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Abstract: A very important part of water cycle monitoring is observing atmospheric energy balance
(AB) which describes an interaction between atmosphere and land. The AB can be computed as a
difference between precipitation (P) and evapotranspiration (EV). In this paper, trends and
correlations between the groundwater level in an unconfined aquifer from the National
Hydrogeological Service database and values of precipitation and evapotranspiration are part of the
assimilation models. Based on the research, it is concluded that, groundwater level changes
measured in wells are correlated with P and EV values.
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1. Introduction

Groundwater sources are the largest and most important fresh drinking water supplies.
Especially in climate conditions characterized by changeable meteorological conditions of variable
precipitation rate, it is needed to monitor its state frequently [1]. For an effective groundwater
management, the knowledge about groundwater system fluxes is needed [2]. A way of observing
and monitoring groundwater level or storage is outflow and inflow examination (pumping and
recharge) [3,4]. A very important part here is water infiltration through the saturated zone [5,6]. In
groundwater system management, sustainable water management plays a key role, and its principle
is that the rate of groundwater recharge is strictly related to the rate of water incharge, which is also
dependent upon the rate at which the portion of water can infiltrate, thus escaping by evaporation
[4,5].

In this paper, an assessment of the response of unconfined groundwater aquifers to the rate of
precipitation and evapotranspiration over hydrological years November 2002-October 2017 using
data acquired from well measurement stations published every year in the Bulletins of the National
Hydrogeological Service (in Polish: Panstwowa Stuzba Hydrogeologiczna) and from the MERRA-2
model (The second Modern-Era Retrospective analysis for Research and Applications) is presented.

2. Materials and Methods

2.1. MERRA-2

Atmospheric models were determined for the purpose of global, good spatial and time
resolution recording of meteorological units, taking into consideration the Earth’s atmosphere. They
were created by introducing the data assimilation methodology, such as [7,8], combining satellite and

Environ. Sci. Proc. 2020, 2, 17; d0i:10.3390/environsciproc2020002017 www.mdpi.com/journal/environsciproc



Environ. Sci. Proc. 2020, 2, 17 2 of 8

terrestrial observations with GCM (General Circulation Model) simulations in such a way to obtain
a statistically optimal result [9].

MERRA? is a NASA (National Aeronautics and Space Administration) atmospheric reanalysis
model that started in 1980 [10]. The model’s aim is to combine model parameters with observations
which are irregularly distributed in space and time. A final model presents a spatially complete
meteorological database [11]. The data provided by MERRA-2 is in a grid form, at a 0.625° longitude
and a 0.5° latitude resolution [10]. Using the web-service: https://giovanni.gsfc.nasa.gov/giovanni/,
two sets of data were obtained in a one-month time resolution: precipitation and evapotranspiration.
The data were averaged for every month over the two researched areas (the North part: left-down:
15° E, 52° N and right-up: 23° E, 54° N; the South part: left-down: 15° E, 50° N and right-up: 23° E, 52°
N); both areas consist of 70 grid cells.

Precipitation can be measured by calculating the rain volume that falls to the Earth’s surface per
area unit per time unit. The rainfall rate is used in applications concerning water and energy cycle
evaluation, considering environmental and agricultural issues, predicting weather, climate change
monitoring, in hydrology applications and natural disaster management [12].

Evapotranspiration is usually computed as the water movement to the air from diverse sources
on Earth (such as soil, river basins, ocean, plants, etc.). The rate of evapotranspiration distributed by
assimilation models is the volume of water lost from a surface unit per time unit. Evapotranspiration
is very important in applications concerning water and atmospheric cycle evaluation, weather and
climate prediction models [13].

2.2. Well Measurement in Poland

The National Hydrogeological Service provides measurements (tests on the quantity and quality
of groundwater) necessary to assess the quantitative and chemical status of groundwater. These are
tasks especially important in the field of management and protection of water resources. In some
cases, the measurements were carried out using automatic devices, and the results were transmitted
to a database server, which allowed the ongoing assessment of the hydrogeological situation.
Depending on the function of a given type of monitoring, measurements were carried out at different
time scales. Measurements of the water table were carried out daily at the first order hydrogeological
stations or once a week at the second order hydrogeological stations. In some of the first and second
order hydrogeological stations, automatic measurements of the groundwater level were introduced
[14].

The groundwater level direct measurement data were obtained from the Polish Hydrogeological
Annual Reports, from the years of 2002 to 2017 [15]. Polish wells are very diversified, considering the
depth and seasonal changes in level. More than one thousand wells are reported, from which 140
wells were selected, 70 in the North part of Poland (young—glacial range) and 70 in the South part of
Poland (old-glacial range); the observations were averaged over the specified areas. The selection
criteria were as follows:

¢  Wells continuously measured throughout the whole period;

¢ Only deep wells—deeper than the range of a soil moisture;

e  Omission of wells with atypical infiltration behaviour;

e  Omission of wells near the basins—due to influence of water surface run-off.

3. Discussion

3.1. Comparison of Precipitation and Evapotranspiration Values with Polish Well Data in 2002-2017

For the purpose of the research values of precipitation, evapotranspiration and well table
changes were averaged over the regions. In Figure 1, monthly values of precipitation and
evapotranspiration over the area of North Poland are presented; in Figure 2, monthly values of
precipitation and evapotranspiration over the area of South Poland are presented. In both cases, a
strong seasonality of evapotranspiration was observed —the highest values in summer months (up
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to about 4 x 104 kg/m?/s), and almost no evapotranspiration in the winter months (low temperatures
in Poland; very short time of Sun radiation during the day). The maximum values of precipitations
in North Poland were about 7.5 x 10~ (in July 2011) and 6.9 x 10-5 kg/m?¥/s (in May 2010). It needs to
be mentioned that more “peak” values of a precipitation were noticed in South Poland. Generally,
the values of mean precipitation usually reached 4 x 105 kg/m?/s; analyzing both regions (usually
during springs and summers), the minimum mean values were about 10-* kg/m?/s (in winter months),
but from 2016 in North Poland, the mean precipitation values were about 0. For the purpose of
comparison, P and EV were recomputed into meters.
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Figure 1. Average well levels changes, precipitation and evapotranspiration values in North Poland
in meters.

In Northern Poland (Figure 1), the highest values of a groundwater level change were noticed
in September 2011 (0.12 m), while the lowest value of a groundwater level changes were in November
2010 (-0.27 m). What was very surprising, the highest value was noticed in the well in Northern
Poland, but at the same time, the averaged values of groundwater in Southern Poland (Figure 2)
achieved the highest value (0.36 m). The lowest value was in January 2006 (-0.66 m). It should also
be added that the Southern Poland values of groundwater change were much lower, especially in the
years 2009-2010.

It can be noticed that mostly the highest and the lowest values of evapotranspiration and well
levels were obtained at the same time in Northern Poland. Therefore, it can be said that the
seasonality of both values is similar. In Southern Poland, a two month lag was observed; moreover,
from the beginning of 2009, there was a disappearance of similarity in the highest and lowest values
between the values of evapotranspiration and the averaged well level changes. The values of
precipitation are not as regular and seasonal as the evapotranspiration values. In the case of a small
rate of precipitation, no response in the groundwater level change was noticed. It can be concluded
that most of the water stayed in the ground in the shallow parts, constituting soil moisture, and/or
was gathered by a basin (surface and sub-surface run-off). In the Northern part of Poland, a 3—4
month lag of groundwater level was observed when analyzed in reference to the “peak” value of
precipitation. In the Southern part of Poland, the lag period seemed to be shorter —about 2-3 months.
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Figure 2. Average well levels changes, precipitation and evapotranspiration values in South Poland
in meters.

3.2. Introducing Porosity Coefficient

To be able to understand the velocity of water and the way it infiltrates into the ground, a
porosity coefficient needs to be known. Porosity is a sum of all free spaces in the soil [16]. This
parameter is dependent on soil mineral content, its granulometric composition and structure, organic
matter content and agrotechnical interventions. It is different according to the vertical profile; usually,
the deeper the soil the lower the porosity coefficient [17]. For soils produced from sands and loams,
especially sandy loams, the lowest porosity is observed [18]. On the other hand, the highest value of
a porosity coefficient can be estimated for soils based on organic matter [18]. In [6], the porosity
coefficient for the Polish territory was computed. The average value for the two biggest Polish basins
were 0.41-0.42. This was also proved by a statistical approach [6]. In the presented research, a value
of 0.4 was used for the purpose of weighting well level values. Results are presented in Figures 3 and
4.

When analyzing the values of evapotranspiration versus the groundwater level in Northern
Poland, a very good compatibility in maximum values was noticed —regularly, in the summer
months, a value of about 0.04 m was achieved (Figure 3); minimum values had the same phase, but
the amplitude of the groundwater level was higher. In the case of Southern Poland, weighting well
values did not align with the maximum values of groundwater change and evapotranspiration.
Maximum and minimum values of the groundwater level were much higher/lower than
evapotranspiration values (Figure 4). Analyzing both areas, it can be concluded that when comparing
precipitation with a weighted groundwater level change, some discrepancies were noticed, but now,
a lag can be observed much more easily.
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3.3. Statistics — Correlograms and Pearson Coefficient

For the purpose of evaluating the results, some statistics were performed. For both areas
(Northern and Southern Poland), and for both relations (well/precipitation and
well/evapotranspiration), correlograms were carried out to search for a linear correlation, and the
Pearson coefficient was computed for estimating the strength of a correlation.

Based on Figures 5 and 6, it can be said that between well level changes and precipitation, and
between well level changes and evapotranspiration, a partially positive linear correlation was
detected in both researched areas, but some outstanding points were noticed, especially in Southern
Poland.
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Figure 3. Average well level changes weighted with porosity coefficient, precipitation and
evapotranspiration values in North Poland in meters.
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Figure 4. Average well level changes weighted with porosity coefficient, precipitation and

evapotranspiration values in South Poland in meters.
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Figure 5. Correlations versus weighted well depths: between precipitation and weighted wells (blue);
between evapotranspiration and weighted wells (blue) in North Poland.
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Figure 6. Correlations versus weighted well depths: between precipitation and weighted wells (blue);
between evapotranspiration and weighted wells (blue) in South Poland.

For the purpose of the assessment of the linear correlation and stating a range of the rate of a
linear dependence, a Pearson correlation coefficient was estimated. The Pearson coefficient is a
quotient of a covariance and a ratio of standard deviations. The coefficient is very susceptible to
extreme observations, so the results must be interpreted carefully and consciously. Three strategies
were taken into consideration for both analyzed areas (Table 1):
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1. A dependence between groundwater level changes and precipitation/evapotranspiration;
A dependence between groundwater level changes and precipitation/evapotranspiration with a
3 month lag;

3. A dependence between groundwater level changes and precipitation/evapotranspiration
excluding extreme observations.

It can be said that the correlation between groundwater level change and precipitation was
negative and weak in both cases. The correlation between evapotranspiration and well observation
was positive, but in Southern Poland, it was very weak; for Northern Poland, the value was 0.416
(much stronger). Because a mean lag of a 3 months was noticed, the correlation including lag was
also computed. In this case, the precipitation and groundwater level correlation was much better
(about 10.31), but then, a positive correlation was noticed in Northern Poland. Almost no difference
in the correlation between evapotranspiration and groundwater level was observed when analyzing
evapotranspiration. As the Pearson coefficient is very susceptible to extreme observations, when
estimating the correlation in the third scenario, a few maximas and minima were omitted. In this case,
a very big difference was observed in Northern Poland. A strong and positive correlation was noticed
between the well values and evapotranspiration, but the correlation was strong and but also negative
when analysing values of well level and precipitation. On the other hand, omitting extreme values
did not give a better Pearson coefficient for the area of Southern Poland for either correlation with
precipitation and evapotranspiration (about 0.2).

Table 1. Pearson coefficient between matrixes weighted well/precipitation and weighted
well/evapotranspiration for North and South Poland —different strategies.

N- S- N- S-
Poland Poland Poland Poland N-Poland S-Poland
3- 3- . .
month  month Outstar.ldmg Outstar.ldmg
omit omit
lag lag
Well/precipitation -0.203  -0.178 0.323 -0.370 -0.487 0.248
Well/evapotranspiration  0.416 0.172 0.408 0.171 0.624 0.269

4. Conclusions

The aim of the paper was to elaborate the reaction of unconfined groundwater aquifers to the
rate of precipitation and evapotranspiration over hydrological years November 2002-October 2017
using data acquired from well measurement stations published every year in the Bulletins of the
National Hydrogeological Service and from the MERRA-2 model.

Based on the research, it is concluded that, groundwater level changes measured in wells are
correlated with precipitation and evapotranspiration values with a 3 month lag. Some outstanding
values were observed; omitting them rises the correlation coefficient estimated by the Pearson
coefficient (a strong dependence in Northern Poland). Appropriate values were 0.20 and 0.21 for lag
= 0, and 0.61 and 0.59 for lag = 3. Higher values of correlation were noticed when comparing
groundwater level changes with evapotranspiration (appropriate values in Northern Poland were
about 0.4 for lag = 0 and for lag = 3 without outstanding values: 0.6; and in Southern Poland were
about 0.2 for lag = 0 and for lag = 3 without outstanding values: 0.3)
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