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Abstract The study of hydrological response to long-term climate changes is a
particularly significant problem and an important task for the applied hydrology.
This topic is also a challenge for geography. There are many different methods
and criteria for the determination of this hydro-climatic relationship. The aim of
present work is to explore one of these approaches: climate elasticity of streamflow
(gp). As a case region, the territory of seven catchment areas situated in Northwest
Bulgaria was selected. Results obtained show relatively large variations of &,—it
ranges from 0.526 to 1.404, thus a ten percent change in mean annual precipitation
would be reflected within 5.26—14.04% change in mean annual flow. The calculations
in this paper establish strong inverse correlations between &, runoff coefficient and
mean annual streamflow (a coefficient of determination: R? > 0.80), explained by
the nonlinear “rainfall-runoff” relationships. There are also spatial variations of the
&, value—it is lower in the upper streams and increases toward the mouths of the
rivers. The assessment of climate elasticity of streamflow is an informative approach
for an estimate of climate change impacts to hydrological systems and provides an
opportunity for effective water resources management.
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Introduction

Climate changes represent one of the most important challenges for the functioning
of environmental processes. The hydrological cycle is no exception because it is
closely related to the climate system. Any change in climatic parameters has direct
or indirect hydrological effects (Zaharia et al. 2018). Estimates of the sensitivity
of streamflow to long-term climate changes are required for different water plan-
ning and water management activities. This study is prompted by the need to extend
these assessments in the context of already established global and regional rainfall
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changes and increasing air temperature trends. Furthermore, numerous research of
the hydrological response to long-term climate changes, including those describing
the hydro-climatic relationships, are theoretical (model-based): Schaake and Némec
(1992) used the Sacramento model; Yates et al. (1998), (1999) worked by the lin-
ear regression coefficients; Chiew and McMahon (2002), Chiew (2006) used the
SIMHYD and AWBM models, Gelfan et al. (2015) worked by the ECOMAG and
SWAP models; Guo et al. (2016)—SWAT model, etc. Excluding the hydrological
models, sometimes showing uncertain results, an alternative approach to estimate
the runoff sensitivity is directly from the hydro-climatic data set. A similar empirical
(data-based) method is a climate (precipitation) elasticity of streamflow (Sankarasub-
ramanian and Vogel 2001; Chiew 2006; Chiew et al. 2006; Fu et al. 2007, 2011; Sun
etal. 2013; Allaire et al. 2015; Tsai 2017; Andréassian et al. 2017; Xing et al. 2018;
Hristova et al. 2018). The primary goal of present study is to explore this approach
for seven catchments in Northwest Bulgaria, using a nonparametric estimator which
calculates the elasticity values directly from the rainfall and runoff time series data.

Study Area

Study area includes the drainage basins of seven right tributaries of the Danube River,
situated in Northwest Bulgaria. This region is located between 43° 24'—44° 04’ N
latitude and 22° 21'-23° 32’ E longitude, it covers an area of 3790.5 km? (3.4% of
the country’s territory) (Fig. 1, Table 1).

The catchment areas drain in three geomorphological units: the Balkan Moun-
tains, the Fore-Balkans, and the Danube Plain. Study area belongs to the temperate-
continental climate type (DFA according to Koppen classification). Mean annual
air temperature, measured during the 1961-2015 period, varies from 4.2 °C (in the
Chuprene Reserve area) to 11.6 °C (in the town of Lom). Average precipitation
sums for the 1960-2017 period, vary from 538 mm (Lom) to 773 mm (Stakevtsi)
and reach up to 1200 mm in the Balkan Mountains. Study area is an important
agricultural region (cereal and technical crops: wheat, barley, corn, and sunflower
production; perennial vineyards cultivation). There are over 50 small reservoirs and
a hydropower cascade, located in the upstream of the Lom River. Listed activities
reflect the favorable soil-climatic conditions and the environmental transformations
due to human impact in this area.

Data and Methods

Annual discharge data provided by the National Institute of Meteorology and Hydrol-
ogy are used. There are seven hydrometric stations, covering areas from 53 to
1087 km?, at the mean elevation 193-1411 m above sea level (Hydrological Refer-
ence..., 1981; Hristova et al. 2017). Precipitation output data from seven meteoro-
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Fig. 1 Relief, hydrographic, and hydrometric features in study area (Hristova et al. 2017)

logical stations within the same catchments or up to 10 km near them for correlations
with streamflow are used (Table 3). The length of time series used critically influ-
ences the estimation of the climate elasticity. It is recommended to use as long a
record as possible to estimate elasticity in order to capture the full range of observed
variability. Hydro-climatic output data for 58 years, recorded during the 1960-2017
period are selected.

Climate elasticity of streamflow, also called “precipitation elasticity” or “stream-
flow sensitivity factor”, is an indicator for the sensitivity of hydrological systems to
the long-term climate fluctuations. It is based on a conceptual catchment model and
represents a proportional change of annual streamflow (Q) to precipitation variabil-
ity (P) (Sankarasubramanian and Vogel 2001; Chiew 2006; Chiew et al. 2006; Fu
et al. 2007, 2011; Allaire et al. 2015; Gao et al. 2016; Andréassian et al. 2017). This
relation is calculated by the formula

dQ/Q _dQP

@ PO = T ap o

transformed into the nonparametric estimator (Sankarasubramanian and Vogel 2001):

_ . <Qi—Q 13)
&, = median — — ),
Pi—P Q
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where ¢, is a climate elasticity, P and Q are mean annual precipitation and streamflow
for the whole period, P; and Q; are annual precipitation and streamflow for the ith
year.

To compute climate elasticity estimates, the output hydro-climatic data was cal-
culated for each pair of annual time series (P;, Q;). As the nonparametric estimate of
€, the median value of annual data set obtained was defined. The statistical results
established were mapped in the software program ArcGIS 10.4, using the KRIGING
interpolation technique (already applied and recommended as a reliable approach
in similar studies) (Khanal et al. 2014; Gao et al. 2016). They are grouped in equal
classes by a color legend, according to their values.

Results and Discussions

To achieve more objective researches on the hydrological response to rainfall
changes, the streamflow and precipitation time series were computed for every pos-
sible 12-month annual periods. Table 2 presents the coefficient of determination (R?)
of the “Q; (mm) — P;” relationship (for each pair of annual data), it also shows the
corresponding ¢, values. To define the most reliable ¢, for three catchments in the
United States, China, and Australia this coefficient was used, because of “the time-
series having the strongest precipitation-streamflow relationship, i.e., the highest
coefficient of determination, is inferred as producing a more appropriate elasticity
value” (Fu et al. 2011). The results surprisingly show: the highest R? value coin-
cides with the calendar year. Exceptions are the catchments of the Salashka River,
Stakevska River, and Lom River (at Gorni Lom), where it approximates the water
year accepted in Bulgaria and many countries across the world, respectively (Table 2).
These fragments contradict the diverse results obtained from Fu et al. (2011), but
listed numbers confirm their statement that the ¢, values are higher in annual cycles,
starting from the dry season. This fact allows implement of a seasonal approach in
the climate elasticity of streamflow studies and needs more research. Henceforth,
only the annual time series having the largest coefficient of determination will be
shown here.

Results obtained show significant variations of g, value—it ranges within
0.526-1.404, therefore indicating that an eventually ten percent change in mean
annual precipitation would be reflected as increase/decrease from 5.26 to 14.04% in
mean annual streamflow (Table 3). Some of the abovementioned values are slightly
higher than the climate elasticity results established from Hristova et al. (2018) for
the entire Bulgarian territory and are partly similar or slightly higher/lower to the
calculated numbers for 1337 drainage basins in the United States, for above 200
catchments in the middle and high latitudes of the Northern Hemisphere (chiefly in
the territories of Europe and Northern America), for 519 drainage basins in France
and for 79 catchments in the Poyang Lake basin in China (Sankarasubramanian
and Vogel 2001; Chiew et al. 2006; Sun et al. 2013, Andréassian et al. 2017). Fur-
thermore, the long-term climate forecasts, the optimistic (RCP 4.5) and the pes-
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simistic (RCP 8.5) scenarios predict a change of annual streamflow from —8.0 to
9.0% in study area for 2071-2100, compared to the 19762005 period, according
to the “National Plan for river basins... (2016-2021)” at the Danube River basin
Directorate. The computed ¢, values nearly approximated these numbers.

The results in this paper confirm the following characteristics: relatively strong
inverse correlations: “e,—runoff coefficient” and “¢,—mean annual streamflow
(mm)” (Fig. 2).

This specificity is explained by the fact that “rainfall-runoff” processes are non-
linear, suggesting: “the absolute streamflow change for a given absolute change in
rainfall would be reflected as a higher ¢, in catchments with a lower runoff coef-
ficient” (Chiew 2006). Results obtained contradict the especially clear inverse rela-
tionship “e,—mean annual precipitation” (R? = 0.6711; the graphic is not shown
here), even proven as a stronger than the correlation between ¢, and mean annual
streamflow (mm) for 219 catchments in Australia (Chiew 2006). There is a limited
number of available rainfall stations—it could be a possible reason explaining the
weaker correlation. Despite the abovementioned contradictions, considering all ana-
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Fig. 2 Inverse correlations between the climate elasticity of streamflow (¢,,) values and key hydro-
logical indicators (runoff coefficient and mean annual Q, mm)
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lyzed “precipitation—streamflow” relationships, it could be summarized that they are
so powerful because of the direct response of runoff to rainfall. Some multivari-
ate regression relationships, arising from the hydro-climatic correlations, e.g., “e,
vs. mean annual temperature, rainfall, and streamflow (mm)”, show the following:
“the climate elasticity value increases with the temperature and streamflow if the
precipitation decreases, but it decreases with the temperature and streamflow if the
precipitation increases” (Fu et al. 2007). Although there are not used annual temper-
ature data, the hydro-climatic conditions in the investigated area indirectly confirm
this statement.

The calculations in present work establish spatial variations of the climate elastic-
ity between the mountainous and flat part of studied catchments (an inverse relation-
ship “g,, vs. the altitude of catchments”; R? = 0.7754). The geographical analysis
shows the elasticity is lower in the upper streams and increases toward the mouths
of the rivers (Fig. 3). Similar peculiarities were described for drainage basins in
the United States and Australia, where the sources of the rivers belong to humid
climate type with long snow cover duration, while the downstream sections flows
through semiarid desert landscapes (Sankarasubramanian and Vogel 2001; Chiew
etal. 2006). Although the hydrological processes in Northwest Bulgaria occur at dif-
ferent climate, geological, geomorphological, and biogeographical conditions, the
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Fig. 3 Spatial variations of climate elasticity of streamflow (¢,) values in Northwest Bulgaria
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results establish analogous spatial characteristics. Further researches explaining this
phenomenon are needed.

Conclusion

The main findings of present work are the following: (1) the climate elasticity (&)
values are related to the coefficient of determination (R?) of the “rainfall-runoff”
annual time series. The nonparametric estimator is computed for calendar or water
years, according to the highest R? value; (2) a ten percent change in mean annual pre-
cipitation would be reflected within 5-14% change in mean annual flow; (3) there are
strong inverse correlations between the ¢ ,, runoff coefficient and annual streamflow,
due to the nonlinear hydro-climatic processes; (4) there are spatial differences of the
&, value—it is lower in the upper streams and increasing toward the mouths of the
rivers. This paper presents the climate elasticity of streamflow (¢,,) as an informative
and easy to use approach for an estimate of hydrological response to long-term rain-
fall changes. In future, this research could be extended with other climatic parameters
for more in-depth results, e.g., mean annual air temperature, potential evapotranspi-
ration (PET), humidity index, etc., and their impacts on runoff.
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