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Abstract: The present work aims to highlight the possibility of improving model performance
by assimilating soil moisture information in the calibration and validation process. The Soil and
Water Assessment Tool (SWAT) within QGIS, i.e., QSWAT, was used to simulate the hydrological
processes within the test basin, i.e., Vosvozis River Basin (VRB) in NE Greece. The model calibration
and validation were conducted via SWAT-CUP for a four-year period from 2019 to 2022, in three
different ways, i.e., using the traditional calibration process with river flow measurements, using
satellite-based soil moisture only in the calibration, and finally incorporating satellite-based soil
moisture datasets and calibrating using simultaneously flow and soil moisture information. All
modeling approaches used the same set of input data related to topography, land cover, and soil
information. This study utilized the recently released global scale daily downscaled soil moisture
at 1 km from the Soil Moisture Active Passive (SMAP) mission to generate soil moisture datasets.
Two performance indicators were evaluated: Nash Sutcliffe (NS) and coefficient of determination
(R?). Results showed that QSWAT successfully simulated river flow in VRB with NS = 0.61 and
R? = 0.69 for the calibration process using river flow measurements at the outlet of VRB. However,
comparing satellite-based soil moisture, NS and R? were considerably lower with an average derived
from the 19 subbasins (NS = 0.55, R? = 0.66), indicating lower performance related to the simulation
of soil moisture regime. Subsequently, introducing satellite-derived soil moisture as an additional
parameter in the calibration process along with flow improved the acquired average soil moisture
results of the 19 subbasins (NS = 0.85, R? = 0.91), while preserving the satisfactory performance
related to flow simulation (NS = 0.57, R? = 0.66). Our work thus demonstrates how assimilating
available satellite-derived soil moisture information into the SWAT model may offer considerable
improvement in the description of soil moisture conditions, keeping the satisfactory performance in
flow simulation.
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1. Introduction

Hydrological models are valuable scientific tools enabling the nowcasting and fore-
casting of various hydrological components [1]. They also contribute to the mitigation of
extreme natural events like droughts and floods, through operational forecasting [2-5].
Hydrological models have become very popular also as decision-making instruments, thus
helping form policies for urban planning, crop yield protection, and emergency services
management, as well as towards increasing public resilience to climate change impacts [1,6].
Physically based distributed hydrological models are considered the most reliable tool for
accurate predictions when there is available information at a high spatial resolution to
allow for decent model parameterization. The high variability of hydrological parameters
affects the rainfall-runoff relationship in river basins and therefore surface parameters
need to be considered in hydrological modeling [7]. Thus, input data of the hydrological
topographical characteristics, soil properties, land cover, and other hydrological parameters

Hydrology 2023, 10, 176. https:/ /doi.org/10.3390 /hydrology10080176

https://www.mdpi.com/journal /hydrology


https://doi.org/10.3390/hydrology10080176
https://doi.org/10.3390/hydrology10080176
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrology
https://www.mdpi.com
https://orcid.org/0000-0002-8479-7955
https://doi.org/10.3390/hydrology10080176
https://www.mdpi.com/journal/hydrology
https://www.mdpi.com/article/10.3390/hydrology10080176?type=check_update&version=2

Hydrology 2023, 10, 176

2 0f 33

are required at sufficiently high spatial resolution, thus enabling the simulation of even
very large and complex basins [8]. However, computational effort, data scarcity, and lack
of information for reliable model parameter estimation often restrict to smaller catchments
the application of such physically based models, like MIKE SHE [9,10], HYDRUS-1d, 2d,
3d [11-13], or ParFlow [14]. One possible solution is to simplify the complex physical
system by disaggregating the basin area into smaller homogeneous hydrological units,
usually known as Hydrologic Response Units [15], converting the modeling process to a
semi-distributed approach. An even simpler approach, known as lumped hydrological
modeling, is to consider the entire study basin as a single unit, simulating runoff as a
function of the lumped catchment hydraulic properties. Results of a comparative study
of three hydrological models of different complexity [16], one fully distributed, one semi-
distributed, and a lumped one, indicated that many times simpler models are preferred
over the fully distributed ones, due to insufficient high-resolution spatial information to
evaluate the parameters of the model and the computational complexity of long-term
simulations with a fully distributed model [5,16,17].

Soil and Water Assessment Tool (SWAT) [18] is a semi-distributed model developed
to simulate all components of the water budget, as well as sediment yield, and water
quality, and also evaluate non-point sources of pollution [8,19]. SWAT is a quasi-physically
based hydrological model which evaluates the hydrologic balance at the Hydrological
Response Unit (HRU) level. HRUs are a subdivision of the watershed that represents
homogeneous spatial entities in terms of land use, management, and soil types. In that way,
SWAT offers a computationally efficient alternative that provides continuous basin-scale
simulations for long time periods. Thus, it evaluates how precipitation water (but also
snowmelt and irrigation water) is partitioned among various receivers such as interception
from the canopy, surface runoff, infiltration, evapotranspiration, water in the unsaturated
zone, return flow from shallow aquifers, lateral subsurface flow from the soil layer and
percolation to deep subsurface. SWAT has been extensively applied and validated in many
areas around the globe and was found to be an efficient tool for basin scale simulations
when accurate precipitation data are provided and there is the availability of observation
data to calibrate the water budget [19,20]. Accordingly, [21] used the SWAT model in
order to demonstrate the Al-Adhaim River runoff flow (northeast of Iraq). The model was
calibrated with daily flows measured between 1 January 1983 and 31 September 1984 and
validated between 1 January 1985 and 31 September 1985, with satisfactory results. The R?,
NS, and root mean square error (RMSE) were 0.76, 0.75, and 0.5, respectively, for calibration
and 0.71, 0.69, and 0.55 for validation. In that work, the calibrated model was run over a
long period (1986—2013) to estimate the relationship between changes in land cover/land
use (LC/LU) and runoff.

Farhan and Thamiry [22], made a study located in the western part of Iraq. They
tried to use the Arc SWAT tool in the simulation procedure to evaluate the runoff over
the long-term period (1981-2019) using SWAT-CUP software, version 2012, to calibrate
flow rates recorded at two gauge stations. The SWAT model for Al-Mohammadi Valley
was calibrated and validated with NS = 0.72 and R? = 0.76 for the calibration process
and NS = 0.63 and R? = 0.65 for the validation process, indicating excellent performance
from the calculated performance indicators. Results indicated a very good performance
with the maximum daily flow discharge for the study period reaching 160 m3/s for the
Al-Mohammadi Valley.

While in most cases SWAT is applied for runoff estimation, ref. [23] used SWAT to
obtain daily evapotranspiration values (ET) in a study area with irrigated crops in Texas
High Plains. In that work, it turned out that SWAT simulates well both the daily and the
average monthly ET within irrigated cultivated areas. Limitations were highlighted in the
case of low irrigation conditions, especially in cotton and sunflower crops, attributed to the
plant development model and associated plant parameter values within the crop database
embedded in SWAT.
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Although there are numerous works focusing on the accurate simulation of surface
runoff and on the effects of land use/land cover and climate changes on flow regime,
there are considerably fewer studies dealing with the accurate representation of soil
moisture (SM) regime. SM is a hydrological parameter of particular importance for
various aspects of human life and the environment. Drought conditions can be quantified
using SM data, helping thus minimize their negative social and economic impacts [24].
Moreover, SM has also been identified as one of the most important factors influencing
wildfire occurrence and spread [25,26], but its accurate characterization is also a key
aspect for effective flood forecasting and sustainable water resources management [27].
Researchers have recently started their attempts to improve hydrological simulations
using remote sensing SM products, but it is difficult to reach a ubiquitous conclusion
since the performance of a hydrological model depends on many factors like the type
of data used, the area being studied, how the data are evaluated, the models and the
methods used for adjustment and integration [28]. For example, SWAT was applied to
simulate soil water content in three different test sites in Northeast Indiana, at Bushland,
Texas, and at Greeley, Colorado [29]. Results indicated that although in all three cases,
the SWAT model performed satisfactorily regarding streamflow or ET simulation, there
was significant uncertainty related to the characterization of SM conditions, merely due
to the uncertainties in the description of soil properties but also due to the inherent
uncertainty of SWAT in explaining the movement of water in the unsaturated zone. In
other works however, SWAT-simulated SM was found to be in good agreement with
indirect Landsat-derived SM estimates [30], keeping in mind however, that very limited
in situ measurements were used to test simulated SM conditions.

A simple approach was adopted in the work of [31], where a bucket model was
developed to improve the spatial resolution of a ground monitoring SM network, using
10 km precipitation from the North American Land Data Assimilation System (NLDAS).
Results indicated that after calibrating the model using the in situ sensors, it could simulate
SM with reasonable accuracy.

A considerable improvement in SWAT model performance was found after calibration
with daily SM measurements [32], in Mundad River Basin in Northeastern Brazil. In
that work, the SWAT tool was used in order to evaluate the impacts of utilizing both the
discharge and the SM datasets on model instabilities and forecasts. Among their results,
they found that the NS for streamflow calibration ranges from 0.71 to 0.92 in the annual
timestep among the several gauge stations. Moreover, the NS ranges between 0.55 and
0.78 in the monthly timestep. In contrast, the NS values for validation ranged from 0.53 to
0.76 for the annual time step and from 0.62 to 0.72 for the monthly time step. Calibration
and validation against the daily SM dataset resulted in NS values of 0.53 and 0.52 and
PBIAS of 0.4% and —1.1%, respectively. Although the results show good performance for
the discharge and SM datasets, there are still some uncertainties in the calibration and
validation procedure, especially when discharge data are scarce.

Another research work dealing with the simulation of SM is that of [33], where the
Dutch National Hydrological Model was used to simulate SM in the Twente region, in East
Netherlands, where a network of 20 SM sensors operates. In this case, however, the model-
ing of SM aimed primarily at upscaling the point SM measurement to the SMAP pixel area,
in order to validate the SMAP SM retrievals. They concluded that after removing the data
corresponding to frozen conditions and antecedent rainfall to avoid the underestimating
and overstating errors associated with soil freezing and dry spells, a satisfactory unbiased
root mean squared error (URMSE) was found (0.043 m?/m?).
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In another research work [34], a module for the SWAT model was created based on a
combination of energy-balance rain-on-snow and physically based soil temperature. The
module was applied to the South Saskatchewan River Basin. They calibrated both the
SWAT base model and the SWAT-modified model utilizing daily measurements of soil
water content and soil temperature at the HRU level from 2015 until 2020. Via the SUFI-2
procedure in SWAT-CUP, they found the parameters with the most critical impact (p < 0.5)
on SM, snowmelt, and streamflow. Furthermore, NS efficiency in the new module was
improved from 0.39 to 0.71 and from 0.42 to 0.76 for calibration and validation procedures,
respectively. Additionally, they found that for SWAT-simulated daily soil water content,
the measured data were closer to that estimated with SWAT modified against SWAT base
output. Moreover, SWAT-modified results matched the observations better than the SWAT
base values and field measurements did. Among their study results, it was found that
the SWAT base underestimated the soil temperature within cold seasons, while the SWAT
modification essentially improved the simulation of the soil temperature for winters. The
SWAT module captured the snow cover impact on surface soil ice-water quantity. Finally,
the spatial analysis indicated that in the western part of the South Saskatchewan River
Basin, the SWAT-modified model anticipates higher soil water content and lower soil
temperature in contrast with the eastern part where the SWAT base model predicted exactly
the opposite.

While model SM predictions are updated via independent observations by utilizing
data assimilation procedures, effects on predicted crop yield and water quality remain
uncertain. An evaluation of data assimilation impacts for several forecasts in SWAT was
conducted by [35]. They used satellite surface SM data series from the SMAP mission
in order to improve SWAT SM. Their study took place in the U.S. for two experimental
watersheds. Among their study results, it was found that the two watersheds illustrated
that data assimilation significantly affected both crop yield and water quality forecasts.
Although, soil percolation algorithm modification did not make the results of assimilation
better. An increase in median SM from 2% to 6% was the outcome of assimilation, something
that made the total daily streamflow increase from 0.43 to 1.70 m3/s. Crop yield forecasts
were affected by data assimilation from nutrient and water availability changes. Finally,
they conclude that crop yield predictions to SM updates prove that assimilation can affect
model predictions.

SM and other satellite-based data were used in the study by [36]. More specifically, the
European Space Agency (ESA) Climate Change Initiative SM dataset (CCI SM), based on
the Soil Water Index, in combination with discharge observations was used in their study
in order to model a large-scale river basin called Odra. The Odra River basin is located in
Central Europe and drains into the Baltic Sea. They used river discharge measurements of
26 stations and the CCI SM dataset (for the entire soil profile and topsoil) over 1476 sub-
basins, in order to calibrate their model via SWAT for a period from 1997 to 2019. They
chose the Kling—Gupta efficiency (KGE) index as a runoff calibration objective function,
while for the SM calibration objective function, they used the Spatial Efficiency (SPAEF)
index. They finally tried two calibration techniques, one of them involved only discharge
information, and the other involved simultaneously both discharge and satellite-based SM
data. From the comparison of the two strategies, they concluded that in the first approach,
the average KGE for discharge was >0.60, while in the second one, KGE was equal to
0.67. Among their study results, it was found that SPAEF values indicated that SWAT+
has accepted accuracy in the simulation process of SM. Moreover, it was also highlighted
that calibration with the second strategy improves the accuracy of the simulation of crop
yield. Their study indicated that the inclusion of satellite-derived SM in the calibration
process may enhance the precision and uniformity of agro-hydrological modeling within
the concerned river basin.
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A multi-step calibration approach has been recently presented in [1], applying the
SWAT model in Petzenkirchen in the western part of Lower Austria. They introduced a
sequential calibration method, which provided better performance on different hydrological
components and procedures. The calibration method started with surface runoff and
groundwater flow, then continued with product yield and SM, and finally, the model was
calibrated with total runoff and sediment yield, respectively. Calibration and validation
were performed using the SWAT-plusR r-package. Results revealed that the model attained
the capability to predict groundwater flow, surface runoff, SM content, total runoff, and
sediment yield with NS > 0.75. Moreover, the simulation of crop yields was satisfactory
with a PBIAS extending from —17% to 14%. The calibration of the surface runoff had the
highest influence on the streamflow output and improved the NS from 0.39 to 0.77. Results
indicated that the stepwise calibration is more precise than the simulated ones and better
represents the different hydrologic factors and procedures.

Other parameters, like snow water equivalent in snow-dominated basins, have also
been subject to multi-objective calibration procedures, like the one presented for the Upper
Adige River basin, in Northeastern Italian Alps [37]. In that work, the suitability of the
SWAT model to obtain realistic river flow and snow water equivalent estimates using the
multi-objective approach was highlighted.

In the research of [28], a review of past studies on using a combination of remote
sensing and global datasets in hydrological modeling that is spread out across multiple
locations is presented. The analysis looked into how these data sets are used in
different places and sizes. Furthermore, several articles were analyzed in order to
identify how researchers work together. The research further divided the analysis
into different types of information, such as rainfall, a digital elevation model, land
use, soil distribution, leaf area index, snow-covered area, evapotranspiration, SM, and
temperature. The results showed that choosing the correct datasets is really important
while validating with ground measurements is also very useful and will greatly affect
model performance. This research provides helpful information about using satellite
images and global data to study water systems.

In the present work, the SWAT model was tested for its performance to describe
various hydrological components in VRB in NE Greece (Figure 1), calibrating it in a
three-fold way within SWAT-CUP; initially, river gauge measurements were used for
calibration, and then the model was calibrated against satellite-based SM retrievals, while
a simultaneous calibration using both river gauge measurements and satellite-derived
SM data was also attempted. Results indicated an improvement in the description of the
SM regime without compromising the surface runoff SWAT output, thus highlighting
the usefulness of SM calibration in the modeling process. To the best of our knowledge,
it is the first time that such an analysis was conducted regarding SM, and this is a certain
novelty of this work as it provides a methodological approach for the improvement of
the description of the SM regime. The work is structured with the study area description
namely VRB, the selected software description namely the SWAT model, and the SWAT
input data description such as the ASTER GDEM V3, the CORINE land cover, soil, and
weather information are analyzed. Moreover, an analysis of the downscaling SMAP SM
retrievals method and the calibration with SWAT-CUP software methodology follows.
Finally, discussion and conclusions sections are provided where there is an extensive
discussion, summary, and comparison of the data and methodologies used in this study
as well as the acquired findings. The work concludes with the importance of the SM
parameter in the improvement of the planning of anticipating measures related to water
resources management.
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Figure 1. VRB GDEM, watershed characteristics and position in Rhodope regional unit of Greece.

2. Materials and Methods
2.1. Study Area Description

VRB with coordinates X = 365,867, Y = 4,555,338 in ED50/UTM zone 35N Coordinate
Reference System (EPSG:23035), covers an area of approximately 355 km? in NE Greece,
within Thrace region (Figure 1). The length of Vosvozis River course is approximately
40 km, originating from Rhodope mountains and discharging into Ismarida Lake, which is
a very important wetland ecosystem protected by the Ramsar treaty on wetlands [38—40].
VRB has a diverse topography with a northern mountainous part reaching an altitude
of ~1100 m (above sea level-asl) and a southern plain area (with altitudes ranging from
10 to 150 m, where most human activities take place. Agricultural activities are found in
the plain part, with cultivation mainly being wheat, cotton, and tobacco. The mountain
part is covered by forest of mixed type. The population of the basin area comprises
70,000 inhabitants, while the main urban center is Komotini town, located in the center
of the study basin. From the hydrological point of view, VRB forms a typical mountain
front recharge system [40], where river flow from the mountain areas provides recharge to
the aquifer within the agricultural plain, thus sustaining the farm production in the area,
but also the domestic water supply for the urban center of Komotini and the surrounding
villages. The climate of the area is Mediterranean, with mild and humid winters (December
to February) and hot, dry summers (June to August).

2.2. The SWAT Model

SWAT is a river basin-scale model developed by the USDA Agricultural Research
Service (ARS). It is primarily used to estimate the long-term impacts of land management
practices on surface water, sediment, and pesticide yields in large watersheds. SWAT is a
semi-distributed model that requires inputs such as weather, soil properties, topography,
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vegetation, and land cover changes that occur in the watershed. In the modeling process,
the basin is divided into a series of subbasins, which in turn are divided into hydrological
response units (HRUs) [41]. The main model components include hydrology, weather, plant
growth, soil temperature, pesticides, nutrients as well as land management [19]. The land
phase of the hydrologic cycle is based on the water balance equation (Equation (1)) [41]:

SWr = SWy + 2;;1 (Rday - qurf —Eq,— Wseep - qu) (1)

where SW; is soil water content (final state) (mm); SWj is soil water content (initial state)
(mm); t is time (days); R, is the precipitation amounts per day (mm); Qs f is the surface
runoff amounts per day i (mm); E, is the evapotranspiration amounts per day i (mm); Wseep
is the percolation amount and bypass flow that exit past the bottom of the soil layers per
day i (mm); Qg is the return flow amount per day i (mm).

SWAT model development and the whole procedure are presented in Figure 2.

SWAT input data

v
[ I ! ]
LAND SOIL WEATHER DATA
ASIER USE/COVER TYPES INPUT
DEM
! ¥ ¥ WRITE INPUT
CORINE FAO DATA FILES
VRB STREAM LAND COVER SOIL MAP
NETWORK
L h 4 v
DELINEATE i
WATERSHED » SLOPE CLASSIFICATION
!
HRUs |
[ MODIFY
< INPUT DATA
3 FILES
RUN SWAT
MODEL
WATER
BALANCE

Figure 2. Flowchart for SWAT model methodology.

2.3. SWAT Input Data

Simulation of VRB with SWAT requires topography information, which was provided
by the ASTER GDEM V3 [42], with a 30 m spatial resolution (Figure 1). The VRB was
discretized by the SWAT model into nineteen (19) subbasins as is shown in Figure 1.

CORINE land cover (CLC) was used in order to describe the various land cover types
in the study area (Figure 3). CORINE is a pan-European land cover database providing
information on 44 land cover types at 100 m spatial resolution (Figure 3) [43]. Therefore,
GDEM [44], soil maps, land use maps, and meteorological data were inserted in the SWAT
for long-term simulation. On the other hand, in the calibration process with the SWAT-CUP
software, the observed discharge values were provided at the VRB catchment outlet.
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Figure 3. CLC land cover types (2018) Version 2020_20ul, soil type information from FAO, and the
soil map of Greece and slope band classification of VRB project.

Soil information for the study basin was accessed from the Food and Agriculture
Organization (FAO) at scale of 1:5,000,000 [45]. In order to have a better representation
of the soil properties in the study basin the FAO soil map was enhanced with soil data
from the 1:500,000 map of Greece [46]. The study area was thus divided into several
polygons, each of them containing a hydrologic group of soils, hydraulic conductivity, soil
texture, and other chemical and physical properties that are consistent with the FAO soil
database (Figure 3).

After providing topography, land cover, and soil information, Vosvozis watershed
was divided into 19 subbasins and 101 HRUs based on the classification of land use, soils,
and slope presented in Figure 3.

Weather data in the form of minimum and maximum daily temperature and daily
precipitation were introduced in SWAT for the time period from 2014 to 2022. Four weather
stations operating inside or near the study basin, shown in Figure 1, provided the weather
input. Daily precipitation, as well as minimum and maximum daily temperature measure-
ments derived from the above weather stations, are presented in Figures 4-6, respectively.
Moreover, statistical parameters of collected daily precipitation and minimum and max-
imum daily temperature, i.e., average, maximum, minimum, and standard deviation
(STDEV) are found in Table 1.
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Figure 6. Values of maximum daily temperature measurements (°C) derived from 4 weather stations

and used as input data in SWAT software.

Table 1. Statistical parameters of collected data from meteorological /weather stations in VRB.

D NAME Daily Precipitation Daily Maximum Daily Minimum
(mm) Temperature (°C) Temperature (°C)
KOMOTINI Ayerage: 1.81 Avgrage: 20.39 Avgrage: 8.58
Maximum: 121.00 Maximum: 39.60 Maximum: 26.10
1 WEATHER .. .. ..
STATION Minimum: 0.00 Minimum: —5.60 Minimum: —12.20
STDEV: 7.15 STDEV: 8.81 STDEV: 7.75
NYMFAIA Avgrage: 2.19 Ave'rage: 18.66 Av.erage: 7.73
Maximum: 82.60 Maximum: 35.70 Maximum: 24.85
2 WEATHER . .. ..
STATION Minimum: 0.00 Minimum: —4.50 Minimum: —14.00
STDEV: 7.31 STDEV: 8.93 STDEV: 7.82
KERASEA Avgrage: 2.19 Ave.rage: 19.82 Av?rage: 7.56
Maximum: 89.60 Maximum: 37.00 Maximum: 24.50
3 WEATHER . .. ..
STATION Minimum: 0.00 Minimum: —3.30 Minimum: —12.30
STDEV: 6.93 STDEV: 8.80 STDEV: 7.82
Average: 2.14 Average: 20.85 Average: 7.92
KOSMIO . . .
Maximum: 91.40 Maximum: 40.40 Maximum: 26.40
4 WEATHER Mini . 0.00 Mini . _3.40 Mini . _13.20
STATION inimum: 0. inimum: —3. inimum: .

STDEV: 7.57

STDEV: 8.69

STDEV: 7.87

SM sensors are operating in three locations in the study basin, namely Kerasea, Ko-

motini, and Nymfaia, providing SM measurements at 10 min intervals at a depth of 5 cm
(Table 2). The present study utilized daily averages of SM from aforementioned sensors
to facilitate the verification of the provided Soil Water (SW) parameter obtained from
SWAT software. Furthermore, the calibration and verification process for the SWAT model
involved assimilation of daily downscaled SM data derived from SMAP mission.
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Table 2. Characteristics of meteorological and hydrological stations.

D Name Elevation Measurement SM Measurement
(m) Period Period
1 Komotini 33 1 January 2014-31 1 January 2019-31
Weather Station December 2022 December 2022
5 Nymfaia 616 1 January 2019-31 1 January 2019-31
Weather Station December 2022 December 2022
3 Kerasea 587 1 January 2019-31 1 January 2019-31
Weather Station December 2022 December 2022
4 Kosmio 60 1 January 2019-31 )
Weather StatioN December 2022
5 Vrb Outlet 6 1 January 2019-31 )
River Gauge December 2022

Flow measurements at the outlet point of VRB are conducted from 2019, with a Sommer
RQ-30radar sensor, obtaining 15 min river discharge measurements, as it is shown in Table 2.
Daily averages were computed and used in the calibration and validation process.

2.4. Downscaled SMAAP SM Retrievals

The SMAP mission developed by NASA, performs remotely sensed global measure-
ments of SM levels within the Earth’s terrestrial regions. SMAP mission differentiates
between frozen and thawed land surfaces. The utilization of space-based direct observa-
tions to monitor SM and freeze/thaw state results in a noteworthy advancement in the
precision of estimates of water, energy, and carbon transfers between the land and the
atmosphere. Furthermore, the SMAP initiative employs the aforementioned observations
in conjunction with sophisticated modeling and data assimilation techniques to ascertain
more profound assessments of root zone SM and net ecosystem exchange of carbon [47]. SM
measurements have direct relevance to the evaluation of flood susceptibility and the moni-
toring of drought conditions. Thus, the utilization of SMAP observations has the potential
to aid in the monitoring of various natural hazards, thereby leading to significant economic
and social advantages. To assimilate SM information in the SWAT model, we retrieved the
recently released downscaled SMAP daily SM at 1 km spatial resolution [48], from [49],
available from 1 April 2015 to 29 September 2022. The downscaled SM product is based on
the enhanced Level 2 half orbit 9 km SM version 4 product (SPL2SMP_E) available at [50].
The SMAP SM product represents the surface SM conditions, i.e., topsoil layer of 0-5 cm
and its accuracy meets the requirement with the vegetation water content < 5 kg/m? [48].
For each subbasin of the study area, the spatial average of daily downscaled SMAP SM
was computed. Since the downscaled SM product is available only until September 2022,
we used the original SMAP product from 30 September 2022 until 31 December 2022.

In order to approximate SM for the SWAT soil profile of 1 m, the SMAP SM was
multiplied to obtain the water equivalent in mm for the predefined soil depth, assuming
that it is representative of the moisture conditions for the whole soil profile.

2.5. Calibration with SWAT-CUP Software

SWAT-CUP is a software that analyzes the uncertainty in the estimated output of SWAT
software through various calibrations and validations [51,52]. Moreover, the SWAT-CUP is
used to study and analyze the SWAT model results, while it helps with testing and adjusting
the model, checking its accuracy comparing model results to measurements, and evaluating
model uncertainty [53]. The Sequential Uncertainties Fitting Ver-2 (SUFI2) algorithm
provided by SWAT-CUP software was used in the calibration procedure; in SUFI2 parameter
uncertainty is defined as an interval (uniform distribution) and theoretical models are
calculated for multiple sources of uncertainty including parameters, driving factors (e.g.,
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rainfall) and calculated data [51]. Factor uncertainty in model outputs (expressed as a 95%
probability distribution) arises as a consequence of increasing numerical precision.

Two static measures are provided in SUFI-2: the R factor and the P factor, which
are provided to determine the similarity between simulated and observed results [51].
Moreover, SUFI-2 P factor and R factor static measures are used in order to check how
dependable the model predictions are on streamflow, sediment, and nutrient load [54].
The P factor refers to the proportion of observed empirical data encompassed within the
confines of a 95% predictive uncertainty (95 PPU) range. One additional measure of static
performance is the R factor, which quantifies the average thickness of the 95 PPU zone
relative to the standard deviation of observed data. The R factor assumes values from 0 to
infinity, while the P factor ranges from 0 to 100%. In order to achieve an optimal simulation
that exhibits ideal conformity with empirical observations, the R factor should attain a
value of zero while simultaneously producing a P factor equal to unity.

The VRB simulations confirmed the model’s performance with two SWAT-CUP objec-
tive functions. The Nash—-Sutcliffe [55] and the coefficient of determination R? are the most
used objective functions in the calibration process and moreover, they operate effectively
even in poor hydrological models [56].

Regarding the calibration of SWAT in VRB, the SWAT model was run from 1 Jan-
uary 2014 to 31 December 2022. The simulation was conducted using a 5-year warm-up
period. The calibration period was set for a 2-year period, i.e., from 1 January 2019 to
31 December 2020 while the validation also comprised a 2-year period, from 1 January 2021
to 31 December 2022. A three-fold calibration approach was developed. Initially, the model
was calibrated for river gauge measurements, then it was calibrated for satellite-derived
SM datasets, and a final calibration attempt used both river gauge and satellite-derived SM
datasets in parallel.

3. Results
3.1. Model Calibration and Validation Using River Flow Measurements

River flow measurements help scientists discover climatic or environmental changes
because discharge is a function of many parameters such as climate, geology, and topogra-
phy, which influence synergistically the hydrology of a basin [57], along with soil and land
cover types. In this step, model calibration and validation processes were performed at the
RCH level with observed river flow measurements at the outlet point of VRB.

To verify model results and quantify the impact of changes in model parameters on
model performance, an uncertainty analysis is conducted within SWAT-CUP. In the current
study, parameter uncertainty bands for runoff simulations were constructed to represent
runoff dynamics in watersheds. First, SWAT was run with different parameter combinations
using SWAT-CUP software. Then, the parameters with the best model efficiency (NS > 0.5)
were selected from SWAT-CUP (Table 3). SWAT was run for these parameter sets and
simulated runoff data corresponding to each parameter set were extracted. Statistical
and graphical displays were utilized to assess the parameter instability bands for the four
weather stations in the basin. The number of simulations in the SWAT-CUP software was
set to 1000.

Table 3. Sensitive parameters used for model calibration with flow measurements. (V means replace
and R means relative change).

No Parameter Name Parameter Description Initial Parameter Range
1 R__CN2.mgt Runoff curve number (—0.25, 0.25)
2 V__ALPHA_BFE.gw Alpha baseflow factor (0.01, 1.00)
3 V_GW_DELAY.gw Groundwater delay time (0.50, 50.00)
Threshold water depth in the
4 V_GWQMN.gw shallow aquifer required for (0.01, 5000.00)

return flow to occur
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Table 3. Cont.
No Parameter Name Parameter Description Initial Parameter Range
5 V__ESCO.hru Soil evaporation (0.01, 1.00)
compensation coefficient
6 V__EPCOhru Plant uptake (0.01, 1.00)
compensation coefficient
7 V_REVAPMN.gw Reevaporation threshold (0.01, 500.00)
8 V__ GW_REVAPgw ,, Groundwater (0.01, 0.20)
revap” coefficient
9 R_OV_N.hru Manning’s “n” value for (—0.20, 0.20)
overland flow
Saturated
10 R__SOL_K(..).s0l hydraulic conductivity (—0.15,0.15)
11 R__SOL_BD(..).sol Moist bulk density (—0.15,0.15)
12 R__SOL_AWC(.)sol  ‘Available water capacity of (~0.15,0.15)
the soil layer
13 V__CH_BED_BD.rte Bulk density of channel (1.20, 1.70)
bed sediment
14 V__CH_BNK_BD.rte Bulk density of channel (1.20, 1.70)
bank sediment
15 V__SURLAG.bsn Surface runoff lag coefficient (0.50, 20.00)

3.1.1. Sensitivity Analysis

In order to calibrate the SWAT model, a total of fifteen parameters that were deemed
sensitive were carefully selected. The aforementioned selection was predicated upon the
most frequent parameters employed in a total of 64 watershed studies, comprising CN2,
ALPHA_BF, GW_DELAY, GWQMN, SOL_AWC, SOL_K, ESCO, EPCO, SURLAG, and
OV_N. [58]. Moreover, according to [59], there are initial ranges and other definitions
and explanations of the parameters used for model calibration in the study watersheds
of their work. Consequently, the SWAT parameters selected for calibrating the VRB
SWAT model were employed in a sensitivity analysis conducted via SWAT-CUP on a
daily temporal resolution, relative to the VRB’s discharge quantities. The evaluation of
sensitivity analysis employed t-statistics and p-values to perform a statistical assessment
of the influence of the parameters on the SWAT runoff. The statistical analysis of the
t-stat and p-value reveals that the runoff curve number (CN2), the soil evaporation
compensation coefficient (ESCO), the threshold water depth in the shallow aquifer
required for return flow to occur (GWQMN), the available water capacity of the soil layer
(SOL_AWC), and the moist bulk density (SOL_BD) are the most sensitive parameters for
VRB as is shown in Figure 7.

3.1.2. Calibration and Validation Results with Flow Measurements

The calibration of SWAT incorporated all previously indicated sensitive parameters.
The model was calibrated at the outlet of reach 1 and at the subbasin 1, where Vosvozis
River gauge measurements were taken. In order for the SWAT-CUP process to produce
results that are closer to the observed data, calibration and parameter correction work is
required. Table 4 shows R? and NS values results for the time series. Table 4 indicates
that the results of the model are satisfactory. This fact can be conducted from the NS
coefficient, which is equal to 0.61 and from the R2 equal to 0.69 for the calibration
procedure, while the NS coefficient is 0.58 and R? is 0.65 for the validation procedure,
respectively. Figure 8a,b shows the best simulation against the observed time series of
flow and the plot of the 95PPU diagram of all variables for calibration years of the model
and is divided into (a) and (b) for calibration years 2019 and 2020, respectively, in order
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to have a better visualization because of the long daily flow time series. Accordingly,
Figure 9a,b shows the best simulation against the observed time series of flow for
validation years of the model and is divided into (a) and (b) for validation years 2021
and 2022, respectively.

As mentioned in Section 2.3, SM sensors operate in three locations within VRB limits,
namely Kerasea, Komotini, and Nymfaia, and provide SM measurements at 10 min intervals
at a depth of 5 cm. In order to check the correctness of daily averages of SW obtained
from the SWAT model in the VRB project, they were compared against daily averaged SM
measurements obtained from the above 3 SM sensors for the year 2022 (Figure 10). Results
showed that while river flow simulation is satisfactory, the SWAT model demonstrated low
performance regarding SM (NS = 0.40 and R? = 0.51). It thus seems that the description of
the SM regime should be improved.

P-Value
0 0.10.2030405060.70809 1
P P P PR P P R AP S AP |
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Figure 7. p-value results of sensitivity analysis of SWAT-CUP, for calibration procedure using river
gauge measurements.



Hydrology 2023, 10, 176 15 0f 33

Table 4. Criteria utilized to determine the precision of model calibration and validation with flow

parameters for VRB.
Model Evaluation R? NS
CALIBRATION PERIOD
(2019-2020) 069 06l
VALIDATION PERIOD
(2021.2072) 0.65 0.58
54
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Figure 8. (a,b) Best simulation against the observed time series of flow parameters and the plot of the
95PPU diagram of all variables for calibration years 2019 and 2020, respectively. X-axis labels are
provided as cumulative dates from 1 January 2019 to 31 December 2020.
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Figure 9. (a,b) Best simulation against the observed time series of flow parameters for validation
years 2021 and 2022, respectively. X-axis labels are provided as cumulative dates from 1 January 2021
to 31 December 2022.

3.2. Model Calibration and Validation Using SMAP Datasets

SM information plays an important role in hydrologic modeling and environmental
protection processes. Recent advances in SM acquisition through remote sensing satellite
measurements have attracted attention as an alternative to traditional ground-based SM
measurement methods [60]. In the present study, calibration and validation were achieved
at the subbasin level with satellite-based derived downscaled SM dataset from the SMAP
mission as described in Section 2.4. The number of simulations conducted in the SWAT-CUP
software was 1000.
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2022
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Figure 10. Comparison of SM average from 3 sensors within VRB limits with SW given from SWAT
software for year 2022.

Table 5 shows the range of parameters that provided the best model efficiency
(NS > 0.5) and therefore were selected for the calibration of satellite-derived SM.

Table 5. Sensitive parameters used for model calibration with SM measurements. (V means replace
and R means relative change).

No Parameter Name Parameter Description Initial Parameter Range
1 R__CN2.mgt Runoff curve number (—0.25, 0.25)
2 V__ALPHA_BE.gw Alpha baseflow factor (0.01, 1.00)
3 V_GW_DELAY.gw Groundwater delay time (0.50, 50.00)
4 V_RCHRG_DP.gw  Recharge to deep aquifer (0.10, 0.50)

Available water capacity

5 R__SOL_AWC(..).s0l of the soil layer (—0.15,0.15)
Saturated
6 R__SOL_K(..).sol hydrautic conductivity (—0.15,0.15)
7 V__ESCO.hru Soil evaporation (0.01, 1.00)
compensation coefficient
8 V__GW_REVAPgw Groundwater (0.01, 0.20)

“revap” coefficient

3.2.1. Sensitivity Analysis

To undertake calibration and validation with satellite-derived SM measurements,
a set of eight parameters with high sensitivity were selected to be integrated into our
model. Subsequently, the parameters of the SWAT-CUP model that were chosen for the
calibration and validation of VRB were utilized in a sensitivity analysis of the assimilation
of satellite-based SM data from the SMAP mission. The t-stat and p-value results show that
the soil evaporation compensation coefficient (ESCO) and the available water capacity of
the soil layer (SOL_AWC) are the most sensitive parameters for VRB as shown in Figure 11.
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Figure 11. p-value results of sensitivity analysis of SWAT-CUP, for the calibration procedure using
SMAP mission SM measurements.

3.2.2. Calibration and Validation Results with SMAP Dataset

The calibration process of SWAT-CUP encompasses the careful inclusion and assess-
ment of all pertinent sensitive parameters. The model was calibrated at the subbasin level.
The process of calibration and parameter correction is deemed essential to attenuate the
divergence of SWAT-CUP outcomes from the empirically collected data. Table 6 depicts
the average values of R? and NS metrics for the time series resulting from the 19 subbasins
existing in the VRB. Based on the findings elucidated in Table 6, it is deducible that the
model demonstrates acceptable performance, as evidenced by the NS coefficient of 0.55
and R? of 0.66 for the calibration procedure and NS coefficient of 0.53 and R? of 0.58
for the validation procedure, respectively. Figure 12 shows the best simulation against
satellite-derived subbasin averaged SM values for calibration years, while Figure 13 shows
the best simulation against satellite-derived subbasin averaged SM values for validation
years of the model. At this point, it is worth mentioning that Figures 12 and 13 refer to
subbasin No. 8, which is positioned approximately in the middle of the VRB as depicted in
Figure 1. Calibration results namely observed vs. simulated SM, with SMAP mission SM
measurements of all the 19 subbasins are included in Supplementary Material S1.
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Table 6. Criteria utilized to determine the precision of model calibration and validation for satellite-
derived SM parameters as they resulted from 19 subbasins average existing in VRB.

Model Evaluation R? NS
CALIBRATION PERIOD

(2019-2020) 0.66 0.55

VALIDATION PERIOD 0.58 0.53

(2021-2022)

SOIL MOISTLRE (mm)
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Figure 12. Best simulation against the observed time series of satellite-derived SM parameter and the plot
of the 95PPU diagram of all variables for calibration years, i.e., 2019 and 2020, of the model for subbasin
No. 8. X-axis labels are provided as cumulative dates from 1 January 2019 to 31 December 2020.
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Figure 13. Best simulation against the observed time series of satellite-derived SM parameters for
validation years, i.e., 2021 and 2022, of the model for subbasin No. 8. X-axis labels are provided as
cumulative dates from 1 January 2021 to 31 December 2022.



Hydrology 2023, 10, 176

20 of 33

The SM regime seems to be improved this time, while lower performance is observed
for the validation period. There are periods of model underestimation of SM, although
the general trend of SM seems to be depicted. In this case, we evaluated performance
metrics for flow simulation from 2019 to 2022, and it was found that NS = 0.51 and
R? = 0.58, which are lower compared to the previous calibration case (Section 3.1), but still
satisfactory. Therefore, the model is improved in terms of satellite-based SM simulation,
and at the same time the satisfactory performance of river flow is preserved, but still, there
is much potential for improvement.

3.3. Model Calibration and Validation Using River Flow and SMAP Datasets

In this final step, we used both flow and satellite-based SM datasets in the calibration
procedure, in order to evaluate whether simultaneous calibration using two parameters
could possibly improve the model performance for both the examined parameters. Flow
calibration and validation were performed at the RCH level while SM calibration and vali-
dation were performed at the subbasin level. Observed flow from the four meteorological
stations and downscaled SMAP SM were used simultaneously this time. The combina-
tion of the two parameters using SWAT-CUP software indicated better calibration results
on satellite-derived SM parameters than by using only satellite-based SM parameters in
SWAT-CUP software, such as NS equal to 0.85 > 0.55. Moreover, the simulated flow was
maintained simultaneously at a satisfactory level with a slight decrease in NS which is
equal to 0.57 < 0.61.

The SWAT-CUP program was run with various combinations of parameters. Then, the
parameters with the best model efficiency (NS > 0.50) were selected from the SWAT-CUP
(Table 7). Finally, SWAT-CUP was run with this parameter set, and the simulated flow rates
and SM data corresponding to each parameter set were extracted. Both statistical measures
and graphs were used to estimate parameter uncertainty bands for the four meteorological
stations in the watershed. The simulations performed in the SWAT-CUP calibration process
were 1000.

Table 7. Sensitive parameters were used for model calibration with flow and SM measurements. (V
means replace and R means relative change).

No Parameter Name Parameter Description Initial Parameter Range
1 R__CN2.mgt Runoff curve number (—0.25, 0.25)
2 V__ALPHA_BE.gw Alpha baseflow factor (0.01, 1.00)
3 V_GW_DELAY.gw  Groundwater delay time (0.50, 50.00)

Threshold water depth in
the shallow aquifer

4 V_GWQMN.gw required for return flow (0.01, 5000.00)
to occur

5 V__ESCO.hru Soil evaporation (0.01, 1.00)
compensation coefficient

6 V__EPCO.hru Plant uptake (0.01, 1.00)
compensation coefficient

7 V_REVAPMN.gw Reevaporation threshold (0.01, 500.00)

8 V_GW_REVAPgw  Croundwater “revap (0.01, 0.20)

coefficient

Manning’s “n” value for

9 R__OV_N.hru (—0.20, 0.20)

overland flow
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Table 7. Cont.

No Parameter Name Parameter Description Initial Parameter Range

10 R__SOL_K(..).s0l Saturated hydraulic (—0.15,0.15)
conductivity

11 R__SOL_BD(..).sol Moist bulk density (—0.15,0.15)

Available water capacity

12 R__SOL_AWC(..).sol of the soil layer (—0.15,0.15)

13 V_CH BED BDrte  Dulkdensity of channel (1.20, 1.70)
bed sediment

14 V_CH_BNK BD.rte  Dulk density of channel (1.20, 1.70)
bank sediment

15 V__SURLAG.bsn Surface runoff lag (0.50, 20.00)

coefficient
16 V_RCHRG_DP.gw  Recharge to deep aquifer (0.10, 0.50)

3.3.1. Sensitivity Analysis

A total of sixteen parameters of sensitivity were designated for the purpose of calibrat-
ing and validating our model. Consequently, the SWAT flow and SM parameters employed
for the third calibration and validation attempt were subjected to a sensitivity analysis,
considering daily time intervals, based on the recorded flow obtained from the river gauge
measurements and downscaled satellite-derived SM measurements obtained from the
SMAP mission. Sensitivity analyses were conducted utilizing both t-statistics and p-values
to statistically assess the impact of the aforementioned parameters on the hydrologic and
SM parameters of the SWAT. The statistical outputs indicated that the t-stat and p-value
provide evidence that the available water capacity of the soil layer (SOL_AWC), the runoff
curve number (CN2), and the groundwater delay time (GW_DELAY) are the most sensitive
parameters for VRB as shown in Figure 14.

3.3.2. Calibration and Validation Results with River Flow and SMAP Dataset

In SWAT calibration, all sensitive parameters are taken into account; a process of
calibration and parameter correction is necessary for SWAT-CUP to estimate the most
appropriate model parameters and obtain results closer to the observed data. Table 8 shows
the results of R and NS values in the time series. From Table 8, it can be concluded that
the model results are satisfactory for the calibration and validation procedure for the flow
parameters with NS coefficients of 0.57, R? = 0.66, NS coefficient 0.54, and R? = 0.64 for the
calibration and validation phase, respectively. Moreover, Table 8 shows the performance
metrics averaged over the 19 subbasins, indicating the NS coefficient equal to 0.85 and R?
equal to 0.91, and the NS coefficient equal to 0.79 and R? equal to 0.84 for the calibration
and validation procedures of the SM parameter, respectively. Figure 15 shows the best
simulation against the observed time series of flow parameters and the plot of the 95PPU
diagram of all variables for the calibration years of the model, while Figure 16 shows the
best simulation against the observed time series of flow parameters for validation years of
the model. Moreover, Figure 17 shows the best simulation against the observed time series
of the SM parameter and the plot of the 95PPU diagram of all variables for calibration years
of the model and Figure 18 shows the best simulation against the observed time series of
the SM parameter for the validation years of the model. Specifically, Figures 17 and 18
refer to subbasin No. 8, while the corresponding observed and simulated results of the
calibration procedure of all the 19 subbasins are given as Supplementary Material S2.
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Figure 14. p-value results of sensitivity analysis of SWAT-CUP for calibration procedure using both
river gauge measurements and SMAP mission SM measurements.

Table 8. Criteria utilized to determine the precision of model calibration and validation with flow
and satellite-derived SM parameters as they resulted from 19 subbasins average existing in VRB.

Model Evaluation R? NS

CALIBRATION PERIOD FOR
FLOW PARAMETER 0.66 0.57
(2019-2020)
VALIDATION PERIOD FOR
FLOW PARAMETER 0.64 0.54
(2021-2022)
CALIBRATION PERIOD FOR
SM PARAMETER 091 0.85
(2019-2020)
VALIDATION PERIOD FOR
SM PARAMETER 0.84 0.79
(2021-2022)
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Figure 15. Best simulation against the observed time series of flow parameters and the plot of the
95PPU diagram of all variables for calibration years of the model, i.e., 2019 and 2020. X-axis labels
are provided as cumulative dates from 1 January 2019 to 31 December 2020.
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Figure 16. Best simulation against the observed time series of flow parameters for validation years of
the model, i.e., 2021 and 2022. X-axis labels are provided as cumulative dates from 1 January 2021 to
31 December 2022.
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Figure 17. Best simulation against the observed time series of satellite-derived SM parameter and
the plot of the 95PPU diagram of all variables for calibration years, i.e., 2019 and 2020, of the model
for subbasin No. 8. X-axis labels are provided as cumulative dates from 1 January 2019 to 31
December 2020.
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Figure 18. Best simulation against the observed time series of satellite-derived SM parameter and
the plot of the 95PPU diagram of all variables for validation years, i.e., 2021 and 2022, of the model
for subbasin No. 8. X-axis labels are provided as cumulative dates from 1 January 2021 to 31
December 2022.

To check whether the SWAT model captures the temporal variability of SM at the
basin level, we compared the basin-averaged daily SWAT SM against the average SM of
the three ground sensors for 2022, assuming that they represent the average SM conditions
in the study basin, as they cover a wide part of the basin. Comparing Figure 8 (SWAT



Hydrology 2023, 10, 176 25 of 33

calibration with flow measurements only) and Figure 19 (SWAT simultaneous calibration
with flow and SM), it can be concluded that the representation of the average SM conditions
is improved in the SWAT model after being calibrated simultaneously for flow and SM.
The computed NS = 0.73 and R? = 0.81 for SM compared to ground measurements proves
this considerable improvement. It can be seen thus that the assimilation of satellite SM can
contribute to the enhancement of SM modeling which is of great importance, especially for
sparsely gauged basins.

COMPARISON OF SM AVERAGE IN VRB LEVEL FROM SMAP MISSION WITH THE SM AVERAGE FROM 3
SENSORS, FOR 2022

SOIL MOISTURE (mm)
g ¥ 8§ B & g

N
5]

20
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==SM average in VRB level from SMAP (mm) «===SM average from 3 sensors (mm)

Figure 19. Comparison of SM average in VRB level from SMAP mission with the SM average from
3 sensors within VRB limits for year 2022.

3.3.3. Model Evaluation Performance Indicators

In the third case, where calibration was performed simultaneously using both river
flow and SMAP datasets, in order to evaluate the performance of the studied model, NS
and R? statistics were used and presented in Table 8. Moreover, two graphic methods,
namely Box It can inform us where the middle value is and how spread out the numbers
are. It also helps us find any unusual plot and Taylor diagrams that were used in this
regard. A box plot is a graphical non-parametric (i.e., there is no assumption of the un-
derlying statistical distribution) representation of samples of numerical data used to show
information about the numerical data quartiles and thus identify the skewness, spread,
and variability of samples and whether there are outliers in the dataset [61]. The Taylor
diagram is a successful strategy for comparative assessment of various models, that shows
graphically the important statistical information of models and displays the results of eval-
uation indicators consistently [62,63]. In this work, we checked the developed model, using
the box plot and the Taylor diagram of the flow parameter as shown in Figures 20 and 21,
respectively. Figure 20, of the observed daily flow values and the corresponding simulated
values, demonstrates a satisfactory estimation of flow as far as median values are concerned.
Whereas a lower ability of the model to simulate high river flow values is found, as is also
evidenced by Figures 15 and 16. In the Taylor diagram, if a model is close to the reference
point (the hollow circle on the horizontal line), it means it is more reliable. As a result,
Figure 21 shows that this study model has a short distance to the reference point and as a
result, has high performance and accuracy. Moreover, according to Figure 21 (red dot), the
correlation between the observed and simulated daily stream flow data is 0.80. Moreover,
the box plot and the Taylor diagram of the SMAP SM parameter used in our study model,
were drawn in Figures 22 and 23, respectively, and concern subbasin No. 8. Figure 22
of the observed daily SMAP SM values and the corresponding simulated values shows
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a minor overestimation of the median of the simulated values compared to the observed
values. Finally, Figure 23 shows that this study model has a short distance to the reference
point and as a result, has high performance and accuracy. Moreover, according to Figure 23
(red dot), the correlation between the observed daily SMAP SM and simulated daily SM

is 0.90.
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Figure 20. Box plot of observed and simulated daily stream flow data used in VRB project.
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Figure 21. Taylor diagram of observed and simulated daily stream flow data used in VRB project.
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Figure 22. Box plot of observed (daily SMAP SM) and simulated SM data of subbasin No. 8, used in
VRB project.
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Figure 23. Taylor diagram of observed (daily SMAP SM) and simulated SM data of subbasin No. 8,
used in VRB project.

As was mentioned above, Figures 22 and 23 refer to subbasin No. 8., while the
corresponding box plots and Taylor diagrams of the remaining 18 subbasins are given as
Supplementary Material S3. It is worth mentioning that in Supplementary Material S3,
while the Taylor diagrams of the remaining 18 project subbasins are displayed in isolated
graphs, the box plots of them are presented in one graph.
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3.4. Advantages and Disadvantages of the Proposed Model

The proposed model improves the modeling performance related to soil moisture,
which is of major importance related to the prevalence of extreme hydrological conditions,
i.e., floods and droughts, but also for crop production. Thus, the calibrated model can be
applied even at the field scale in order to acquire information on soil moisture conditions
and facilitate irrigation planning. At the catchment scale, the expected advantages of the
model are: (1) SM regime may contribute to improved planning of anticipating water
resources management measures through SWAT software, which was used in this model
and is based on physical principles. (2) Even though SM sensors are scarce, having down-
scaled SMAP SM measurements may help us predict the effects of several hydrological
conditions that have strong environmental impacts. (3) Even though SM and discharge
measurement sensors have gaps in time series, by using the weather generator, missing
data can be filled when needed. (4) In the proposed model, SWAT-CUP software was
used for automatic calibration using auto-calibration and uncertainty algorithm SUFI2
analyzed and improved SM and flow parameters. (5) Through SWAT-CUP software and
the multi-objective calibration, better simulation was obtained that matched SM and flow
observations by improving the NS and R? values of SM and flow parameters, thus helping
to better represent various hydrological processes in the study basin.

Although the model has many advantages, there are also some limitations. Thus,
the model uses only the amount of rain that falls in a single day and applies the Soil
Conservation Services-CN method to it, thus neglecting rainfall intensity at the sub-daily
time step, and the associated flood conditions that may occur at this time scale, although
providing moisture conditions antecedent to heavy rainfall events may contribute to the
forecasting of flood conditions and up to this point the presented herein approach is helpful.
Another issue is the spatial variability of rainfall which cannot be accommodated in data-
scarce regions, with a consequent impact on model performance. In the case of the present
work, rainfall data availability and the dispersion of rainfall gauge stations in the study
basin were sufficient for reliable model development. However, this is not always the case
and in large and sparsely gauged basins researchers might have to rely on remotely sensed
precipitation as an alternative to account for the spatial variability of rainfall.

3.5. Discussion

Within the present work, three independent calibration/validation exercises using
SWAT and SWAT-CUP in VRB were conducted. The calibration period was that of
2019-2020 whereas years 2021-2022 were used as the validation period. In the first two
approaches, SWAT was calibrated against a sole parameter, i.e., daily averaged river flow
and downscaled daily satellite-derived SM from SMAP mission, respectively. In the third
case, SWAT was calibrated simultaneously against both daily averaged flow and SMAP
SM parameters. Results indicated a satisfactory performance regarding flow simulation
in the first trial (calibration with flow measurements only) with NS = 0.61 and R? = 0.69
for the calibration period, while for the validation period, the results were 0.58 and 0.65,
respectively. Sensitivity analysis indicated the runoff curve number, the soil evaporation
compensation coefficient, the threshold water depth in the shallow aquifer required for
return flow to occur, the available water capacity of the soil layer, and the moist bulk den-
sity, as the most sensitive parameters for VRB. The model, however, demonstrated a low
predictive ability regarding SM in the study area. The second case, i.e., calibration against
SM, resulted in a good performance, although lower compared to the flow calibration case
with NS = 0.55 and R? = 0.66 for the calibration period, while for the validation period,
the results were 0.53 and 0.58, respectively. The most sensitive parameters were found to
be the soil evaporation compensation coefficient and the available water capacity of the
soil layer. In the final case, i.e., a multi-objective calibration with simultaneous calibration
against SM and river flow resulted in NS = 0.57 and R? = 0.66 and NS = 0.54 and R? = 0.64
for flow calibration and validation period, respectively, while a considerable improvement
was achieved for SM at subbasin scale, with NS = 0.85 and R? = 0.91 and NS = 0.79 and
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R? = 0.84 for the calibration and validation period, respectively. This time, the most im-
portant parameters were found to be the available water capacity of the soil layer, the
runoff curve number, and the groundwater delay time. Results reveal that SM parameter
uncertainty is higher than flow-related uncertainty. Nevertheless, one should keep in
mind the inherent differences between satellite-derived SM and the SM acquired by the
SWAT model. The former represents surface SM conditions whereas the latter describes
the unsaturated zone average moisture conditions, which might be quite different, and
a perfect match should not be sought. Verifying results using ground SM observations
provides a useful way to examine the model performance in terms of SM description, as is
performed in the present work.

In all simulations, the timing of peak flow was successfully depicted; however, the
actual peak flow was many times underestimated, indicating that there is a considerable
space for improvement, as far as peak flow is concerned, which requires additional locations
of discharge measurements, which were not available in the present work, to allow runoff
calibration at the subbasin level. Analogous underestimation of river flow was observed
in [37], attributed to a lack of data to allow the application of the SWAT reservoir module in
hydropower generation-affected subbasins. Nevertheless, lack of hydrological information
is a very frequent problem and not many basins have continuous flow measurements in
many locations, as it is difficult and costly to install and operate such an observational net-
work. Many basins around the world remain ungauged or have little recorded streamflow
information [64,65] and this is the main issue that constrains the development of robust
hydrological models. Analogous observations were highlighted in previous works while
simulating daily flow [66] but even at the monthly time step [67], attributed mainly to the
sparse and heterogeneous spatial distribution of meteorological stations and the associated
inaccurate precipitation inputs to SWAT [67], or to inaccurate stream delineation [66].

Regarding the study area’s water budget, the basin annual average values during
a long-term period of simulation (including the 5 warm-up years) from 1 January 2014
to 31 December 2022, provided the following results 606.9 mm precipitation, 148.59 mm
surface runoff Q, 417.2 mm evaporation and transpiration and 47.99 mm percolation to
shallow aquifer.

Compared to previous works, our results are analogous to that of [32] in the Mundau
River Basin (4090.39 km?) in Northeastern Brazil, where authors calibrated against both
river gauge and SM data, highlighting the potential for improved model performance
assimilating SM information, especially in cases where discharge data are scarce. The
advantages of the multi-objective calibration approach that resulted in the improvement of
simulation results for other parameters such as snow water equivalent along with realistic
river flow predictions is highlighted in previous work [37], indicating that not only soil
moisture regime can be described better but also snow water processes, which is a very
important hydrological component in snow-dominated basins.

In other studies, however, step-wise calibration against the flow and satellite-based
SM measurements performed better compared to simultaneous calibration in the study
presented in [1] at the Hydrological Open-Air Laboratory (HOAL) catchment located in
Petzenkirchen, Lower Austria. It should be noted, however, that HOAL is a very small
catchment of 66 ha, with a dense network of gauge stations, and the SWAT calibration
and validation incorporated runoff, groundwater flow, crop yields, and SM data. This
is of course the ideal case, which, however, cannot be accommodated in the majority of
basins, where data scarcity restricts such applications. In the present work, results from
the SWAT-CUP indicated that when SM and flow parameters are used both in order to
simultaneously calibrate and validate the model, the results of the simulation process are
more satisfactory. This is an important finding, as acquiring SM data is an easily and quickly
achievable procedure nowadays when a wealth of satellite observations is readily available,
compared to the cost and effort required for continuous river gauge measurements.

Future works extending the present findings can be conducted, related to the assimi-
lation of remotely sensed gridded SM so as to estimate SM at the finer spatial resolution,
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e.g., at the field scale, which is of particular importance for agricultural activities and the
anticipation of flood and drought conditions. Moreover, adding more streamflow gauge
stations and SM estimates in specific locations could potentially improve the accuracy
of predicting the average and pick streamflow across the watershed and its individual
subbasins. However, this is not the usual case as there are important constraints related to
the cost and effort of river gauge monitoring networks, mentioned above. Nevertheless,
several remotely sensed datasets are freely available nowadays and their usefulness in
model development, calibration, and validation has been indicated in previous works [68]
and it is believed that they will offer a viable solution for hydrological modeling in sparsely
monitored areas. The improved ability to predict and the reduced uncertainty of SWAT
simulations using SM parameters, as demonstrated in this study, can greatly help the re-
search on long-term effects of climate change and land use, predicting floods and droughts,
as well as managing agricultural practices in order to improve crop yield.

4. Conclusions

Within the present work, QSWAT and SWAT-CUP were used for the simulation of the
hydrological components in a catchment in Northeastern Greece. Three calibration and
validation approaches were tested, i.e., an initial one calibrating only against river gauge
measurements, a second one calibrating only against satellite-derived SM measurements,
and a third one calibrating simultaneously against both flow and SM measurements at the
daily time step. Results indicated a satisfactory performance in all three cases, for flow
conditions, while the third one, using both parameters in a multi-objective calibration,
produced the best SM results, while preserving the successful simulation of river flow, as
indicated by the performance metrics and the box plots and Taylor diagrams provided. This
is especially important since SM is of major importance related to the prevalence of extreme
hydrological conditions like floods and drought surges, while a better representation of the
SM regime may contribute to improved planning of anticipating measures.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /hydrology10080176/s1, Supplementary Material S1: Txt S1: Observed
vs. simulated SM, after calibration procedure with SMAP mission SM measurements of all the
19 subbasins, using SWAT-CUP software, Supplementary Material S2: Txt S2: Observed vs. simulated
SM, after calibration procedure with river flow and SMAP mission SM measurements of all the
19 subbasins, using SWAT-CUP software, Supplementary Material S3: Txt S3: Box plots and Taylor
diagrams of the remaining 18 subbasins.
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