results, the difference was 
mostly statistically significant until the end of 
January (Table 3). This density difference gradu-
ally decreased and almost disappeared at the 
beginning of the intensive melting period (Fig. 
4b). Since the snow melted faster in the open 
fields, the density of the snow also increased 
more quickly.

The changes in the snow water-equivalent 
during the cold season of the year were very 
similar to the changes in the snow depth (Fig. 
4c). We found a small difference (not exceeding 
4 mm) in the snow water equivalent between 
the forests and the open fields at the beginning 
of the snow accumulation period. Later, due 
to the above-mentioned reasons, this difference 
increased (up to 9 mm in the middle of March), 
but the it was slightly lower than in the case of 
the snow depth due to the greater snow density 
in the open fields. A statistically significant dif-
ference was determined for the last two 10-day 
periods of March (p values were equal to 0.01 
and 0.005, respectively) (Table 3).

The results of this study show that the effect 
of the forests was mainly due to the impact on 
radiative balance and the wind regime, as well as 
due to the snow interception by the forest cano-
pies. Therefore, in forested areas the duration of 
snow cover was longer and the snow density was 
lower than in the open fields.

Atmospheric circulation conditions 
during intensive accumulation and 
ablation processes

Our analysis shows that atmospheric circulation 
conditions for intensive accumulation and abla-
tion processes were quite different (Table 4). The 
probability of strong accumulation arises when a 
low-pressure system centre (type C) is over Lith-
uania and when the northern component (types 
B, D or E) prevails in the atmospheric circula-
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tion (Table 4). The occurrence of intensive snow 
accumulation tripled during type C (22%), as 
compared with that in the overall situation (7%) 
during the cold seasons from 1961 to 2009 in 
Lithuania. The zonal circulation (type A) is also 
responsible for sharp accumulation processes, 
though its recurrence was lower than the overall 
situation (25%) during the cold seasons. The 
main reason for this is that zonal circulation was 
the most frequent weather type in winter. The 
air mass temperature and moisture conditions 
determined to a large extent the precipitation 
intensity and phase (liquid or solid). The process 
(accumulation or ablation) also depends on the 
air mass flows and the development of frontal 
systems.

The western atmospheric circulation was the 
reason for half of the cases with strong ablation 
(Table 4). The most frequent weather condition 
WZ (type A) clearly illustrates intensive ablation 
processes in Lithuania, and its recurrence was 
even up to 34%. WZ is a form of zonal circula-
tion (Fig. 2a), when a highly-developed frontal 
zone extends from the British Isles across south-
ern Scandinavia and the Baltic Region towards 
eastern Europe (Werner and Gerstengarbe 2010), 
and the Lithuanian territory belongs to the south-
ern periphery of this cyclone (Fig. 2b). Ablation 
processes were also very active during weather 
type situations called “high pressure centers” 
(23%) and “southwestern” (15%).

Long-term changes to the snow cover’s 
characteristics

A large number of days with snow cover during 
the first three decades of the 1961–2010 period 
determined the negative changes to this indicator 
during this period in Lithuania. In many areas, 
the decrease in the annual number of days with 
snow cover exceeded 20 during this 50-year 
period. In 6 out of the 17 analyzed locations, the 
changes were statistically significant (p < 0.05) 
according to the Mann-Kendall test (Table 2). 
Meanwhile, statistically insignificant changes in 
the maximum snow depth were not so unam-
biguous. Negative tendencies dominated in the 
eastern part of the country, while in the west the 
maximum snow depth increased slightly.

We found a decrease in the number of days 
when the snow depth exceeded 10 cm (Table 2), 
but according to the Mann-Kendall test these 
changes were statistically significant (p < 0.05) 
at two stations only (Table 2). If the average 
number of days when the snow depth > 10 cm 
was higher than 40 in Lithuania at the beginning 
of the analyzed period, then at the end of the 
period this number decreased to 27. Negative 
changes in the number of days when the snow 
depth exceeded 20 cm were weaker (Fig. 5). This 
can be explained by the fact that in spite of the 
decline in the total number of days with snow 
cover, a high probability of heavy snowfalls 
remained. It is very likely that a relatively short-
term, yet quite thick snow cover would form.

Table 4. Frequencies (%) of different weather type occurrences over Lithuania during the strong accumulation 
(> 3 cm) and strong ablation (> 3 cm) events in 1961–2009.

Weather types	A ll days (November–April)	S trong snow accumulation	S trong snow ablation

A:	 Western	 25	 20	 50
B:	S outhwestern	 14	 8	 14
	N orthwestern	 3	 6	 2
	H igh pressure centre	 20	 7	 23
C:	L ow pressure centre	 7	 22	 0
D:	N orthern	 9	 14	 2
E:	N ortheastern	 11	 17	 4
	E astern	 4	 2	 2
F:	S outheastern	 3	 2	 1
	S outhern	 3	 2	 2
U*		  1	 0	 0
All		  100	 100	 100

* Subtype U was used for unclassified conditions.
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Fig. 5. Dynamics of the mean number of days with snow cover above 10 cm and 20 cm in 1961–2010 according to 
the data from 17 meteorological stations. Both trends are statistically insignificant.

Fig. 6. The mean number 
of days with snow cover in 
Lithuania and its changes 
per 50 years (1961–2010) 
according to the data from 
17 meteorological sta-
tions.

During different months of the cold period, 
the number of days with snow cover increased 
slightly in October and November and strongly 
decreased during the period from December to 
April (Fig. 6). However, statistically significant 
changes occurred only in April (p = 0.021). 
During the first half of the period under investi-
gation, snow often covered most of the country 
during a large part of March and sometimes in 
April, while during the last two decades of the 
investigation period such cases were rare due to 
the earlier melting of the snow cover. In October 
and November, a short-term snow cover usually 
did not form annually, but over the past two dec-
ades such cases have occurred more frequently.

The impact of large-scale atmospheric 
circulation on the snow cover regime

The strength and location of large-scale pressure 
centers (NAO, AO) have a significant impact 
on the weather in Europe, especially during the 
winter. The analysis of large-scale atmospheric 
pattern relationships with snow cover param-
eters in Lithuania showed that the number of 
days with snow cover correlates strongly and 
negatively with the values of the AO index (rP 
vary from –0.70 till –0.58) (Table 5). Moder-
ate and strong correlations between AO and the 
number of days with snow cover were found for 
January and February (rP varied from –0.70 to 
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–0.56), while for December a weak correlation 
was found for some locations only. In Decem-
ber, during a strong negative phase of AO when 
the meridian circulation prevails, the air mass 
temperatures can fluctuate a lot. Furthermore, 
local conditions (distance from the sea, absolute 
height, slope orientation) have a strong influence 
on the formation of snow cover at the start of the 
winter. The analysis of the correlation between 
AO and the maximum snow depth showed that 
this relationship was weaker than that between 
AO and the number of days with snow cover 
(Table 5). Moderate and week negative correla-
tions (rP varied from –0.45 to –0.33) between AO 
and the maximum snow depth were determined 
only for some parts of the country (Table 5). The 
maximum snow depth was often recorded after 
short and intense snowfalls, but this variable 
does not properly describe the conditions of the 
entire cold season.

We estimated that in 83% of all cases, the 
relation between the number of days with snow 
cover and the Arctic Oscillation was negative. In 
cases of maximum snow depth, this number was 
lower — 69%. A strong westerly flow (positive 
AO) from the Atlantic Ocean brings warmer and 
wetter air. Higher air temperatures and more fre-
quent rainfall events were recorded during these 
phases.

We also found a moderate and strong negative 
relationship between the NAO and the number 
of days with snow cover throughout Lithuania 
in 1961–2010. This relation was strongest in the 
southern part of the Žemaičiai Highland and in 
the eastern part of the country (rP varied from 
–0.66 to –0.58). Furthermore, this relationship 
was stronger in January and February than in 
December and March. In 69% of these cases, 
we recorded an opposite anomaly sign of these 
parameters during the analyzed period (slightly 
less than in case with AO). Particularly high 
positive NAO values were recorded between 
1988 and 1995, when there were winters with 
an especially small amount of snow in Lithu-
ania. The analysis of the correlation between 
the maximum snow depth and the NAO showed 
weak and moderate relationships in large parts of 
Lithuania (Table 5). In the Žemaičiai Highland, 
the average snow depth values were higher than 
in the surrounding areas due to the influence of 

the slope orientation to the prevailing air-flows 
and the impact of the absolute height. Even 
during strongly positive phases of the NAO, 
there was a greater probability of an intense 
snowfall. During the period under investigation, 
the number of cases in Lithuania when the NAO 
and maximum snow depth anomalies showed an 
opposite phases reached 63%.

We found that when the standardized AO and 
NAO index values were low (z < –0.5), there 
were smaller territorial differences in the number 
of days with snow cover (the mean range was 44 
days for AO and 46 days for NAO). When the 
index values were high (z > 0.5), the mean range 
increased to 61 and 62 days.

Discussions and conclusions

The results showed a decrease in the number of 

Table 5. The correlation coefficients between snow 
cover characteristics in Lithuania and Arctic Oscilla-
tion (AO) as well as North Atlantic Oscillation (NAO) 
indexes during cold season of the year (October–April). 
Statistically significant coefficients (p < 0.05) are set in 
boldface.

Location	N umber of days	M aximum snow
	 with snow cover	 depth (cm)
	 	
	AO	NAO	AO	NAO   

Coastal Lowland
  Klaipėda	 –0.58	 –0.49	 –0.17	 –0.37
 N ida	 –0.58	 –0.51	 –0.44	 –0.31
  Šilutė	 –0.62	 –0.51	 –0.39	 –0.35
Žemaičiai Highland
 L aukuva	 –0.65	 –0.61	 –0.17	 –0.27
 R aseiniai	 –0.66	 –0.60	 –0.24	 –0.47
  Šiauliai	 –0.69	 –0.58	 –0.11	 –0.46
 T elšiai	 –0.64	 –0.58	 –0.45	 –0.31
Middle Lithuanian
Lowland
  Biržai	 –0.70	 –0.57	 –0.22	 –0.48
  Dotnuva	 –0.67	 –0.54	 –0.03	 –0.39
  Kaunas	 –0.64	 –0.54	 –0.35	 –0.37
  Kybartai	 –0.65	 –0.55	 –0.33	 –0.34
  Panevėžys	 –0.69	 –0.60	 –0.16	 –0.33
  Ukmergė	 –0.65	 –0.54	 –0.27	 –0.46
Baltic Highlands
 L azdijai	 –0.57	 –0.55	 –0.42	 –0.54
  Utena	 –0.68	 –0.60	 –0.34	 –0.34
  Varėna	 –0.70	 –0.64	 –0.47	 –0.42
 V ilnius	 –0.68	 –0.66	 –0.31	 –0.51
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days with snow cover and maximum snow depth 
in Lithuania. The recent tendencies correspond 
to previous findings in Lithuania (Bukantis et al. 
2001, Rimkus and Stankunavichius 2002) and 
in the Baltic Sea Region (Bednorz 2004, Falarz 
2004, Draveniece et al. 2006, Jaagus 2006, 
BACC Author Team 2008). The mean duration 
of snow cover decreased by 17 days during the 
1961–2010 period, whereas the maximum snow 
depth decreased by 3.5 cm (Gečaitė and Rimkus 
2010). This coincides with the trends in tem-
perature change in Lithuania. A rapid rise in the 
air temperature occurred from January to April, 
while changes in June and October in some parts 
of Lithuanian were slightly negative (Mickevič 
and Rimkus, 2013). We determined strong and 
very strong correlations between the number of 
days with snow cover in December and Febru-
ary and the mean air temperature (rP varied from 
0.75 to 0.90). We found the strongest correla-
tion in the coastal area. In this area, the average 
winter temperature is close to 0 °C, so even 
slight changes in the temperature strongly affect 
the snow conditions.

The fluctuations in the number of days with 
the snow cover were very similar to those in 
the air temperature during the cold season in 
Lithuania (Galvonaitė et al. 2007, Gečaitė and 
Rimkus 2010). The ice-free Baltic Sea influences 
mostly the western and southwestern regions of 
Lithuania. This region is also affected more by 
the warm and humid air masses coming from the 
North Atlantic, which then gradually transform 
over the territory of Lithuania. The lower air 
temperatures during the cold season of the year 
in the eastern part of Lithuania lead to an earlier 
build-up of the snow cover and its prolonged 
duration.

We recorded the lowest mean maximum snow 
depth values in the coastal region and southwest-
ern part of Lithuania. To sum up, the distance 
from the warm Baltic Sea and the absolute height 
of the location were the two most important fac-
tors determining the features of the spatial distri-
bution of the snow cover in Lithuania.

It should be mentioned that very high mean 
values and rapid fluctuations in the snow depth 
were recorded at Nida MS, which is located in 
a narrow strip of land between the Baltic Sea 
and the Curonian Lagoon. The meso-scale cir-

culation features of this location are the cause; 
in spite of the influence of the warm sea, heavy 
snowfalls often occur and the snow depth fluctu-
ates significantly. As a consequence, the daily 
absolute maximum snow depth (82 cm; 14 
March 1980) in Lithuania was recorded in Nida 
during the period from 1961 to 2010.

The results of the comparisons between the 
open-field and forest snow cover are important 
to spatial planning, water resource management, 
fishery, forestry, ecology and wildlife conserva-
tion activities. Such information could be useful 
for snow-cover modelling (Koivusalo and Kok-
konen 2002, Andreadis et al. 2009, Varhola et al. 
2010). Most previous research focused on intra-
annual changes in the snow depth (Pomeroy et 
al. 2002, Kitaev 2013), the overall impact of 
forested areas on snow cover (Jost et al. 2009, 
Veatch et al. 2009, Varhola et al. 2010), and the 
influences of the forests’ structure and age on the 
accumulation and ablation processes (Winkler 
2001, Winkler et al. 2005, Talbot et al. 2006). 
Our research focused on the comparison of intra-
seasonal changes in the snow depth and density 
in the forests and open fields.

It is obvious that greater snow depths are 
observed in the forests than in the open fields 
over most of the cold period of the year in Lithu-
ania. The research and meta-analysis carried out 
by Varhola et al. (2010) showed that in most 
cases forest canopies reduce the amount of snow 
that accumulates on the ground. Most of the 
previous studies focused on regions with a stable 
growth of the snow depth throughout the entire 
accumulation period (Winkler 2001, Veatch et 
al. 2009, Kitaev 2013). Usually, ablation pro-
cesses affect the snow accumulation processes 
several times per season in Lithuania due to the 
warm weather advection from the west or the 
south (Rimkus et al. 2011). In such variable con-
ditions, the forests act as snow depth regulators, 
where the magnitude of changes is smaller than 
in the open fields.

The intensity of snow accumulation and abla-
tion depends on the atmospheric circulation over 
the Baltic Sea (Jaagus 2006, Klavins and Rodi-
nov 2010, Bednorz 2011, Falarz 2013). Strong 
accumulation processes over Lithuania are often 
associated with deep cyclone centers. Normally, 
a series of cyclones (low pressure systems below 
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Scandinavia) move from the Norwegian Sea 
across the Baltic Countries in a southeastern 
direction (Bukantis et al. 2001, Falarz 2007). 
Weather events with a “northern” component 
are also responsible for heavy snow accumula-
tion — cold air from the north moves beneath 
the existing warmer air over the territory, thus 
accelerating convection processes. Moreover, 
air masses travelling from the north are usu-
ally associated with snowfall (Draveniece 2009, 
Rimkus et al. 2011). In winter, if the temperature 
is slightly below 0 °C, a strong zonal cyclonic 
circulation with highly developed frontal sys-
tems and cloud brings snowfall responsible for 
rapid snow accumulation processes in the south-
ern Baltic Region. Contrary, during the early 
and late winter seasons, if the temperature is 
above 0 °C, a strong zonal cyclonic circula-
tion with highly developed frontal systems and 
cloud brings liquid precipitation (rain or drizzle), 
which is responsible for rapid snow ablation 
processes in this region (Bukantis et al. 2001). 
The anti-cyclonic circulation types accompanied 
by high air temperatures bring warm and sunny 
weather from the south, which are responsi-
ble for intensive ablation, especially during late 
winter in the southeastern Baltic Region.

The NAO and AO phases also influence the 
snow cover formation processes (Stankunavicius 
2004, Falarz 2007, Gečaitė and Rimkus 2010, 
Klavins and Rodinov 2010). The impact of the 
NAO and AO on the snow cover in Lithuania 
is strongest in January and February. Positive 
phases of the NAO and AO are associated with 
decreases in snow cover parameters. The same 
relationship is seen in most of eastern Europe 
(Bednorz 2002, 2009). During periods of high 
NAO and AO values, zonal circulations are more 
intense and the strongest influence of warm 
marine air masses falls on the western part of 
Lithuania (Bartkevičienė 2003). In such cases, 
there are greater territorial contrasts. During 
weak zonal circulations (low index values) and 
reduced impact of the warm sea, there is more 
evenly distributed snow cover over the terri-
tory of Lithuania (Gečaitė and Rimkus 2010). 
Many studies indicate that the NAO/AO–snow 
mechanism exists (Bartolini et al. 2010, Kim et 
al. 2013). The investigation results show that the 
Arctic Oscillation is the main driver for winter 

snow parameters in central Europe and investi-
gations suggest that the AO phase may depend 
on the extent of the snow cover in Siberia in 
October, which creates a feedback mechanism 
during winter and influences the winter snow 
cover regime in this region (Saito and Entekhabi 
2001, Cohen et al. 2007, Allen and Zender 
2011).

Acknowledgements: We greatly acknowledge the support of 
the Research Council of Lithuania (Grant Agreement CH-3-
ŠMM-01/05) for this research.

References

Allen R.J. & Zender C.S. 2011. Forcing of the Arctic Oscilla-
tion by Eurasian Snow Cover. J. Climate 24: 6528–6539.

Andreadis K.M., Storck P. & Lettenmaier D.P. 2009. Mod-
eling snow accumulation and ablation processes in for-
ested environments. Water Resour. Res. 45, W05429, 
doi:10.1029/2008WR007042.

BACC Author Team. 2008. Assessment of climate change for 
the Baltic Sea basin. Springer-Verlag, Berlin.

Bartholy J., Pongrácz R., Pattantyús-Ábrahám M & Pátkai 
Z. 2007. Analysis of the European cyclone tracks, the 
corresponding frontal activity, and changes in MCP fre-
quency distribution. In: Tveito O.E. & Pasqui M. (eds.), 
Proceedings from the 5th annual meeting of the Euro‑
pean Meteorological Society, Session AW8 –Weather 
types classifications, Utrecht, Netherlands, pp. 39–54.

Bartkevičienė G. 2003. Šiaurės Atlanto osciliacijos poveikis 
Lietuvos klimatui [The impact of North Atlantic Oscil‑
lation on the Lithuanian climate]. Ph.D. thesis, Vilnius 
University, Lithuania. [In Lithuanian with English sum-
mary].

Bartolini E., Claps P. & D’Odorico P. 2010. Connecting 
European snow cover variability with large scale atmos-
pheric patterns. Adv. Geosci. 26: 93–97.

Bednorz E. 2002. Snow cover in western Poland and macro-
scale circulation conditions. Int. J. Climatol 22: 533–
541.

Bednorz E. 2004. Snow cover in eastern Europe in relation to 
temperature, precipitation and circulation. Int. J. Clima‑
tol. 24: 591–601.

Bednorz E. 2011. Synoptic conditions of the occurrence of 
snow cover in central European lowlands. Int. J. Clima‑
tol. 31: 1108–1118.

Brown R.D. 2000. Northern hemisphere snow cover variabil-
ity and change, 1915–1997. J. Climate 13: 2339–2355.

Bukantis A., Gulbinas Z., Kazakevičius S., Kilkus K., Mike-
linskienė A., Morkūnaitė R., Rimkus E., Samuila M., 
Stankūnavičius G., Valiuškevičius G. & Žaromskis R. 
2001. Klimato svyravimų poveikis fiziniams geografi‑
niams procesams Lietuvoje [The influence of climatic 
variations on physical geographical processes in Lithu‑
ania]. Geografijos institutas, Vilniaus Universitetas, Vil-



350	 Rimkus et al.  •  Boreal Env. Res. V ol. 19

nius. [In Lithuanian with English summary].
Bulygina O.N., Razuvaev V.N. & Korshunova N.N. 2009. 

Changes in snow cover over Northern Eurasia in 
the last few decades. Environ. Res. Lett. 4, 045026, 
doi:10.1088/1748-9326/4/4/045026.

Bulygina O. N., Groisman P. Y., Razuvaev V. N. & Korshu-
nova N. N. 2011. Changes in snow cover characteristics 
over northern Eurasia since 1966. Environ. Res. Lett. 6: 
045204, doi:10.1088/1748-9326/6/4/045204.

Cohen J., Barlow M. & Kushner P. J. Saito K. 2007. Strato-
sphere–troposphere coupling and links with with Eura-
sian land surface variability. J. Climate 20: 5335–5343.

Déry S.J. & Brown R.D. 2007. Recent northern hemi-
sphere snow cover extent trends and implications for the 
snow albedo feedback. Geophys. Res. Lett. 34, L22504, 
doi:10.1029/2007GL031474.

Draveniece A. 2009. Detecting changes in winter seasons 
in Latvia: the role of arctic air masses. Boreal Env. Res. 
14: 89–99.

Draveniece A., Briede A., Rodinovs V. & Kļaviņš M. 2006. 
Long-term changes of snow cover in Latvia as an indi-
cator of climate variability. Proceedings of the Latvian 
Academy of Science, Section B 60(2): 85–91.

Falarz M. 2004. Variability and trends in the duration and 
depth of snow cover in Poland in 20th century. Int. J. 
Climatol. 24: 1713–1727.

Falarz M. 2007. Snow cover variability in Poland in relation 
to the macro- and mesoscale atmospheric circulation in 
the twentieth century. Int. J. Climatol. 27: 2069–2081.

Falarz M. 2013. Seasonal stability of snow cover in Poland 
in relation to the atmospheric circulation. Theor. Appl. 
Climatol. 111(1–2): 21–28.

Galvonaitė A., Misiūnienė M., Valiukas D. & Buitkuvienė 
M.S. 2007. Lietuvos klimatas [Lithuanian Climate]. 
Lithuanian Hydrometeorological Service, Vilnius. [In 
Lithuanian with English summary].

Gečaitė I. & Rimkus E. 2010. Sniego dangos režimas Lietu-
voje [Snow cover regime in Lithuania]. Geografija 46 
(1): 17–24. [In Lithuanian with English summary].

Hedstrom N.R. & Pomeroy J.W. 1998. Measurements and 
modeling of snow interception in the boreal forest. 
Hydrol. Process. 12: 1611–1625.

Helsel D.R. & Hirsch R.M. 1992. Statistical methods in 
water resources. Studies in Environmental Science 49, 
Elsevier, New York.

Jaagus J. 2006. Climatic changes in Estonia during the 
second half of the 20th century in relationship with 
changes in large-scale atmospheric circulation. Theor. 
Appl. Climatol. 83: 77–88.

Jost G., Weiler M., Gluns D.R. & Alila Y. 2007. The influ-
ence of forest and topography on snow accumulation and 
melt at the watershed-scale. J. Hydrol. 347: 101–115.

Kim Y., Kim K.-Y. & Kim, B.-M. 2013. Physical mecha-
nisms of European winter snow cover variability and its 
relationship to the NAO. Clim. Dynam. 40: 1657–1669.

Kitaev L. 2013. A short note on local snow cover variability 
in western Russia. BALTEX Newsletter 15: 9–10.

Kitaev L., Foerland E., Razuvaev V., Tveito O.E. & Krueger 
O. 2005. Distribution of snow cover over Northern Eura-
sia. Nord. Hydrol. 36: 311–319.

Kitaev L., Kislov A., Krenke A., Razuvaev V., Martuganov 
R. & Konstantinov I. 2002. The snow cover characteris-
tics of northern Eurasia and their relationship to climatic 
parameters. Boreal Env. Res. 7: 437–445.

Koivusalo H. & Kokkonen T. 2002. Snow processes in a 
forest clearing and in a coniferous forest, J. Hydrol. 262: 
145–164.

Klavins M. & Rodinov V. 2010. Influence of large-scale 
atmospheric circulation on climate in Latvia. Boreal 
Env. Res. 15: 533–543.

Libiseller C. 2002. A program for the computation of multi‑
variate and partial Mann-Kendall test. Linköping Uni-
versity, Linköping.

Mickevič A. & Rimkus E. 2013. Vidutinės oro temperatūros 
dinamika Lietuvoje [Dynamics of mean air temperature 
in Lithuania]. Geografija 49(2): 114–122. [In Lithuanian 
with English summary].

Peng S., Piao S., Ciais P., Friedlingstein P., Zhou L. & Wang 
T. 2013. Change in snow phenology and its potential 
feedback to temperature in the northern hemisphere over 
the last three decades. Environ. Res. Lett. 8: 1, 014008, 
doi:10.1088/1748-9326/8/1/014008.

Pomeroy J.W., Gray D.M., Hedstrom N.R. & Janowicz J.R. 
2002. Prediction of seasonal snow accumulation in cold 
climate forests. Hydrol. Process. 16: 3543–3558.

Popova V. 2007. Winter snow depth variability over northern 
Eurasia in relation to recent atmospheric circulation 
changes. Int. J. Climatol. 27: 1721–1733.

Pulliainen J. 2006. Mapping of snow water equivalent and 
snow depth in boreal and sub-arctic zones by assimi-
lating space-borne microwave radiometer data and 
ground-based observations. Remote Sens. Environ. 101: 
257–269.

Rimkus E., Kažys J., Bukantis A. & Krotovas A. 2011. Tem-
poral variation of extreme precipitation events in Lithu-
ania. Oceanologia 53(1–TI): 259–277.

Rimkus E. & Stankunavichius G. 2002. Snow water equiva-
lent variability and forecast in Lithuania. Boreal Env. 
Res. 7: 457–462.

Saito K. & Cohen J. 2003. The potential role of snow covers 
in forcing interannual variability of the major north-
ern hemisphere mode. Geophys. Res. Lett. 30: 1302, 
doi:10.1029/2002GL016341.

Saito K. & Entekhabi D. 2001. Evolution of atmospheric 
response to early-season Eurasian snow cover anoma-
lies. Mont. Weather Rev. 129: 2746–2760.

Seager R., Kushnir Y., Nakamura J., Ting M. & Naik 
N. 2010. Northern hemisphere winter snow anomalies: 
ENSO, NAO and the winter of 2009/10, Geophys. Res. 
Lett. 37: L14703, doi:10.1029/2010GL043830.

Serreze M.C. & Barry R.G. 2005. The Arctic climate system. 
Cambridge Atmospheric and Space Science Series. 
Cambridge University Press, Cambridge.

Stankunavicius G. 2004. North Atlantic influence on Lithu-
anian climate: effects of large-scale atmospheric circula-
tion. In: Skreslet S. (ed.), Jan Mayen Island in scientific 
focus, Kluwer Academic Publishers, The Netherlands, 
pp. 41–54.

Talbot J., Plamondon A.P., Levesque D., Aube D., Prevos 
M., Chazalmartin F. & Gnocchini M. 2006. Relating 



Boreal Env. Res. V ol. 19  •  Snow cover variability in Lithuania during the last 50 years	 351

snow dynamics and balsam fir stand characteristics, 
Montmorency Forest, Quebec. Hydrol. Process. 20: 
1187–1199.

Varhola A., Coops N.C., Weiler M. & Moore R.D. 2010. 
Forest canopy effects on snow accumulation and abla-
tion: An integrative review of empirical results. J. 
Hydrol. 392(3–4): 219–233.

Vaughan D.G. Comiso J.C., Allison I., Carrasco J., Kaser G. 
,Kwok R., Mote P., Murray T., Paul F., Ren J., Rignot E., 
Solomina O., Steffen K. & Zhang T. 2013. Observations: 
cryosphere. In: Climate change 2013: the physical sci‑
ence basis, Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Cli-
mate Change, Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA, pp. 317–382.

Veatch W., Brooks P.D., Gustafson J.R. & Molotch N.P. 
2009. Quantifying the effects of forest canopy cover 
on net snow accumulation at a continental, mid-latitude 
site. Ecohydrology 2: 115–128.

Werner P.C. & Gerstengarbe F.W. 2010. Katalog der Groß‑
wetterlagen Europas (1881—2009). PIK Report 119, 
PIK, Potsdam.

Winkler R.D. 2001. The effects of forest structure on snow 
accumulation and melt in south‑central British Colum‑
bia. Ph.D. thesis, University of British Columbia, 
Canada.

Winkler R.D., Spittlehouse D.L. & Golding D.L. 2005. 
Measured differences in snow accumulation and melt 
among clearcut, juvenile, and mature forests in southern 
British Columbia. Hydrol. Process. 19: 51–62.


