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Abstract
This study assesses the soil water storage in Poland over the years 2000-2015. Soil water storage (SWS) data 
were acquired from the GLDAS Noah model simulations. The specific objectives were to provide a quantitative 
assessment of the SWS in the soil layer of 0-50 cm depth to detect extreme stages of SWS, and to provide 
an insight into the effects of precipitation deficit or surplus on the stage of SWS. Extremely low SWS was 
detected to occur in August 2003, July 2006, and September 2015. Contrasting high SWS stages appeared 
in May and June 2010, caused by excessive precipitation. 
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Introduction

Soil water storage (SWS) plays a key role in the 
hydrological cycle through its impact on the 
partitioning of precipitation into infiltration 
and runoff at the surface-subsurface interface. 
It also controls the evaporation from the soil 
and transpiration from plants. In effect, the 
SWS influences the formation of floods and 
droughts. The effects of such extreme hydro-
logical events cause an excess or shortage 
of water in the natural environment (Jokiel 
2008; Kędziora et al. 2014; Romanowicz 

et al. 2014). In the face of these threats, the 
recognition of SWS is an important element 
of the assessment of water resources. In tem-
perate climate, the soil moisture cycle com-
prises the recharge of SWS during rainy events 
and its depletion by evapotranspiration during 
rainless periods. The period in which SWS in-
creases is named the ‘accumulating season’ 
and the period when soil water storage falls 
– the ‘declining season’ (Wu et al. 2015). In Po-
land, the accumulating season usually starts 
in October-November and ends in February-
March, while the declining season usually 
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occurs in April and lasts until September (So-
morowska 2015). In particular years these sea-
sons might be significantly shifted in time due 
to extreme meteorological conditions.

Soil moisture estimates can be derived 
from in situ measurements, satellite observa-
tions, or land surface modelling. In Poland, 
continuous in situ monitoring of surface soil 
moisture was launched in 2008 in the frame-
work of Agricultural Drought Monitoring, 
currently comprising twenty ground stations. 
This network provides valuable point data, but 
it is insufficient in and of itself for large-scale 
hydrological investigation. Soil moisture data 
derived from Earth observation satellites are 
available from the H-SAF (EUMETSAT Satellite 
Application Facility on Support of Operational 
Hydrology and Water Management – H-SAF). 
This product accurately captures soil moisture 
dynamics for a wide range of climatic and 
land surface conditions (e.g. Alberger et al. 
2012; Massari et al. 2015), although it has not 
been in use for long, as it started operations 
in January 2013. Given these limitations, the 
outputs from the land surface model simula-
tions are nevertheless recognized as the only 
available data for obtaining estimates of SWS 
for multiyear analyses on a national scale.

The Global Land Data Assimilation System 
(GLDAS) is generating a series of land surface 
state products, including soil moisture esti-
mates. The figures are simulated by four land 
surface models (Rodell et al. 2004; Rui 2011). 
Essential attributes of these data are regular 
time step (3-hour and 1-month), relatively high 
spatial resolution (0.25 degree), and availabil-
ity in near real-time. Several previous studies 
have compared GLDAS simulations to in situ 
observations (e.g. Dorigo et al. 2013; Zawadz-
ki & Kędzior 2014), satellite observations (e.g. 
Liu et al. 2009), and other model outputs 
(e.g. Diodato et al. 2014), with satisfactory 
agreement to a certain extent.

In this study, GLDAS Noah model simula-
tions of monthly soil moisture series are used 
for the examination of SWS over Poland in the 
years 2000-2015. The specific objectives 
were the following: (1) to provide a quanti-
tative assessment of SWS in the upper soil 

layers, (2) to detect extreme stages of SWS 
in 2000-2015, (3) to track temporal depletion 
and recharge patterns of the extreme stages 
of SWS, and (4) to provide an insight into the 
effect of precipitation deficit or surplus on the 
soil moisture stage. The study provides insight 
into months of the most extreme soil moisture 
stages linked to the dynamics of precipitation 
recharging in the upper soil layers.

Data and Methods

The soil moisture data were acquired from 
the GES DISC (Goddard Earth Sciences Data 
and Information Services Center) at NASA, 
through the Earth Observing System Data 
and Information System (EARTHDATA) for 
the period from November 1999 to October 
2015. The monthly GLDAS data in GRIB for-
mat were downloaded from online resources 
(http://hydro1.gesdisc.eosdis.nasa.gov/data/
s4pa/GLDAS_V1/). This data set contains 
a series of land surface parameters, includ-
ing soil moisture estimates simulated by the 
Noah model in the Global Land Data As-
similation System (GLDAS). Each data file has 
global coverage, consists of 1440 columns 
and 600 rows, and is stored in a geographic 
coordinate system. Soil moisture is expressed 
as the amount of water (in mm of water depth) 
present in a depth of a particular soil layer, rep-
resenting soil water storage (SWS). The SWS 
data used in this study have a 0.25 degree 
spatial resolution for the period from March 
2000 to October 2015 (Rodell & Beaudoing 
2007a). Additionally, data with a 1 degree 
spatial resolution were acquired for the pe-
riod from November 1999 to February 2000 
(Rodell & Beaudoing 2007b), to fill the data 
gap in the series in 0.25 degree resolution.

Monthly SWS data in GRIB format were dis-
played in the Xconv software (http://cms.ncas.
ac.uk/documents/xconv/index.html) as sin-
gle variables and converted into the NetCDF 
output format. For each month of the period 
from November 1999 to October 2015 three 
files were created, that is ‘soilm1’, ‘soilm2’ 
and ‘soilm3’ as they are originally named 
in the GLDAS Noah model. Data represent 
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SWS expressed in mm, in unevenly spaced soil 
layers with the following depth boundaries: 
0 to 10 cm (‘soilm1’), 10 to 40 cm (‘soilm2’), 
and 40 to 100 cm (‘soilm3’). Using the ‘Make 
NetCDF Raster Layer’ Tool in ArcGIS 10.2, 
raster layers with a global coverage were cre-
ated. Data files in 1.0 degree resolution were 
resampled into a 0.25 degree resolution using 
the ‘Resample tool.’ Raster data files were pro-
jected from the WGS84 into the Polish Coordi-
nate System, PUWG92, by using ‘Project Raster 
Tool.’ Then, using an analysis mask covering the 
territory of Poland, and the ‘Extract by Mask’ 
Tool, raster files of monthly SWS were created 
and processed further in ArcGIS. Further cal-
culations were done using the ‘Weighted sum’ 
Tool. SWS for the soil depth of 50 cm for a sub-
sequent month and subsequent year was calcu-
lated in mm according to the equation:
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where:
SWS50, m, n –  SWS in mm for soil depth of 50 cm 

for a subsequent month m 
and subsequent year n, 

soilm1m, n – SWS in mm for soil depth of 0-10 cm, 
soilm2m, n – SWS in mm for soil depth of 10-40 cm, 
soilm3m, n –  SWS in mm for the soil depth 

of 40-100 cm, 
0.1667 –  factor allowing determination 

of one-sixth of the SWS for soil depth 
of 40-100 cm.

Spatial patterns of monthly SWS were pre-
sented for selected dry and wet years both for 
the winter (between 1 November and 30 April) 
and summer (between 1 May and 31 October) 
halves of the hydrological years.

Following the equation (1), images (raster 
files) of multiyear monthly mean of SWS were 
derived from data for the hydrological years 
2000-2015, following the equation:
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where:
SWS50, m –  multiyear monthly mean of SWS in mm 

at soil depth of 50 cm for a month m, 

m – subsequent month of the year, 
n –  subsequent year of the period 2000-2015.
Then images (raster files) of multiyear season-
al mean of the SWS were elaborated for four 
periods of the hydrological year as follows:
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where:

SWS50, Nov–Jan, SWS50, Feb–Apr, SWS50, May–Jul and SWS50, Aug–Oct

–  multiyear seasonal mean of SWS in mm 
for soil depth of 50 cm for four periods lasting 
from November to January, February to April, 
May to July and August to October respectively. 

Using these four seasonal patterns, SWS 
images for Poland were elaborated and 
characterized.

In order to detect extreme stages of SWS 
in the hydrological years 2000-2015 at the 
national scale, in a first step an average of all 
cells in raster files of the SWS50, m, n was calcu-
lated using the ‘Get Raster Properties - Mean’ 
Tool and named as SWSA50, m, n. Then, to calcu-
late the anomaly for a particular month, the 
multiyear mean of the particular month’s av-
erage was subtracted from each SWSA50, m, n, 
as the following:
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where:
Anomaly50, m, n –  monthly anomaly of the SWSA50, m, n 

over Poland for the month m of the 
year n,
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SWSA50, m, n –  average of all cells in the raster 
files of SWS50, m, n for the month m 
of the year n (the average monthly 
soil water storage over Poland),

SWSA50, m –  multiyear mean of the SWSA50, m, n 
for a month m.

Extremely dry and wet months were detected 
based on the highest positive and negative 
anomalies in SWS. Then propagation of soil 
wetness condition was examined for anoma-
lous years, determining accumulating and 
declining seasons in the context of monthly 
precipitation.

Monthly precipitation data were acquired 
in NetCDF format from the Global Precipita-
tion Climatology Center (GPCC) at 0.5 degree 
spatial resolution for the years 1999-2013 
from online resources (ftp://ftp.dwd.de/pub/
data/gpcc/html/fulldata_v7_doi_download.
html) and were supplemented by the GPCC 
monitoring data product (GPCC MP) for the 
years 2014-2015 from the following source: 
ftp://ftp.dwd.de/pub/data/gpcc/html/gpcc_
monitoring_v5_doi_download.html (Schnei-
der et al. 2015a,b). The procedure of precipi-
tation data processing in ArcGIS was similar 
to the one described above that concerned 
SWS maps. Using the ‘Make NetCDF Raster 
Layer’ tool from the ‘Multidimension Tools’ 
toolbox, raster layers from a netCDF precipita-
tion variable were created for global coverage. 
Using a mask covering the territory of Poland, 
monthly precipitation maps were generated 
and the average monthly precipitation over 
Poland was determined for the hydrological 
years 2000-2015. Based on monthly values, 
the average annual precipitation over Poland 
for each hydrological year was estimated, 
and the multiannual mean precipitation was 
determined. 

In order to provide an insight into the ef-
fects of precipitation deficit or surplus on the 
soil water storage stage, the correlation be-
tween the SWSA50, m, n and antecedent precipi-
tation was investigated for the months of the 
lowest soil water storage (July, August and 
September). Antecedent precipitation was 
calculated for different accumulation periods, 
here presented at different time scales, from 

one to twelve months. In effect, one-month 
precipitation represents conditions from 
a particular month, while 3-month precipi-
tation represents accumulated antecedent 
precipitation for the 3-month period. The as-
sessment of correlation between antecedent 
precipitation and the soil water storage was 
aimed to provide the answer to the question 
which precipitation time scale gives the high-
est correlation with the average monthly soil 
water storage over Poland.

Results and Discussion

Mean seasonal patterns of soil water stor-
age vary significantly across the year (Fig. 1). 
High values of the SWS usually appear in the 
winter half of the hydrological year (Fig. 1A, 
1B), when water is gradually accumulating. 
In effect, the mean values for the season from 
February to April are relatively higher (Fig. 1B). 
During the next seasons, in the summer half 
of the hydrological year, which comprises the 
months from May to July (Fig. 1C) and from 
August to October (Fig. 1D), a decline in the 
mean seasonal soil water storage is ob-
served. Thereafter the seasonal soil water 
cycle is closed and starts from the beginning 
from November onward. Considering the av-
erage monthly soil water storage over Poland 
SWSA50, m, n, recharge of the soil water storage 
usually appears in months from October until 
February (the accumulating season), whereas 
from March until September (the declining 
season) a depletion of soil water storage is ob-
served (Fig. 2A).

In the examined period of 2000-2015, the 
driest conditions in the declining season were 
detected in August 2003, July 2006, March 
2014 and September 2015 (Fig. 2A). In these 
months relatively high negative anomalies 
of soil water storage (as calculated by Equa-
tion 7) were detected, reaching even -43mm 
in September 2015 (Fig. 2B). It is worth not-
ing that relatively dry conditions throughout 
the year 2015 were preceded by a drier than 
usual year 2014. Exceptionally high SWS 
appeared in May and June 2010 (Fig. 2A). 
In these months positive anomalies of SWS 
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Figure 1. Spatial distribution of the multiyear seasonal mean of soil water storage in Poland in the 
0-50 cm surface soil layer in the months: November – December – January (A), February – March – 
April (B), May – June – July (C), and August – September – October (D). Multiyear seasonal means were 
calculated for the hydrological years 2000-2015 according to the equations 3, 4, 5 and 6, respectively

Figure 2. The average monthly soil water storage over Poland (SWSA50, m, n) in the soil layer of 50 cm 
depth (A), and monthly anomaly of soil water storage (Anomaly50, m, n) over Poland calculated according 
to Equation 7 (B). Values were calculated for the hydrological years 2000-2015
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reached approximately 22mm and 25mm, 
respectively (Fig. 2B). A relatively wet summer 
was also observed in 2001, while in 2011 and 
2013 higher than average SWS appeared 
in selected months of the winter half of the 
year, extending from November until April.

Annual curve of monthly SWSA50, m evalu-
ated for the years 2000-2015 shows a clear 
seasonal pattern, with the lowest values of the 
order of 80 mm occurring in July, August and 
September (Fig. 3). The curve for 2003 dis-
tinctly differs from the aforementioned one, 
with SWSA50, m, n well above-average figures 
in the months from November until May, and 
SWSA50, m, n well-below-average figures in the 
months June-July-August-September (Fig. 3A). 
The annual curve for 2006 differs significantly, 
with anomalies, both negative and positive, 
occurring throughout the entire year (Fig. 3B). 
In contrast, the year 2010 was extremely wet 
with exceeding multiyear means in all months, 

with significant positive anomalies in May and 
June (Fig. 3C). The year 2015, in turn, was ex-
tremely dry, with negative anomalies occurring 
throughout the entire year (Fig. 3D) and the 
highest soil water storage deficiency in the con-
secutive months of July, August, and September.

In order to assess how closely soil water stor-
age responds to the amount of precipitation 
recharging the upper soil layers, annual pat-
terns of monthly precipitation were assessed. 
The average annual precipitation (AAP) over 
Poland varied in the years 2000-2015 within 
a broad range, between 480 mm in 2015 and 
758 mm in 2010 (Fig. 4A), respectively. The 
multiannual mean precipitation (MMP), esti-
mated as an arithmetical mean from the AAP 
sums, equals 631 mm. In years marked by ex-
tremely dry summer months, AAP equaled 
to 75% of MMP in 2003, 97% in 2006, and 
approximately 76% in 2015. Although in 2006 
the AAP was close to the multiannual mean 

Figure 3. Average monthly soil water storage over Poland (SWSA50, m, n) in 2003 (A), 2006 (B), 2010 (C), and 
2015 (D) as compared to the multiyear monthly mean (SWSA50, m) for years 2000-2015. Whiskers represent 
the maximum and minimum (SWSA50, m, n)  values



59Soil water storage in Poland over the years 2000-2015 in response to precipitation variability …

Geographia Polonica 2017, 90, 1, pp. 53-64

precipitation, it should be noted that preced-
ing accumulated precipitation in the period 
November 2005-July 2006 was approximately 
80 mm lower than the accumulated mean for 
these months, and in 2006 it was close to the 
respective values in 2003 and 2006 (Fig. 4b). 
Large intra-annual precipitation variabil-
ity and relatively low seasonal precipitation 
(as compared to the multiyear mean) appar-
ently led to less precipitation infiltrating the 
surface soil layers, resulting in dry soils and 
negative anomalies of SWS discussed above.

The effect of antecedent precipitation 
on the soil water storage stage in July, August 
and September is revealed by the correlation 

between the precipitation at different time 
scales and the SWSA50, m, n. The highest degree 
of correlation is found for 3-month anteced-
ent precipitation (Tab. 1). Longer time scales 
of precipitation do not increase the correla-
tion. Such seasonal response of soil water stor-
age to antecedent precipitation was formerly 
highlighted by e.g. Spennemann et al. (2014), 
although their analysis was conducted for soil 
layers of different depths and for standardized 
values of precipitation. Here it is shown that 
3-month antecedent precipitation might serve 
as a first proxy for determining the soil water 
storage stage in the summer, when the highest 
soil water deficits occur. However obviously, 

Figure 4. Accumulated averages of monthly precipitation over Poland in the hydrological years 
2000-2015 (A), and in years marked by extremely dry summer months (2003, 2006 and 2015) and ex-
tremely wet summer months (2010), (B)

Table 1. Correlation coefficients between SWSA and antecedent precipitation at different time scales

Time Scale 
(Months) 1 2 3 4 5 6 7 8 9 10 11 12

Correlation 
Coefficient 0.48 0.78 0.91 0.84 0.81 0.82 0.82 0.80 0.79 0.81 0.75 0.79
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Figure 5. Spatial patterns of monthly soil water storage in Poland in the 0-50 cm surface soil layer in the 
winter half (November until April) of the hydrological years: 2003, 2006, 2010, and 2015

precipitation alone does not fully explain SWS 
variability. Another important factor is evapo-
transpiration directly influencing dynamics 
of water stored in surface soil layers, highly 
dependent on meteorological conditions, veg-
etation, and soil hydraulic properties.

Spatial patterns of monthly soil water 
storage over Poland for selected hydrologi-
cal years are presented at figures 5 and 6. 

During all months of the winter half of the 
hydrological year 2003, SWS was slightly 
higher than the multiyear monthly mean val-
ues (Fig. 2, Fig. 5). From June onward, SWS 
decreased significantly, reaching extremely 
low values in August and September (Fig. 6). 
Anomalies (as calculated by Equation 7) for 
these months reached -21 mm, and -16 mm, 
respectively. They were caused by relatively 
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low precipitation. From November 2002 
to August 2003, the accumulated precipi-
tation was much lower than the multiyear 
mean of about 160 mm (Fig. 4B). This result-
ed in a widespread low SWS across Poland 
in August and September (Fig. 5). The area 
with SWS lower than 50 mm constituted ap-
proximately 3% of the country in June, 18% 
in July, 31% in August and 23% in September. 

It is worth noting that 50 mm of soil water 
storage in the soil layer of 50 cm depth is the 
equivalent of 10% of volumetric soil moisture 
which, for mineral soils, corresponds to the 
critical soil water content of limited availabil-
ity for plants. In effect the SWS below 50 mm 
should be considered as an amount charac-
teristic for soil water deficiency indicating ag-
ricultural drought.

Figure 6. Spatial patterns of monthly soil water storage in Poland in the 0-50 cm surface soil layer in the 
summer half (May until October) of the hydrological years: 2003, 2006, 2010, and 2015
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Much different spatial patterns of SWS oc-
curred in 2006. The highest negative anomaly 
(-23 mm) occurred in July with a widespread 
SWS lower than 50 mm, covering 44% of the 
national territory (Fig. 2, Fig. 6). It can be ex-
plained by relatively low precipitation in this 
month which accounted only for 26% of the 
multiyear monthly mean (Fig. 4b). However, 
as early as in August, due to extremely high 
precipitation of 157 mm (218% of the multi-
year monthly mean), the dryness was reduced. 
In the following months, in September and Oc-
tober, in most of country’s territory SWS was 
close to the multiyear monthly mean.

Extremely wet conditions appeared 
throughout the entire 2010 hydrological year 
(Fig. 2, Fig. 5, Fig. 6). Precipitation well above 
the multiyear monthly mean occurred in May 
(206%), June (88%), August (183%), and Sep-
tember (165%). This caused high positive SWS 
anomalies in the respective months, of order 
of 22-37 mm. Response in soil water storage 
imposed by the high precipitation recharge 
was still present in the beginning of the hydro-
logical year 2011 (Fig. 2).

Extremely dry conditions occurred through-
out the entire hydrological year 2015 (Fig. 2, 
Fig. 5, Fig. 6). The annual precipitation was 
only 76% of the multiyear annual mean, while 
3-month precipitation in the months July-
August-September reached only 64% of the 
multiyear 3-month mean. Decreased precipi-
tation recharge caused extremely low SWS (be-
low 50 mm) that affected 45% of the territory 
in July, 72% in August, 94% in September and 
14% in October. 

Overall, it is proven that soil water storage 
patterns vary significantly due to differences 
in seasonal and inter-annual precipitation, 
which impact soil water recharge. Symptoms 
of soil drought are the most prevalent in the 
summer half of the year, usually from July until 
September. However in particular years, due 
to long rainless periods, symptoms can extend 
over October and November (e.g. in the year 
2005). Moreover, symptoms of drought also 
appear in the winter half of the year. This 
happened in the years 2008 and 2014 (from 
January to March). Relatively high soil water 

storage stages appear in the winter half of the 
year, usually in February or March. However 
high SWS also occur in summer half of the 
year. Such a situation happened in 2010 and 
2013. In summary, it can be concluded that 
precipitation variability explains to a certain 
extent the variability in spatio-temporal pat-
terns of the soil water storage. Other factors, 
like air temperature and duration of rainless 
periods analyzed on a daily basis, might pro-
vide additional insight into the temporal be-
havior of soil water storage under drought 
conditions.

Conclusions

In this paper, data acquired from GLDAS Noah 
simulations have been used to investigate the 
spatio-temporal variability of soil water stor-
age over Poland in the years 2000-2015 and 
to gain knowledge regarding the precipitation 
conditions under which extreme SWS appear. 
Based on monthly spatial patterns of soil 
water storage, months in which dry and wet 
extremes appeared, were investigated. The fol-
lowing conclusions may be formulated:
1. Data acquired from GLDAS Noah simu-

lations provide insight into the spatio-
temporal patterns of soil water storage. 
The usefulness of the GLDAS data for 
mesoscale analysis has been shown. In fur-
ther research the performance of GLDAS 
simulations might be checked against op-
erational soil moisture products newly de-
veloped within EUMETSAT H-SAF, which are 
of comparable spatial resolution. 

2.  Soil water storage is usually recharged 
from October and November to February 
and depleted from March to September. 
This regularity is sometimes disturbed, 
depending on varying precipitation con-
ditions. Unusually high precipitation re-
charge occurred in 2010 causing SWS 
excess throughout the entire hydrological 
year. High SWS in May 2010 was preceded 
by late snow thaw, which occurred in the 
second half of March. As a result, signifi-
cantly high precipitation in May and June 
2010 resulted in particularly high SWS. 
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Contrasting low precipitation occurred 
in 2015, causing critical SWS of limited 
availability for plants and affecting 45% 
of the territory of Poland in July, 72% in Au-
gust, and as much as 94% in September. 
Relatively low SWS also appeared in Au-
gust 2003 and July 2006. 

3. The effect of antecedent precipitation 
on soil water storage stage in July, August 
and September was revealed by the corre-
lation between the precipitation at differ-
ent time scales and the average monthly 
soil water storage over Poland. The highest 
correlation was found for the 3-month an-
tecedent precipitation. 3-month antecedent 
precipitation can serve as a first proxy for 
determining the soil water storage stage 
in July-August-September, when the highest 
soil water storage deficiencies occur.

4. This study provides an insight into extreme 
soil water storage at a country scale. More 
detailed local studies might require a dis-
tributed hydrological modelling approach 
in a dense spatial grid, using local mete-
orological and soil characteristics.
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