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Abstract. The scientists tend to assume that climatic factors are the only drivers in the development of drought.
However, this classical assumption is no longer valid in the Anthropocene, as most catchments have been signifi-
cantly modified by human factors. Recent theoretical developments have shown that there are mutual interactions
and feedback mechanisms — drought shapes humans and vice versa. Therefore, this study aims to assess the role
of human impacts on hydrological drought (HD) characteristics by considering runoff and baseflow separately.
For this purpose, the two rainfall-runoff models: SWAT (Soil and Water Assessment Tool) and HBV (Hydrol-
ogiska Byrans Vattenbalansavdelning) models are compared. The results show significant differences in the
magnitude of change between the two models, suggesting that the ensemble method of multiple models need to
be considered for modelling human impact. However, the results confirm that despite significant differences in
the magnitude of change, both hydrological models indicate similar impacts, i.e. positive and negative.

Keywords. Human factors; Panta Rhei; observation-modelling
framework; UPH9; SWAT; HBV; hydrological drought

1 Introduction

Catchment responses to precipitation inputs depend on geo-
physical characteristics, climatic conditions, and human fac-
tors (Kubiak-Wéjcicka and Bak, 2018). These factors affect-
ing hydrological processes are mainly divided into two cate-
gories: natural factors (climatic factors, watershed character-
istics) and human factors (Harrigan et al., 2014; Jiang et al.,
2015). Watershed characteristics include watershed size, ter-
rain slope, natural vegetation, geology, orientation, and pre-
vailing soil moisture conditions, while human factors include
development of irrigation, water transfer, water abstraction
and land cover dynamics (B. Liu et al., 2016). Local climate
variability and its impact on droughts have increased and are
likely to increase further due to the release of greenhouse
gases that have caused global warming (Kang and Sridhar,
2017). In northern Europe, human-modified climate change
is likely to be responsible for recent drought (Gudmunds-
son and Seneviratne, 2016). Frequent drought is also a seri-

ous problem for the environment and socio-economic situa-
tion in Poland (Bak and Kubiak-Wéjcicka, 2017), with se-
vere droughts occurring frequently in the central part of the
River Vistula basin (Karamuz et al., 2021; Bak and Kubiak-
Wjcicka, 2017). Studies have also identified the impact of
human factors on HD as either exacerbating (Wanders and
Wada, 2015) or ameliorating (Jiao et al., 2020). Human fac-
tors impact the development of HD, by accumulating, attenu-
ating, delaying, prolonging, etc. (Y. Liu et al., 2016). Which
of these factors — climate or human — determines the char-
acteristics of HD depends on the spatial and temporal scales
considered for studies. This means that climate is mainly the
dominant factor at the global level and on a longer-term scale
(Y. Liu et al., 2016), while human factors are mainly domi-
nant at the local level and on a short-term scale (Zou et al.,
2017). Therefore, site-specific water management measures
are recommended to address the different HD problems in
different river reaches (Qiu et al., 2016).

A drought is generally when available water (i.e. precipi-
tation, soil moisture, surface water, and groundwater) is sig-
nificantly scarce for an extended period. The overall impact
on the components of the hydrological cycle can lead to a
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long-term socio-economic drought, which in turn leads to
water scarcity, i.e. an imbalance between water demand and
available water supply (van Loon et al., 2016a). The study of
drought has a long tradition of assuming that climatic factors
are the only driving factors for its development (Nasiri et al.,
2022). However, this classical assumption is no longer valid
in the Anthropocene, in which the Earth’s systems have been
significantly modified by human impacts (van Loon et al.,
2016b). This led to a redefinition of drought by van Loon et
al. (2016b) that takes human responses into account. The ex-
istence of interactions between drought impacts and human
responses suggests a reciprocal influence — drought impacts
shape human societies and vice versa (Di Baldassarre et al.,
2017). Moreover, the IAHS has proclaimed the period 2013—
2022 as the Scientific Decade, which will focus on research
into the interactions and feedbacks between humans and the
environment under the title “Panta Rhei — everything flows”
(Montanari et al., 2013). Furthermore, Bloschl et al. (2019)
identified the occurrence of droughts and their changes as
an “Unsolved Problem in Hydrology” (UPHY9), which states:
“How do droughts occur, do they change and if so, why?”.

Although the studies on droughts are not new, the dy-
namics of drought impacts and human responses, as well as
the modelling of this feedback, have not been sufficiently
explored (Di Baldassarre et al., 2017). For instance, Wu
et al. (2019) and Rangecroft et al. (2019) have used to-
tal runoff to determine HD, while other studies consider
HD by looking separately at the components of the hydro-
logical process, particularly baseflow drought (e.g. Bazrkar
and Chu, 2020). Our study, therefore, focuses on assess-
ing the impact of human factors on HD characteristics
considering (sub)surface runoff separately. Two rainfall-
runoff (RR) models: SWAT (Arnold et al., 1998) and HBV
(Bergstrom and Forsman, 1973) were applied for recon-
structing (simulating) the “proxy” natural runoff during the
human-modified period, which was compared with the ob-
served runoff (human-modified runoff) by applying the ob-
servation — modelling framework proposed by van Loon and
van Lanen (2013). Naturalized and observed runoff and the
corresponding filtered baseflow were used as indicators of
HD.

The aim of this study is therefore to model the impact
of human factors on the characteristics of HD by compar-
ing simulation-based and observed-based using standardized
HD indices. We also considered two RR models of different
complexity, the lumped version of the HBV model and the
semi-distributed SWAT model, to determine the role of using
different RR models of different complicities in identifying
HD characteristics.
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2 Data and methods

2.1 Study area

The Kamienna catchment is located in Central Poland, with
a catchment area of about 2000km?, and river length of
about 156 km. It is a tributary of the Vistula River basin and
lies at geographical coordinates between 20.60-21.70° E and
50.79-51.22°N (Fig. 1). The topography of the catchment
ranges from about 130m to just over 600 m (Senbeta and
Romanowicz, 2021), with a mean elevation of 260 m above
mean sea level. The catchment has experienced the greatest
change in land cover from agriculture to forests and natu-
ral areas, as well as a significant change in the hydrological
regime (Senbeta and Romanowicz, 2021).

2.2 Data

Two rainfall-runoff (RR) models were used in our study: the
SWAT and the HBV models with different complexity and
input data requirements. Climate variables such as precipita-
tion and temperature for the period 1968-2018 were used for
both models, while additional spatial GIS data (topography,
land use, and soil map) were used for the SWAT model; see
Senbeta and Romanowicz (2021) for more details. Potential
evapotranspiration (E,) was calculated externally with the
temperature-based method for the HBV model. Precipitation
and E, at each station were then aggregated to catchment
areal-average value using the Thiessen polygon and used as
input to the HBV model. River runoff at the Czekarzewice
gaging station was also used as an additional input for model
calibration, validation, and further HD analysis. The peri-
ods 1971-1976 and 1977-1982 were used for model calibra-
tion and validation for both models, while the entire period,
1971-2018, was used for HD analysis.

2.3 Human impacts modelling approach

The study applied “observational-modelling” comparative
approach (van Loon and van Lanen, 2013) that compares ob-
served river runoff (i.e. human-modified runoff) with simu-
lated (naturalized) runoff using the RR models to determine
the human impact on the hydrological processes. In this ap-
proach, the observed runoff is considered as an indicator of
the combined impacts of human and climatic factors, while
the simulated runoff is an indicator of only the impact of cli-
mate variability. This means that the difference between the
observed and simulated runoff is an indicator of human in-
fluence on river runoff. The selected RR models — the SWAT
and HBV models — calibrated and validated in the refer-
ence (natural conditions) period (1971-1982) were applied to
model natural runoff during the human period (1983-2018).
This significant change in the river runoff regime in the early
1980s in the Kamienna catchment was noted in an earlier
study (Senbeta and Romanowicz, 2021). Details on the setup,
calibration, and validation of the SWAT can also be found in
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Figure 1. Geographical location of the study area and distribution of the hydroclimatic measuring stations.

Senbeta and Romanowicz (2021), while details on the HBV
modelling processes are described in Sect. 2.4.

The study also aims to consider baseflow as a proxy in-
dicator for groundwater drought, but no observed baseflow
data were available throughout the study period. Therefore,
the baseflow data were filtered out from the observed and
RRs simulated runoff using the Wittenberg algorithm (Wit-
tenberg, 1999). This baseflow filtering method was proposed
based on a non-linear reservoir algorithm and the calculation
is done backwards, starting with the last value of the baseflow
recession as follows:

1
N pl=b BT
ab
1
1—0b) |51
Qt—At=[ ﬁ)l‘*‘%]b l (2)

where Q, is an initial discharge [mm d~11, 0, is a baseflow
recession at time ¢, and a is a parameter with the dimension
[mm'~? d"]; b is a dimensionless exponent [0.5], At is a time
step [day].

2.4 HBV model

The HBV model (Bergstrom and Forsman, 1973), originally
developed by the Swedish Meteorological and Hydrologi-
cal Institute is a rainfall-runoff model that simulates river
runoff at daily time scales. The conceptual model consists
of three reservoirs: the soil box, the upper layer, and the
lower layer, representing respectively the soil moisture, the
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fast response of the subsurface, and the slow response of the
groundwater. The model uses the degree-day method to sim-
ulate snowmelt. The model is lumped when a single input is
used for the entire catchment, while it is considered semi-
distributed when a catchment is divided into sub-catchments
based on elevation and vegetation zones. In the study, the
lumped version of HBV-Light was used. For more details on
this version of the model, Seibert and Vis (2012), is recom-
mended.

2.5 Hydrological drought identification method

The parametric standardized approach was applied to de-
termine the Streamflow Drought Index (SDI; Nalbantis and
Tsakiris, 2009) and the Standardized Baseflow Index (SBFI;
Bazrkar and Chu, 2020) as indicators of surface and sub-
surface HD, respectively. In this approach, both drought in-
dices (DI) are derived based on the Log-normal distribu-
tion function. The HD characteristics were derived from
DI, based on the run theory with the threshold level (TL)
of —1. This means that a DI of less than —1 indicates
drought, while a value above —1 indicates either mild (nor-
mal) drought or wet conditions. Furthermore, drought can
be classified into three states: moderate (—1.5 < DI < —1),
Severe (—2.0 < DI < —1.5) and extreme (DI < —2.0) (Nal-
bantis and Tsakiris, 2009). The number of months for a par-
ticular drought event is referred to as the duration of drought
(DD), the sum of the DI values for a single drought event in-
dicates the severity of the drought (S), and the ratio of S to
DD indicates the intensity of the drought (/) (Mckee et al.,
1993).
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Table 1. Change in hydrological drought characteristics based on
streamflow drought index (SDI).

Flow DD |S] ND [I]  Remarks
[months] [-1] [-]  [per month]

SDI, 108  140.1 17 1.3

SDIN 73 1174 10 1.61 SWAT

SDIN 92 1275 14 1.39 HBV

Human impacts on hydrological drought characteristics [%]

HI? 479 193 70.0 —19.3  SWAT
HIP 17.4 99 214 —6.5 HBV

Note. DD = drought duration, S = drought severity, ND = number of drought
events, / = drought intensity, SDIy = Naturalized-based streamflow drought index,
SDI = Observation-based streamflow drought index, ® Human impact based on the
SWAT model simulation, ® Human impact based on the HBV model simulation

The change in the characteristics of HD is quantified by
comparing observation-based and simulation-based results
as follows:

|HDIo| — [HDIN|

AHD¢ =
¢ |HDIy|

x 100 % 3)
where AHDc refers to change in HD characteristics [%],
HDIp refers to observation-based HD index (SDI/SBFI),

and HDIy refers to simulation-based (naturalized) HD index
(SDI/SBFI).

3 Results

3.1 Comparison of the RR models in HD analysis

Changes in HD characteristics based on SWAT and HBV-
based runoff are compared with observation-based runoff to
model human impacts, as shown in Table 1.

The duration of drought (DD), the severity of the drought
(S), the number of drought events (ND), and the intensity
of the drought (/) changed by 47.9 %, 19.3 %, 70.0 %, and
—19.3 % based on the SWAT model and by 17.4 %, 9.9 %,
21.4 %, —6.5 % based on the HBV model, respectively, in-
dicating that there are significant differences in human im-
pacts on HD characteristic between the two RR models.
Even though the magnitude of human impacts differs signif-
icantly between the two models, both models show the same
direction of human impacts, i.e. either positive or negative
changes for each of the considered HD characteristic.

3.2 Hydrological drought analysis

The HD indices were calculated based on the observed and
naturalized runoff and the respective filtered baseflow to de-
termine the change in the characteristics of HD using the TL
value of —1. The results show that 17 HD events in different
drought categories (i.e., moderate, severe, or extreme) oc-
curred during the human-influenced period, which is more
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Table 2. Frequency of hydrological drought based on observed and
naturalized runoff.

Conditions  Hydrological drought frequency (%)  Remarks
Qo Naturalized runoff

SWAT HBV  Average*
Wet 48.0 46.2 485 457 N
Normal 329 40.9 352 421 N
Subtotal 80.9 87.1 83.7 87.8
Moderate 15.8 8.8 10.8 78 D
Severe 34 0.4 5.1 27 D
Extreme 0.0 3.7 0.4 1.8 D
Subtotal 19.1 12.9 16.3 12.2
Total 100.0  100.0  100.0 100.0

Note. Qg is observed runoff, N indicates no or normal drought conditions, D
indicates hydrological drought. * Based on an average of the SWAT and HBV models
naturalized runoff.

than the 12 HD events for naturalized conditions. Due to the
significantly different results found between the SWAT and
HBYV models (Sect. 3.1), the study used the arithmetic mean
of the two RR models for further analysis of human impacts
on HD. The HD events of 1973-1974, 1984-1985, 1989,
1990, 1992, 2006, 2007, and 2008 were sustained streamflow
droughts of more than 5 consecutive months based on ob-
servations, while the HD events of 1973-1974, 1984-1985,
1989-1990, and 2012-2013 were streamflow droughts of
more than 5 months under naturalized conditions. Moreover,
the results show variations in the magnitude of drought sever-
ity between natural and human-modified conditions for both
surface and subsurface HD (Fig. 2). The early 1980s and
1990s were the most severely affected decades with succes-
sive HD events of longer DD (15 and 17 months) and / (—1.4
and —1.47 intense per month) based on observed runoff (not
shown). Unlike the other decades considered in this study,
the results for the 2010s decade show a greater number of HD
events for the naturalized condition than for the observation-
based analysis.

During the perturbed period (1983-2018), HD characteris-
tics such as ND events, mean DD, and S increased by 83.1 %,
18.5 %, and 5.6 % for observation-based runoff and 25.3 %,
39.3 %, and 41.6 % for observation-based baseflow as com-
pared to the baseline period (1971-1982) (not shown).

The result also shows that the frequency of HD increases
from 12.2 % to 19.1 % due to the influence of human inter-
ventions (Table 2), indicating a 6.9 % increase in HD fre-
quency.

4 Discussion

In this study, two RR models (SWAT and HBV) were applied
for modelling the impacts of humans on the characteristics
of HD, using the “observational-modelling” comparison ap-
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Figure 2. Hydrological drought analysis (a) Streamflow Drought Index (SDI); (b) the Standardized Baseflow Index (SBFI).

proach. A comparison of the RR models revealed that nat-
uralized runoff based on SWAT and HBV produced signifi-
cantly different results in quantifying changes in HD charac-
teristics (Table 1). Obviously, the differences in results were
generally expected, but contrary to expectations, too large
differences, e.g., up to 30 % and 50 % attribution of human
impacts on surface HD characteristics for DD and ND events
shown between the two models, respectively. This implies
that the percentage change of HD characteristics in this ap-
proach depends on the RR models applied, their performance
during calibration and validation (van Loon and van Lanen,
2013), and the ability of the model to simulate runoff during
the dry season. However, the study confirms that a similar
direction of impact for all HD characteristics is achieved, i.e.
positive changes (worsening of drought) or negative (weak-
ening of drought). The negative value of drought intensity
(1) could be due to the buffering impact that human inter-
ventions (such as the release of water reservoirs) have during
the DD. It is also worth noting that, human-modified condi-
tions reduced the maximum duration of drought as well as the
number of drought events in the 2010s. This is related to the
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fact that the Wiory reservoir, the largest reservoir in the study
area, was put into operation a few years later. Reservoirs in-
creases in baseflow index (BFI) in long-term, which is a pos-
itive effect of water storage (Marcinkowski and Grygoruk,
2017; Raczynski, 2020). However, the applied approach suf-
fers from the limitation that observed and simulated runoff
were compared, which contains different uncertainties, and
that only two RR models are used. Therefore, reconstruction
(simulation) of observed runoff during the human-modified
period (Nasiri et al., 2022) and multi-model ensemble meth-
ods and/or integrated surface-subsurface hydrological mod-
els are recommended for the future to overcome the respec-
tive limitations.

5 Conclusions

This study has evidently shown that modelling human im-
pacts on HD with two RR models — the SWAT and the HBV
model — of different complexity led to significant differences,
although both models indicate similar impacts, i.e. positive
or negative. We, therefore, conclude that modelling human
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impacts on HD based on comparing observations and simu-
lations by applying multi-models need be considered in the
future to draw reliable conclusions from the results. Future
research on human influence modelling could therefore ex-
tend this approach by considering an ensemble of multiple
models. In addition, further research is needed to confirm this
new finding by applying the method to different case studies.

Code availability. The SWAT and HBV models were utilized in
this research. The source code for both models is open-source and
can be downloaded from the following websites: https://swat.tamu.
edu/software/arcswat/ (TAMU, 2021) and https://www.geo.uzh.
ch/en/units/h2k/Services/HBV-Model/HB V-Download.html (UZH,
2021). The version of SWAT used in this research was ArcSWAT
2012.10_7.24 and the version of HBV was the HBV-light.
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