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Abstract: In this work, the high-resolution spatial and temporal variability of precipitable water (PW)
over Poland is presented. PW is one of the key parameters of the atmosphere taken into account in
thermodynamic and radiation models. The daily PW values from years 2001-2010, calculated with
the use of the WRF model, were compared with PW from soundings. The WRF modeled PW is in
close agreement with measurements for the whole column of the troposphere and for individual
levels: below 1.5 km, 1.5-3 km, 3-6 km and 6-10 km. The best agreement is observed in the lower
part of the troposphere, especially for winter months. At the levels of 1.5 km to 10 km, the WRF
model overestimates the PW values throughout the year, whereas up to 1.5 km PW is underestimated.
The study shows an increasing trend of PW annual values between 1983 and 2010, but the trend
is statistically insignificant. A significant positive trend with a high Sen’s slope is observed for the
summer season up to 3 km in the troposphere, along with a significant negative tendency for spring.
The trends in PW over Poland and Central Europe identified in this study contribute to the ongoing
discussion on the observed climate changes.

Keywords: precipitable water; the Weather Research and Forecasting model; atmospheric soundings;
spatial variability; Poland

1. Introduction

Precipitable water vapor content (PW), also called integrated water vapor or integrated
precipitable water vapor, is an important parameter in the study of atmospheric processes.
According to the definition of the Glossary of Meteorology AMS [1], precipitable water
is the total atmospheric water vapor contained in a vertical column of air, expressed in
terms of the height to which that water substance would stand if completely condensed.
PW is commonly expressed in mm or kg-m’z. Bordi et al. [2] state that PW represents
the maximum potential precipitation and the supply of latent heat available to develop
and maintain storm processes. They underline, similarly as Tuller did earlier [3], that the
quantity of precipitation noted at meteorological stations is correlated with PW values, but
also with the initial degree of saturation of water vapor and the dynamic mechanisms that
provide the cooling necessary to produce saturation and trigger the droplets” growth. For
this reason, the correlation between precipitation amounts and precipitable water vapor of
air masses is not clear [2,4] and changes over seasons [5] or with land cover [6].

Precipitable water in the atmosphere influences not only the water balance by partici-
pating in cloud formation and precipitation, but it also plays an important role in shaping
the heat balance in the atmosphere, modulating radiation by processes of absorption, scat-
tering and reflection [7-11]. The newest results of analysis of atmospheric water vapor
radiative effects on shortwave solar radiation under clear skies [10] show that the reduction
of solar radiation reaches globally —80.2 W m~2 with a remarkable seasonal and spatial
pattern. From this point of view, the PW is an important element in solar forecasting and
historical solar database production. On the other hand, water vapor is an important
greenhouse gas that strongly absorbs the infrared and longwave range radiation [12-15].
Finally, the water in the atmosphere is the energy carrier, releasing or accumulating its
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resources during phase transitions, so it is a significant link in the energy exchange between
atmosphere and ocean. Therefore, the water content in the atmosphere is taken into account
in global and regional meteorological models [16-18]. In practice, PW is used to increase the
accuracy of weather forecasts [19-26] and explains the course and occurrence of extreme
weather events, such as heavy precipitation, violent storms, super-cell thunderstorms
and others [27-33]. Analyzing PW trends is also crucial because of the observed climate
change [16,18,32,34].

At a global scale, the main process controlling moisture content in the atmosphere
is evaporation over the oceans in tropical zones and atmospheric circulation [35]. Precip-
itable water is used to identify atmospheric rivers—that is, long, narrow and transient
corridors of strong horizontal water vapor being transported to a higher latitude, which
are typically associated with a low-level jet stream ahead of the cold front of an extratrop-
ical cyclone [36-38]. Atmospheric rivers can lead to heavy precipitation whenever these
systems are forced upward, either by mountains or by ascent in the warm conveyor belt.
The other is the integrated water vapor transport (IVT), which is dependent on both the
amount of moisture and the strength of the flow, and calculating it requires profiles of both
moisture and wind. The importance of IVT in extreme precipitation events and floods has
been analyzed in detail for the west coast of the USA [36,39,40]. Similar conclusions have
also been reached for Europe [41-44].

The number of methods for observation of PW has increased considerably during
the last decades and now includes optical ground-based and satellite soundings. These
modern techniques enable us to follow the quick changes in column water vapor content.
The use of a sounding balloon is the traditional method that allows for an accurate determi-
nation of precipitable water data [45-47]. Satellite methods using Atmospheric Infrared
Sounders [5,48,49] or methods based on slant observations of tropospheric delay of Global
Navigation Satellite System (GNSS) [50-53] are also commonly used. However, the limita-
tions of radiosonde data, as well as other observation techniques, for climate research is that
the derived PW is not homogeneous over long time periods due to calibration uncertainties
and sensor changes [54]. Due to its high cost [55], the density of the radiosonde measuring
stations and the frequency of measurements vary in space and are usually low (e.g., three
stations in Poland, each with two soundings per day). Data of PW derived from GNSS
observations may be affected by changes in the electromagnetic environment around the
antenna [54]. Advanced GNSS processing techniques also require external precise satel-
lite clock corrections consistent with orbits as well as precise models for undifferenced
observations required for precise point positioning [56]. For this reason, in recent years
the data from mesoscale atmospheric models have become a complementary alternative to
the measurements. With the development of global and mesoscale meteorological mod-
els (e.g., GFS, GEM, KNMI-HIRLAM, ARPEGE, ICON, HRES and ENS) and dynamical
downscaling techniques, the gridded data from these models have provided characteristics
of the spatial and temporal distribution of PW over large areas. This information is often
available at high spatial and temporal resolution [2,35,57]. Numerical weather prediction
models such as WRF have been tested in various regions, and they have turned out to be
very effective in the simulation of PW profiles [31,58].

Multi-year values of precipitable water content were used by Wypych et al. [35] to
identify and characterize humidity regions in Europe. According to this classification, the
area of Poland belongs to the mid-continental region, characterized by the largest moisture
content in the summer and moisture deficit in the winter, which complies with an earlier
characteristic of PW in Poland by Kozuchowski [59]. Wypych et al. [35] underline that
the moisture content at lower levels (850 and 950 hPa) largely depends on the properties
of the boundary layer (evaporation, temperature and its vertical structure), whereas in
the upper troposphere (500 hPa), it reflects the influence of atmospheric circulation on the
continental scale. Degirmendzi¢ and Kozuchowski [60] showed that the extreme values of
PW in Poland in the years 1958-2008 ranged from 1.9 mm to 41.0 mm, with an average of
15.9 mm. Maximum rainfall volume events in Poland occur under relatively high PW, but
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the height of these maxima are poorly correlated with PW. Thus, the amount of maximum
precipitation is primarily determined by the efficiency of precipitation processes [2]. The
maximum daily rainfall occurred at PW exceeding 30 mm [59].

Aside from the aforementioned very few reports, the studies of PW variability and its
trend over Central Europe and Poland are rare. This is due to the limited number of in situ
stations with traditionally long periods of data records for meaningful exploration of PW,
unlike other regions in the mid-latitude of the Northern Hemisphere. Preliminary results
of the spatial variability of PW over Poland on the basis of GNSS data were presented in
2021 [61], supported with a geostatistical modeling approach for spatial interpolation. In
our work, we have used high temporal and spatial resolution meteorological data, provided
by the WRF model, to present the long-term gridded climatology of PW over Poland. First,
we compare the modeled PW with measurements. Second, we analyze the trends in PW
and their seasonal changes. The analysis is conducted not only in relation to the whole
analyzed column of the troposphere (up to 5000 Pa), but also for individual levels at which
the characteristic atmospheric processes take place. According to the authors” knowledge,
this approach to PW data verification has not been previously presented in the literature.

2. Materials and Methods

The PW for this study was calculated for the period 1983-2010 with the use of the mete-
orological data from the Weather Research and Forecasting model (WRF) version 3.4.1 [62].
The model was run in reanalysis mode using three one-way nested domains covering
Europe (45 km x 45 km grid), Central Europe (15 km x 15 km) and Poland (5 km x 5 km).
All domains have 51 vertical layers. The temporal resolution was 3 h. ERA-Interim reanaly-
sis was used as boundary and initial conditions [63]. The model configuration was selected
after the running and evaluation of the model for the chosen test periods [64-66]. All
domains use the same options of physics as summarized in Table 1, but for the innermost
domain, convection is explicitly resolved [65]. The climatological analysis of PW concerns
all grid cells covering the area of Poland, with the spatial resolution of 5 km x 5 km.
The measurements for model evaluation are available from six stations of atmospheric
soundings: Leba, Legionowo, Lindenberg, Praha, Prostéjov and Wroctaw (Table 2). The
soundings are performed at 00 UTC and 12 UTC.

Table 1. The WRF model physics options used in this study.

do1 do2 do3
Short-wave radiation RRTMG [67]
Long-wave radiation RRTM [68]
Planetary boundary layer  Yonsei University scheme [69]
Cumulus convection Kain-Fritsch [70] Explicitly resolved
Microphysics Goddard [71]
Land surface model Noah land surface model

Table 2. Atmospheric sounding stations.

Nr Station Code b (N) A (B) Elevation [m a.s.l.]
1. Legionowo 12374 52.40 20.96 96

2. Lindenberg 10393 52.21 14.11 115

3. Leba 12120 54.75 17.53 6

4. Praha 11520 50.01 14.45 304

5. Prostéjov 11747 49.45 17.11 216

6. Wroctaw 12425 51.78 16.88 122
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Due to the limited quality of data from all radiosonde stations, the evaluation period
was performed for the years 2001-2010. For this period, all measuring stations used
radiosonde instruments produced by the Finnish company Vaisala—RS-92. The RS-92
sensors were calibrated in the CAL-4 calibration machine, which is the world’s most
advanced calibration machine for the mass production of sounding sensors [72]. The
uncertainties for radiosonde are £0.5 °C, £5% and +1 hPa for temperature, relative
humidity and atmospheric pressure, respectively [23,73]. All of the sounding stations have
calibration certificates, which are regularly renewed (every 2 years). The use of the same
sounding sensors at all stations throughout the entire analysis period (2001-2010) and the
same calibration techniques allowed for homogeneity of the entire measurement series.

The calculation of PW based on meteorological data from the WRF model was per-
formed at postprocessing stage, with the use of two tools implemented in NCAR Command
Languages [74]. The first function, wrf_user_getvar—with indicated variable pw—extracts
essential data from WRF outputs to calculate PW from the whole analyzed column of
the troposphere. The second function, prcwater_dp, additionally allows for limiting the
levels from which the specific values of humidity (kg/kg) and pressure layer thickness
(Pa) are taken to PW calculations. For this reason, the function was used to sum up the
precipitable water content (kg-m~?2) for individual levels above the ground: up to 1.5 km,
1.5-3.0 km, 3.0-6.0 km, 6.0-10.0 km and over 10.0 km. In mountainous areas, some peaks
exceed the height of the lowest layer (up to 1.5 km), and these grid cells were excluded
from the analysis.

The data for model evaluation were prepared using atmospheric sounding profiles
provided by the national weather services and available through the repository of the
University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html, accessed
on 1 January 2021). Radiosondes typically measure temperature t (°C), relative humidity
RH (%), and, in many cases, air pressure p (hPa). For the purposes of PW calculations,
comparable to those of the model, the formula by Pérez-Jordan et al. [23] was applied, with
the assumption of hydrostatic balance:

_10° gps

PW =
P8 Jpi

rdp  (mm), ey

where g is the Earth’s gravity (m-s?), ps and p; are the pressure levels at the surface and top
of the atmospheric column in hPa, r is the mixing ratio and dp is the difference in pressure
between the assumed levels. To calculate the PW for individual heights, the ps and p; values
were taken from the measurement heights closest to the assumed levels. The ideal gas
law and Dalton’s law of partial pressures was applied to the formula of the mixing ratio,

resulting in
e

r=0622(——) @)

where the coefficient 0.622 is the ratio of molar masses of water vapor and dry air, and e is
the partial vapor pressure that was obtained from the definition of relative humidity as

RH

€= esutﬁ

(hPa), ®)
where ey (hPa) is the saturation vapor pressure.

The procedure described above was used to calculate the PW for an air column
covering the entire measured troposphere, but also for individual levels above the ground:
up to 1.5 km, 1.5-3.0 km, 3.0-6.0 km, 6.0-10.0 km and over 10.0 km.

The WRF modeled PW was compared with PW calculated using radiosonde data. The
model-measurement agreement was summarized using the Pearson correlation coefficient
(with confidence level = 0.95) and root mean square error (RMSE). The statistics were
calculated separately for individual levels, months and seasons. Because of the need to
normalize the values, the RMSE was analyzed in comparison to the monthly and seasonal
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averages and standard deviations of PW values. RMSE,yg was calculated as the percentage
share of the RMSE value in the average PW value. For spring, the data from March to
May were analyzed, for summer—from June to August, for autumn—from September to
November and for winter—from December to February. All calculations were performed
using R statistical software [75].

All maps of PW and the calculations of seasonal and monthly means (AVG), standard
deviation (SD) or variability coefficients (VC—percentage value of standard deviation ratio
to the average value) of PW values calculated from the WRF data for selected grids and for
the area of Poland were prepared with the use of a standard postprocessing function in
NCAR Command Language. Using the statistical function trend_manken, the Mann-Kendall
test for monotonic trends of PW times series were carried out and Sen’s slope estimators
were calculated. The trend analysis was performed based on the annual and seasonal PW
means and annual maximum values.

3. Results
3.1. Model Evaluation

WRF modeled PW is compared with radiosonde data in Table 3 and Figure 1. The
Pearson correlation coefficient reaches 0.97 for the whole analyzed period 2001-2010, with
RMSE of 2.1 mm, which constitutes 13.6% of the average value of PW from sounding
and about a quarter of the PW standard deviation accordingly. The smaller correlation
coefficient is noted in summer months (0.92), with RMSE reaching 12.8% of the average
value of PW, and the highest in autumn and winter (0.97 with RMSE,yg of 10.96% and
12.6% accordingly). Annual courses of PW standard deviation from sounding and from
WRF model are very similar (Figure 2). However, the WRF model overestimates the values
of PW throughout the year. The highest overestimation, reaching almost 2 mm in monthly
means is observed in summer and spring months (Figure 2). Observed dependencies are
characteristic for all analyzed stations with small differences between them (Figure 1).

Table 3. Pearson correlation coefficients (R?) and root mean square error in mm (RMSE) and % of
PW average value (RMSEayg) between PW data from WRF model and soundings. AVG—values of
averages; SD—standard deviation of PW from soundings; N—number of observations.

R? (-) RMSE (mm) RMSE,yg (%) AVG (mm) SD (mm) N
Years 2001-2010 0.97 2.10 13.62 15.42 8.06 38,689
Spring 0.96 1.96 15.14 12.95 5.86 9800
Summer 0.92 3.08 12.80 24.07 6.84 9586
Autumn 0.97 1.74 10.96 15.88 6.25 9653
Winter 0.97 1.12 12.60 8.89 4.08 9650

Evaluation of PW for individual tropospheric levels shows differences between values
from the model and from the soundings (Figures 3 and 4). The highest Pearson correlation
coefficient, reaching 0.91, is observed for the level up to 1.5 km and between 3.0 and 6.0 km
(Table 4). RMSE,yg for these levels does not exceed 23% and 44% of the average values
of PW accordingly. At the levels of 1.5 to 3.0 km, RMSE,yg ranges between 40 and 50%,
and from 6.0 km to 10 km exceeds 65%. The Pearson correlation coefficient in summer
months is the lowest for all analyzed tropospheric levels, especially in the lower parts (up
to 3.0 km), for which the R? does not exceed 0.70 (Table 4).
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Figure 1. Comparison of PW data from the WRF model and data from atmospheric soundings
between 2001 and 2010 in seasons.
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Figure 2. Monthly means (AVG) and standard deviation (SD) of PW (mm) from the WRF model and
from soundings for the whole column of the troposphere in the years 2001-2010.
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Figure 3. Monthly mean (AVG) and standard deviation (SD) of PW (mm) from the WRF model and
soundings for individual levels of the troposphere in the years 2001-2010.

At the levels of 1.5 km to 10 km, the WRF model overestimates the PW values through-
out the year, whereas up to 1.5 km it mainly underestimates them (Figures 3 and 4). For
April to July at the level up to 1.5 km, the differences between modeled and observed PW
are the smallest. For the remaining months, the WRF model underestimates PW values
(up to 0.5 mm in monthly means). For the upper tropospheric levels, the overestimation
of PW values by the WRF model is mostly visible at the highest level from 6 to 10 km. At
these heights, the differences between WRF and sounding monthly means constitute 38%
to 50% of the observed monthly means of PW. The differences in monthly means at the
levels of 1.5 km to 6 km are lower and vary between 8% and 26% of the observed monthly
values. At the level up to 1.5 km, the differences in PW means do not exceed 10% of the
real PW means.
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Figure 4. Comparison of PW data from WRF model and data from atmospheric soundings between
2001 and 2010 at individual levels: below 1.5 km, 1.5-3 km, 3-6 km and 6-10 km.

The annual courses of PW standard deviation from soundings and from the WRF
model are very close at the tropospheric levels from 1.5 km to 6 km (Figure 3). At the level
up to 1.5 km, the standard deviation from the WRF data is a smaller than from soundings,
whereas at the highest part of troposphere above 6 km, it is larger. The values of SD from
the WRF model at the level of 6 to 10 km for winter months are almost the same as the
monthly means of PW from soundings (Table 4).
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Table 4. Pearson correlation coefficients (R?) and root mean square error in mm (RMSE) and % of
PW average value (RMSEavg) between PW data from the WRF model and soundings for individual
troposphere levels. AVG—values of averages and SD—standard deviation of PW from soundings.

2001-2010 Spring Summer  Autumn Winter

R? 0.91 0.87 0.70 0.87 0.89

RMSE (mm) 1.83 1.64 2.48 1.79 1.20

up to1.5km  RMSE,ys (%) 20.70 21.33 18.89 19.39 22.35
AVG (mm) 8.84 7.69 13.13 9.23 5.37

SD (mm) 4.19 3.23 3.42 3.30 2.33

R? 0.84 0.80 0.70 0.79 0.81

RMSE (mm) 2.02 1.81 2.82 1.92 1.19

15-3.0km  RMSEayg (%) 46.22 49.73 39.89 44.55 47.79
AVG (mm) 437 3.64 7.07 431 2.49

SD (mm) 2.95 2.29 2.98 2.52 1.75

R? 0.91 0.89 0.87 0.90 0.88

RMSE (mm) 1.08 0.91 1.51 1.04 0.72

3.0-60km  RMSEayg (%) 35.18 37.30 30.32 32.40 4337
AVG (mm) 3.07 2.44 4.98 3.21 1.66

SD (mm) 2.46 1.85 2.80 2.27 1.36

R? 0.86 0.84 0.80 0.85 0.84

RMSE (mm) 0.33 0.23 0.51 0.32 0.16

6.0-10.0.km  RMSEay, (%) 73.33 74.19 65.38 65.31 76.19
AVG (mm) 0.45 0.31 0.78 0.49 0.21

SD (mm) 0.44 0.28 0.55 0.41 0.20

3.2. Spatial Distribution of PW over Poland

The annual areal mean of PW over Poland in the years 1983-2010, calculated with the
WRF model, reaches 15.8 mm (Table 5). The spatial variability of PW’s annual value over
Poland in the years 1983-2010 shows that PW decreases with height in mountainous region
and falls to c.a. 8 mm in the highest part of the Sudetes and the Carpathian Mountains
(Figure 5). Lower values of PW are noted also in the northern region of Poland, especially
on the highest moraine hills and in the uplands in the south. Areal standard deviation of
PW in the analyzed period reaches 8.3 mm and decreases to about 5 mm in the mountains
and to 7 mm on the Baltic Sea coast (Figure 6). The areal variability coefficient (VC) reaches
52.7%. After excluding the mountainous area with the highest values of VC exceeding
60%, the variability coefficient over the area of Poland has a characteristically increasing
tendency from the west to the east, fluctuating from 48 to 56% (Figure 6).

Table 5. Areal means of PW-AVG (mm), standard deviation of PW-SD (mm) and variability coeffi-
cient of PW-VC (%) between 1983-2010.

I II III v \" VI VII VIII IX X XI XII  Annual
AVG 8.7 8.6 9.7 12.9 18.5 22.6 25.8 25.2 20.1 15.7 12.1 9.6 15.8
SD 41 4.0 44 49 6.1 6.7 6.8 6.7 6.3 6.3 51 44 8.3
vC 464 46.1 44.8 37.8 33.2 29.5 26.2 26.7 31.2 40.1 419 459 52.7




Atmosphere 2022, 13, 988

10 of 25

PW (mm)

8 9 10 1 12 13 14 15 16 17

Figure 5. Annual PW value over Poland for the years 1983-2010. The black points indicate the places
used in trend analysis.

PW over Poland shows a strong annual cycle, which is primarily a consequence of
the annual course of air temperature (Table 5 and Figure 7). Hence, the areal mean PW is
the highest in July (25.8 mm) and is three times lower (8.6 mm) in February. The standard
deviations of PW in winter, late autumn and early spring months are high, which causes
areal variability coefficients (VC) to exceed 40%. In summer months, areal VC does not
exceed 30%. In winter, the monthly mean of PW decreases over Poland from the west to the
east. From May to August, there are specific regions of increased PW in the south-eastern
and eastern parts of Poland except for the Carpathian Mountains, and in the land strip
ranging from Lower Silesia to Silesia and the Moravian Gate. The PW variability coefficient
shows a tendency to increase spatially from the west to the east, particularly in winter
and autumn months. It corresponds to the decreasing amount of moisture carried from
the Atlantic Ocean and small spatial variability of the PW standard deviation over Poland
during prevalent advection from the west. In spring and summer the vs. increases from
the south-west to the north-east (Figure 8). In spring and, to a smaller extent, in summer,
during increased frequency of advection of relatively dry air from the NE sector in Poland,
the larger PW standard deviations are observed in NE Poland. In summer, the average
values of PW are higher in the southern and south-western part of Poland.
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Figure 6. Standard deviation (left) and variability coefficient (right) of PW annual value over Poland
for the years 1983-2010.
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Figure 7. PW seasonal values (mm) over Poland for the years 1983-2010.
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Figure 8. Variability coefficient (%) of PW seasonal value over Poland.

3.3. Spatial Distribution of PW over Poland at Individual Levels

Water vapor content decreases with height in the troposphere, and therefore the total
annual precipitable water content from individual levels differs over the area of Poland
from 8.2 mm (areal mean) at the level up to 1.5 km to 0.6 mm at the level of 6.0 to 10.0 km
(Table 6). Atlower levels of the troposphere, the spatial variability of PW is under significant
influence of the orography. Up to 1.5 km, this influence is overlapped by the impact of
the variable thickness of the analyzed troposphere level (Figure 9). Above this level, the
smallest PW values are noted over convex terrain forms and the level of 1.5 to 3.0 km,
where spatial differences between mean values of PW above mountainous areas reaches
3 mm. In the highest part of the troposphere, above 6.0 km, the mean value of PW and its
spatial differences over the whole area of Poland does not exceed 1 mm.
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Table 6. Areal seasonal and multi-year means of PW-AVG (mm), standard deviation of PW-SD (mm)
and variability coefficient of PW-VC (%) for individual tropospheric levels.

Up to 1.5 km 1.5-3 km 3-6 km 6-10 km
1983-2010 8.2 5.2 3.3 0.6
Spring 7.3 45 2.7 0.4
AVG Summer 12.5 8.2 5.2 1.0
Autumn 8.2 5.1 3.5 0.7
Winter 4.7 2.9 1.9 0.3
1983-2010 3.9 3.2 2.4 0.5
Spring 3.0 2.6 1.8 0.3
SD Summer 2.7 3.0 2.7 0.6
Autumn 3.0 2.8 2.2 0.5
Winter 1.9 1.8 1.3 0.2
1983-2010 47.6 61.5 72.7 83.3
Spring 41.1 57.8 66.7 75.0
vVC Summer 21.6 36.6 51.9 60.0
Autumn 36.6 54.9 62.9 714
Winter 40.4 62.1 68.4 66.7

0 1 2 3 K 5 6 7 8 9 10

Figure 9. PW annual values (mm) from the years 1981-2010 over Poland at individual levels: up to
1.5 km, 1.5-3 km, 3-6 km and 6-10 km. Grids excluded from the analysis are in gray.
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The standard deviation of PW at individual levels related to average values increases
with height (Table 6). Except for the mountainous areas, the spatial variability of SD at
the level of below 1.5 km increases from the west to the east, which is also linked to the
changes of the PW variability coefficient (Figure 10), especially in autumn and winter. In the
upper levels of the troposphere, PW increases from the south-west to the north-east, almost
regardless of the season. In the north-eastern parts of Poland, the VC at the level of 6.0 to
10.0 km reaches 85%. In the lower part of the troposphere, the VC does not exceed 60%.

PW_vC (%) [T TTT 11711111 TTT

42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86

Figure 10. PW variability coefficient (%) between 1981 and 2010 over Poland at individual levels: up
to 1.5 km, 1.5-3 km, 3-6 km and 6-10 km. Grids excluded from the analysis are in gray.

The seasonal changes of the areal mean of PW at individual tropospheric levels are
similar in the whole column of the troposphere, with the highest values in summer and the
lowest in winter (Table 6). Regardless of the height of the tropospheric layer, the values of
the areal standard deviation of PW related to average values are the smallest in summer.
The highest value of standard deviation is noted in spring at the level up to 1.5 km and
above 6 km, whereas in other layers it is observed in winter. The largest spatial diversity of
the PW is observed at the levels up to 3 km in summer with the highest PW observed in the
western and south-western parts of Poland with a characteristic belt along mountain ranges
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with orographic dips such as the Moravian Gate or the Sandomierska Basin (Figure 11).
Excluding mountainous areas in autumn and spring, the spatial diversity of PW values up
to 3 km above Poland does not exceed 1.5 mm, whereas in winter and at higher altitudes, it
reaches 0.5 mm.

PW [mm]

Figure 11. PW summer values (mm) at the level up to 1.5 km and from 1.5 to 3.0 km over Poland.
Grids excluded from the analysis are in gray.

3.4. Trends of PW Changes

An upward tendency in annual PW values was observed in the vast majority of Poland
between 1983 and 2010, but the trend is not statistically significant (Figure 12A). A statisti-
cally significant trend is noted only in the south-eastern parts of Poland at the tropospheric
level up to 1.5 km. The Sen’s slope does not exceed the value of 0.01. The period of the
highest increase relates to the years 1996-2002 and after 2005. However, clear differences
are observed in PW values between seasons and also between tropospheric layers.

Mostly in summer, an upward trend in PW seasonal mean in the whole column of the
troposphere is noted, with the highest value of Sen’s slope exceeding 0.08 over the entire
area of Poland (Figure 12C). The trend is mainly observed from the south-western to the
southern parts of Poland, and locally in the north (Figure 13). This tendency is observed
also at the tropospheric level up to 1.5 km and between 1.5 and 3 km, but the range of the
significant trend and Sen’s slope is different (Figure 14A,B). At the level up to 1.5 km in the
northern part of Poland, Sen’s slope reaches to 0.05.

For spring, the trend of PW seasonal mean for the years 1983-2010 decreases over the
whole area of Poland but is significant only in the northern part of the country (Figure 13).
Locally, the Sen’s slope reaches —0.06. A decreasing tendency is calculated for all lower
levels of the troposphere, but the most apparent trend is noted between 1.5 and 3 km in the
northern and north-eastern parts of Poland (Figure 14C,D). This trend is observed locally
also in the layer from 3 to 6 km. The strongest decrease in spring PW mean was observed
between the years 1986 and 1987 (Figure 12B).
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Figure 12. Annual (A) and seasonal (B-E) PW (dashed lines) with trend lines (solid lines) for selected
grid points from the years 1983-2010.
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Figure 13. Sen’s slope for significant trends (« = 0.05) of average spring and summer PW over Poland
in the years 1983-2010. The arrows show direction of PW changes over the area of Poland without
statistically significant trends.

1.5-3.0 km

Sen's slope
-0.08 -0.06 -0.04 -0.02 000 002 004 006 008

Figure 14. Sen’s slope for significant trends (a = 0.05) of average summer PW at the level up to 1.5 km
(A) and from 1.5 to 3.0 km (B) and average spring PW at the level from 1.5 to 3 km (C) and from 3 to
6 km (D) over Poland in the years 1983-2010. The arrows show the direction of PW changes over the
area of Poland without statistically significant trends. Excluded grid points with altitude over 1.5 km
above sea level are marked in gray.
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There is no statistically significant tendency in mean PW for autumn over the area of
Poland. A small PW increase is noted up to 1.5 km in the troposphere, but above 1.5 km
in the north-western part of Poland, the tendency is negative. The highest increase in this
PW seasonal mean was recorded at the end of the 20th century. However, it was followed
by a significant decrease (Figure 12D). There is no statistically significant tendency in PW
seasonal mean for winter, but regardless of the analyzed tropospheric layer, the direction
of PW tendency is changing over the area of Poland from negative in the north-west to
positive in the south-east. The highest PW winter mean variability relates to the years
1986-1998 (Figure 12E).

The increase in annual maximum values of PW is observed also over Poland. However,
the trend for the years 1983-2010 is statistically significant only locally, mainly in the
western and north-eastern part of the country (Figure 15). The Sen’s slope of these trend
lines reaches from 0.08 to 0.3. In an analyzed time series for selected points, only in 1996,
the maximum value decreases below 40 mm. After that, the maximum values of PW reach
and exceed 50 mm (Figure 16). The tendency of the areal annual maximum of the analyzed
area is also positive but not statistically significant.

sen'ssiope [T 1 TN

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26

Figure 15. Sen’s slope for significant trends (o« = 0.05) of annual maximum value of PW. The arrow
shows direction of changes of the annual maximum value of PW over the area of Poland without
statistically significant trends.
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Figure 16. Annual maximum of PW (dashed lines) with trend lines (solid lines) for selected grid
points from the years 1983-2010. Lines of statistically significant trends, and accordingly PW courses,
are in bold.

4. Discussion

In previous climatological studies on the column-integrated atmospheric water va-
por (PW), covering the global or European scale, the main reanalysis data sources were
ERA-40 [76], NCEP/NCAR [57,77-79], MERRA or MERRA? [78,80], CFSR [80], ERA-
Interim [35,77,80] and ERA-5 [81-83]. All of the mentioned studies emphasized the applica-
bility of these kinds of data in spatial and temporal studies. In our study, the high-resolution
reanalysis developed with the Weather Research and Forecasting model was applied for
spatial-climatological analysis of precipitable water content over Poland. Evaluation of
the modeled PW data showed good agreement with the PW from atmospheric soundings,
especially if the whole column of the troposphere and the winter season are considered.
In the analyzed period of 2001-2010, Pearson correlation coefficients reached 0.97 for
the whole year and did not fall below 0.92 if seasonal PW was considered. These re-
sults are in agreement with those obtained by, e.g., Gonzalez et al. [84], Fedele et al. [85],
Pérez-Jordén et al. [23], Varga and Breuer [82] and Diaz et al. [86], where the authors re-
ported close agreement of the whole column of PW values. In our work, a similar model
configuration was used [23], which was tested in the earlier work of Gonzalez et al. [84].
The configuration was also tested for the area of Poland for rainfall forecasting [64,65].

In this study, PW data derived with the mesoscale model WRF were evaluated not
only in relation to the entire profile of the troposphere, but also for four individual layers
in a vertical profile: below 1.5 km, from 1.5 to 3.0 km, from 3.0 to 6.0 km and from 6.0 to
10.0 km. The results show some differences in model-measurement agreement depending
on the analyzed tropospheric level. The highest Pearson correlation coefficients and the
smallest RMSE were observed for the level up to 1.5 km and from 3.0 to 6.0 km. Similar to
other studies [23,87], the WRF model overestimated observed values of PW over the entire
year. The highest overestimation and the highest RMSE, reaching 3.14 mm, were calculated
for summer seasons. Moreover, the Pearson correlation coefficient in the summer months
was the lowest for all analyzed tropospheric levels, but especially for the 1.5-3.0 km layer.
This could be associated with a higher vertical temperature gradient, more intense air
vertical mixing, and a higher condensation level with cloud base, which is typical for the
period from May to August. Because of that, in the summer months in the 1.5-3.0 km layer,
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dynamical processes within clouds are typical, and drop size distribution is highly variable
in time and space, causing PW to vary as well [88].

It should also be noted that the differences between PW obtained from the WRF model
and soundings may also result from the limitations associated with the soundings (the
radiosonde ascent may take around 30—40 min to complete [89]). If PW from the WRF
model is calculated in a vertical column representing the location of the sounding station,
the PW from soundings takes into account the real (inclined) path along which the balloon
rises. It matters especially for the highest part of troposphere, above 6 km. Additionally,
radiosonde has a decreasing response to relative humidity at low temperatures. It also
tends to underestimate water vapor near saturation [90]. However, when the troposphere
is dry above low clouds, the effect is opposite.

The results of climatological analysis of PW are in line with previously presented areal
mean values for Poland, which were obtained from NCEP/NCAR reanalysis [59] and from
ERA-Interim reanalysis for Europe and North Atlantic [35]. However, our work presents
high-resolution spatial variability of PW annual and seasonal values over Poland. It was
shown here that in the lowest layer (up to 1.5 km), the spatial variability of PW is influenced
by the altitude reducing the height of the analyzed air column. The impact of elevation
on PW is especially strong for the layers above 1.5 km. The convex landforms generate
additional cloudiness, either by forced pumping of inflowing air (throughout the year
with autumn and winter maximum), or by creating convective cloudiness (summer-spring)
over higher mountain ranges. These processes lead to the transition of vapor into water or
ice and thus reduce PW. This effect could be particularly intense during the formation of
orographic precipitation and to a lesser extent fog precipitation. In the analyzed area, the
reduction in PW over mountains ranges is clear especially in the layer 1.5 to 3 km, not only
over the area of cloud formation but also on the leeward side. A large decrease in PW with
increasing altitude is more distinct in spring and summer compared to the winter season.
It is associated with a higher vertical temperature gradient and a higher condensation level
with a cloud base in the warmer half of the year as well as higher intensity and frequency
of cloud formation and precipitation via the transformation rate from water vapor over
mountainous regions [91].

We showed in our work that outside the mountainous area, the annual and seasonal
averages of PW vary within a narrow range. However, some significant differences between
seasonal spatial distributions were larger especially in 1.5 to 3 km level. For winter and
autumn, the PW values were increasing from east to west. This confirms the role of the west-
ern circulation in water vapor distribution in Europe, as described by Zveryaev et al. [79]
and Wypych et al. [35]. In spring and summer during the more frequent southern atmo-
spheric advection, the highest PW values are noted in the south-eastern part of Poland.
This is due to the fact that the transport of moist air is affected by the Carpathians and the
Sudety Mountains. It also suggests the importance of the airflow in existing openings: in
orographic dip channels (e.g., the Moravian Gate, the Sandomierska Valley) or around the
entire block of the Carpathians and the Sudetes. In a similar way, the moist tropical air
moves from the south through the gap between the Massif Central and the Alps, then along
Saonne and Rhein valleys [28]. The higher variability of PW at the lower tropospheric level
in summer months confirms also the significant impact of temperature and convection,
which is in line with work of Wypych et al. [35]. Local production of significant quantities
of water vapor occurs due to more intense evaporation from vegetation, moist soil and
water bodies [92].

Our study shows an increasing trend of PW annual values between 1983 and 2010,
but the trend is statistically insignificant. In addition, a locally significant increasing
tendency of annual maximum values of PW is proved. Comparison with other results
from the literature is difficult due to different study periods. However, some conclusions
from previous articles are in line with our results. Wibig and Siedlecki [57], based on
NCEP/NCAR reanalysis for the years of 1958 to 2005, underline that negative trends of
PW annual means are recorded over the western parts of Europe, whereas positive ones
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are recorded over its eastern parts. Although their analysis concerned a longer period,
they identified a low tendency of PW changes over the area of Poland (the linear trend of
PW annual values is close to 0) and also the fact that statistically significant changes are
observed only locally. Earlier results from Trenberth et al. [76] for years 1988-2001 (based
on NCEP and ERA-40 reanalysis) show that trend of PW annual means over Europe has
no evident direction and does not exceed 0.5 mm per decade. This is also in agreement
with observations from Europe by Ross and Elliott [93]. Recent studies on PW trends for
stations in Finland showed no significant trend until 2010. For the next decade, there was a
sharp and significant increasing trend [94].

Our study showed a significant positive trend with a high Sen’s slope for the summer
season up to 3 km in the troposphere. A significant but negative tendency was noted also
for spring in the northern part of Poland, whereas for autumn and winter the trends were
insignificant. For winter, the direction of changes varied spatially from negative in the north-
west to positive in the south-east. Wibig and Siedlecki [57] also found seasonal changes
in PW variability over the area of Poland and Central Europe. Contrary to our results,
DegirmendZi¢ and Kozuchowski [60] using NCEP/NCAR reanalysis in the years of 1958
to 2008 found only negative trends of PW values in seasons, but the observed tendencies
were significant only for spring and autumn. However, their results summarized longer
period and related to the mean PW values from six grid points (2.5°¢ x 2.5°A), whereas in
our study, trends were calculated separately for each 5 km x 5 km grid cell in Poland. It
may be assumed that multi-year and multi-seasonal changes of PW are related to changes
in the atmospheric circulation, but this requires further analysis.

5. Conclusions
In this work we show that:

e  PW calculated with the high-resolution WRF model meteorological data is in good
agreement with data from atmospheric soundings. This is true not only for the entire
column of the atmosphere but also for individual tropospheric levels. The closest
agreement is observed in the lower part of the troposphere, especially for winter
months.

e  High-resolution PW information reveals detailed spatial and temporal variability over
the area of Poland.

e  Multi-year trends of PW variability are in line with previous studies, and the moisture
content changes over Poland and Central Europe and contributes to the ongoing
discussion on the observed climate changes.
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