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Key Points:

e We present a combined model approach for karst-influenced catchments with unclosed water

balance.

e We investigate the karstic and non-karstic contributions to streamflow sensitivity at six test

catchments across Europe and Middle East.

e We find that inter-catchment groundwater flow modifies the importance of karst to the total

streamflow sensitivity.

Abstract

Karst hydrological models are widely used for simulating groundwater dynamics at the aquifer scale.
However, modeling streamflow of a topographic catchment that is partially covered by Kkarst is rarely
reported. This is due to difficulties of properly considering the strong differences of karstic and non-
karstic hydrodynamics and the widespread occurrence of unclosed water balances in karstic regions
caused by inter-catchment groundwater flow. In this study, we present a new approach that uses
hydrologic signatures to identify important processes and appropriate model structures for the simulation
of karst-influenced catchments. We include a new method that accounts for karstic inter-catchment

groundwater flow. We apply our approach to six karst-influenced test catchments in Europe and Middle
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East. We estimate the contributions of karstic and non-karstic parts to total streamflow sensitivity. With
different model structures identified at different sites, our simulation approach provides acceptable
simulations especially at those catchments where inter-catchment groundwater flow is deemed important.
Using the models to calculate the streamflow sensitivity to precipitation variability, we find that inter-
catchment groundwater flow reduces the contribution of karstic area to the total streamflow sensitivity for
the losing catchments, while increases that for the gaining catchments. Modeling streamflow at karst-
influenced catchments requires the consideration of differences between karst and non-karst, and inter-

catchment groundwater flow matters for catchments with unclosed water balance.

1 Introduction

Karst water resources are estimated to provide drinking water to 10%—25% of the world’s population
(Ford & Williams, 2007; Stevanovi¢, 2019). In some countries and regions, e.g., Austria and Slovenia, the
karst water accounts for approximately half of the total water supply (Hartmann et al., 2014; Stevanovic,
2019). Chemical weathering of the carbonate rock results in a strong subsurface heterogeneity at karstic
areas, which can lead to groundwater recharge and storage behavior substantially different from the non-
karstic regions (Bakalowicz, 2005; Hartmann & Baker, 2017). Climate projections suggest strong changes
of temperature and precipitation in almost all Kkarstic regions in the world (Christensen et al., 2007)
affecting their hydrological dynamics and water availability by unknown extent. New approaches to

understanding the impact of climate change at karstic regions is therefore of great importance.

Recent achievements in karst research include the creation of karst spring discharge databases to promote
data availability at karstic regions (Olarinoye et al., 2020), relating soil moisture networks to karst
groundwater storage and flow (Berthelin et al., 2020), using tracer experiments to detect fast and slow
pathways and the connectivity of conduit systems (Luthi, 2019; Morales et al., 2007; Perrin & Luetscher,
2008), investigating contaminant transport and vulnerability of karst systems (Butscher et al., 2011,
Mudarra et al., 2019; Pinault et al., 2001), and modeling recharge and discharge time-series (Gunkel et al.,

2015; Jourde et al., 2014; Reimann et al., 2011; Smiatek et al., 2012). The majority of these studies looks

2
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at the aquifer scale and therefore focuses on groundwater discharge at the karst springs. The recharge area
of the aquifer is commonly considered as the most appropriate spatial unit for their characterization and

for model applications.

In catchment hydrology, topographically delineated catchments represent the common units for studies at
catchment scale, e.g., hydrological simulations of the catchment responses (Clark et al., 2017; Kirchner,
2009), drought and flood analyses (Haslinger et al., 2014; Merz & Bloschl, 2005; Tallaksen et al., 2009),
sediment production and transport from hillslopes to rivers (Liu et al., 2018; Sherriff et al., 2016; Zuo et
al., 2016), and the behavior and fate of nutrients and pollutants (Liu et al., 2019; Van Meter & Basu, 2017,
Pullan et al., 2016). However, previous work showed that the water balance of topographic catchments
may often not be closed (Fan, 2019; Liu et al., 2020; Le Mesnil et al., 2020). This is particularly true for
karstic regions where recharge areas are often found to not be equal to the topographic catchment. The
strong differences of karstic and non-karstic hydrological processes make the consideration of karst

aquifers in the catchment-scale simulation additionally challenging.

Only few simulation studies (Chen et al., 2018; Rimmer & Salingar, 2006) have jointly considered karstic
and non-karstic processes at the catchment scale. They found that modeling discharge of karst-influenced
catchment needs to consider separate surface and subsurface drainage domains, as well as different
hydrodynamics for karstic and non-karstic simulation domains. Both studies used conceptual simulation
models for a site-specific purpose. To our knowledge, no generally applicable approach to simulate karst-
influenced catchments with unclosed water balance is yet available. Signatures, inferring a system’s
hydrologic behavior (Wagener et al., 2007), have been used for characterization of hydrologic changes
(Sawicz et al., 2014) and particularly for in-depth model calibration and evaluation (Gunkel et al., 2015;
Hingray et al., 2010). They also helped to systematically derive conceptual understandings about
important hydrologic processes in Kkarstic regions (Hartmann, et al., 2013) and may therefore offer a
promising direction for identifying important hydrologic processes and model structures in karst-

influenced catchments.
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In this study, we present a new simulation approach that identifies karstic and non-karstic processes at the
catchment scale using signatures and translates them into site-specific model structures. To elaborate the
applicability of our new approach, we select six test catchments that are composed of karstic and non-
karstic areas at different climates and with varying degrees of karst coverage in Europe and Middle East.
We evaluate our simulations with traditional performance measures and the signatures. We finally use the
evaluated model structures to assess the sensitivity of total streamflow to precipitation changes and the

contribution of each catchment’s karstic and non-karstic areas to the total streamflow sensitivity.

2 Materials and Methods

We use a combination of established signatures and a newly defined Kkarst-specific signature to identify
important processes and model structures at a set of karst-influenced catchments with unclosed water
balance. Looking at catchments with varying influence of karst and using a wide range of performance
measures and signatures, we can assess the robustness of our new approach and use the models to

investigate the sensitivity of discharge to the climate variability for both karstic and non-karstic parts.

2.1  Conceptualization of system processes

2.1.1 Signatures to identify important processes

Signatures are helpful to systematically characterize the behavior of a hydrologic system (Sawicz et al.,
2011; Jothityangkoon et al., 2001; McMillan, 2020). For the conceptualization of a karst-influenced
hydro-system, as discussed in the introduction, we have to solve problems of inter-catchment
groundwater flow (IGF) that result in differences between topographic and subsurface domains while
having to address the general questions of how to represent snow and channel processes. For that purpose,
we use established signatures and a newly-defined karst-specific signature (table 1) to identify the

important processes for the karst-influenced catchments using the following rules:

(1) Is the snow process important?
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Snowfall fraction (R,,) measures how much precipitation falling as snowfall and therefore
determines the importance of the snow process. McMillan et al (2018) showed that the typical

magnitude of uncertainty in the precipitation measurement is about 10%. If Ry, < 10%, the snow
effect is in range of the precipitation uncertainty. However, if Ry, > 10%, the snow process
would become more important.

Is the channel process important?

Channel length (L.) controls the travel time of water from upstream to the downstream gauging
point. If considering a variable storage of the channel routing for simplification (Kim & Lee,
2010; Williams, 1969), the outflow of the channel is only dependent from the inflow when the
travel time in the channel is smaller than half of the temporal resolution of the model. Therefore,
at the daily resolution we take the distance that water travels over half a day as the threshold to
indicate the importance of the channel process, i.e., L, = 43.2 km by assuming 1 m s of flow
velocity.

Is the karstic process accounting for IGF important?

If the long-term mean of the effective catchment index (ECI, Liu et al., 2020) is not zero and all
the inter-annual ECI values show the effective catchment area towards one direction, either all
smaller or all larger than the topographic catchment, the karstic process accounting for IGF would

be important. In addition, runoff ratio R, > 1 is another indicator.



This is a non-peer-reviewed manuscript, which has been submitted to

Water Resources Research for peer-review.

118  Table 1. Signatures that are used to identify important processes, to evaluate the model simulations, and
119  to indicate the streamflow sensitivity.
Signature  Symbol Equation Description Purpose Reference
Characterizes the System
Sf”OWfa" Rsp [-] R Fonow general significance  identification:  (Sawicz et al., 2011)
raction sp p
of snow storage Snow process
Characterizes the System
Channel L, [km] - travel time of identification:
length ¢ streamflow in the Channel
river channel process
Characterizes the
catchment water
. System
Runoff _¢ sevaration of identification:<a\ics et al., 2011)
ratio ap Rop = P paration IGF & model B
precipitation to evaluation
streamflow and
evapotranspiration
Characterizes
Effective groundwater gains System
catchment  ECI [-] ECI =log| —— or l055es 0@ identification:  (Liu et al., 2020)
: = 198\p_4ET) topographic ' K
index IGF
catchment by the
karstic system
Slope of S
flow fac Characterizes the Model
duration ~ Sfae L1 _ 1n(Qs300) = In(Qss0s) g1 variability evaluation (Yadav etal., 2007)
curve 0.66 — 0.33
Characterizes the
sensitivity of a
Streamflow . [  E,» = medi (d_Q P ) gtzlr?:rrr?fig\t/vsres onse Streamflow (Sankarasubramanian
elasticity QP op = Median dpP Q Tesp sensitivity etal., 2001)
to changes in
precipitation at the
annual time scale.
120 P [mm d?] and P,,,,, [mm d?] are the long-term average of the total precipitation and the long-term average of
121 snowfall (precipitation under temperature below 2 °C), respectively; AET [mm d*] and Q [mm d] represent actual
122 evapotranspiration and catchment-specific streamflow, respectively. Qs30, [Mm d*] and Qg [Mm d?] are the
123 streamflow values at the 33 and 66™ percentile, respectively. To calculate ECI, the actual evapotranspiration of
124  GLEAM (Global Land Evaporation Amsterdam Model: Martens et al., 2017; Miralles et al., 2011) is used, which is
125  widely used and advanced global evapotranspiration product (Miralles et al., 2016).
126  2.1.2 Approach to combine karstic and non-karstic processes
127  We propose a new approach to take into account IGF and karst spring discharge such that we can
128  combine Kkarstic and non-karstic processes at the catchment scale. For a catchment composed of karstic
129  and non-karstic areas, the likely contribution of the karstic part to IGF is considerably high. We show the
130  concept of considering IGF to combine karstic and non-karstic processes in Fig. 1. First, we use a karstic
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model to determine the recharge area of karst springs and obtain the karstic specific discharge. Second,
using ECI defined in table 1, we can estimate the effective karstic area and make the effective catchment
area as a parameter in the combined model (karstic + non-karstic models) to include IGF. Finally, we
derive the total streamflow by summing up the karstic discharge (karstic specific discharge times effective

karstic area) and non-karstic discharge (from the non-karstic model).

Estimate the

ECI and karst

discharge and
coverage fy

recharge area

_____________

! specific ! . .

! discharge, g, | effective karstic
| using spring | area, Ay orr, Using
| |

| |

S —————

____________

Calculate discharge of karstic area
Qg = gy X A err

Derive total stream discharge
Qg = Qi + Q

Figure 1. Concept of combining karstic and non-karstic processes with the consideration of IGF for water
gaining and losing catchments.

2.2 Test catchments

2.2.1 Test catchment selection

The modeling approach is tested at six catchments, located in Austria (AT), Germany (DE), Spain (ES),
France (FR), Ireland (IE), and Israel (IL). These sites (i) are composed of karstic and non-karstic areas
with gauged rivers and Kkarst springs within the topographic boundaries; (ii) most of them provide >10

years of forcing and discharge observations to capture the possible range of hydrologic processes; (iii)
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cover latitudes between 36.5° N and 54° N (Fig. 2) in different climates and landscapes (table 2). The
catchment sizes are from tens to several hundreds of square kilometers with the topographic karst
coverage of 43.5%—-92.5%. The mean annual precipitation is between 700 mm at French site and around
1400 mm at the Irish site. The annual mean stream discharge ranges from 0.3 m3? to 14.6 m3s™. Details

about the individual catchments are provided in table 2.

(c) German site (DE)

Temperate
oceanic

(b) Irish site (IE)

(g) French site (FR)
Hot-summer 20° P
Mediterranean o
Warm-summer

humid continental

Legend

@® Spring
@ River gauge

Holeimmer B Weather station
Mediterranean — River

Bl Carbonate sedimentary rocks

(f) Spanish site (ES)

Hot-summer
Mediterranean

(e) Israeli site (IL)

Figure 2. (a) Location of the study sites and (b)-(g) individual test catchments.

2.2.2 Available data

We have daily forcing data (precipitation and temperature), stream discharge observations from public
observation databases, local meteorological and hydrological services, and publications (table 2 and table
S4), and spring discharge observations from the World Karst Spring hydrograph database (WoKasS,

Olarinoye et al., 2020). All discharge observations are available at daily resolution except for the Spanish
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157  Kkarst spring where observations are available every 6 days. Details about the data and sources are

158  provided in table 2.

159  Table 2. Summary of catchment properties, forcing data, and discharge measurements for the six test
160  catchments.

Study sites Austrian site German site  Spanish site French site  Irish site Israeli site
y (AT) (DE) (ES) (FR) (IE) (IL)
Climate 2 Dfb Cib Csa Csa Cib Csa
Ka“tt!f;e(f,scape MTN MTN MED HUM HUM MTN
Topographic
catchment area 231.5 107 603.8 150 18.3 783
(km?)
Catchment HydroBASINS and HydroRIVERS of the HydroSHEDS (Lehner et al.,
boundarv and 2008). Catchment boundaries are updated based on gauge locations and Hartmann et al.,
river)g 25m EU-DEM of the Copernicus Land Monitoring Service 2013
(https://land.copernicus.eu/)
KarSt((%"frage 925 92.2 617 435 84.9 815
Mean annual
precipitation 1154.4 929.5 896.1 701.1 1381.7 901.1
= (mm)
S Mean annual
S temperature 7.8 8.0 19.0 154 8.7 13.9
)
SAIH Met Hartmann et al.
d L L
Source ZAMG PWD™  piprosur ~ ECA&D ireann 2013
Name Mirz Lone Guadiaro Le Lez Swinford Jordan
% (%‘3‘;?2) 8.02 0.34 10.26 2.73 0.41 14.61
n
SAIH HYDRO . Hartmann et al.
e ’
Source eHYD LUBW HIDROSUR  Eaufrance Irish EPA 2013
Name Siebenquellen Lonetopf Benaojan Soqugg du Killaturly ~ Dan  Banias
(@]
c
£ Q
= (mf;“;?;‘) 0.38 0.22 2.31 1.04 0.03 7.86  1.90
Source f WoKa$S

161 2 Csa: Hot-summer Mediterranean; Cfb: Temperate oceanic; Dfb: Warm-summer humid continental, which are
162  based on the Képpen—Geiger climate classification.

163 ® HUM: humid hills and plains; MTN High range mountains; MED: Mediterranean medium range mountains,
164  according to Hartmann et al. (2015).

165 °WOKAM (World Karst Aquifer Map: Chen et al., 2017) and GLiM (Global Lithological Map: Hartmann et al.,
166  2012) are used for the calculation of karst coverage.

167  d4&fDetails about the data source are provided in the table S4.

168 2.3  Model description
169  To represent the conceptual processes of the non-karstic and Kkarstic systems, we choose two established

170  hydrological models, i.e. HBV model (Lindstrom et al., 1997) and VarKarst model (Hartmann et al., 2013)
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as the representatives for the non-karstic and karstic components, respectively. The HBV model
represents typical catchment rainfall-runoff processes, while the VarKarst model represents a general
conceptual model of karstic processes. A degree-day method is used to represent the snow routine
(Lindstrém et al., 1997), and the Muskingum-Cunge method (Cunge, 1969) for the channel routing.

Details of snow and channel processes are provided in the SI.

The HBV model has one soil water storage and two groundwater storages. Recharge from soil to the
groundwater is partitioned by a function of the ratio between soil water storage and the maximum
capacity. Flow from the two groundwater storage zones are computed by two linear outflow equations.

Simulated flow dynamics of the HBV model are controlled by 8 parameters (table S2).

F(t) _ (sm(t)\BETA

1w ( FC ) 1)
Q1 = k1Syz (2
Q2 = k3817 (3)

where I(t) [mmd™] and F(t) [mmd™] are the amount of water input to the soil and the flux to the
groundwater, respectively. SM(t) [mm] and FC [mm] are the current and maximum water storage in the
soil box, respectively. BETA [-] is the shape coefficient of the recharge function. (Q; [mmd™], S,z [mm],
kq [d?]) and (Q, [mmd™], S, [mm], k, [d?]) are the discharge, storage, and recession coefficient of the

upper and lower groundwater storage zones, respectively.

The VarKarst model considers the spatial heterogeneity using a distribution function that represents the
spatial variability of subsurface properties such as the soil and epikarst storage capacities, or hydraulic
conductivities. Running at a daily resolution, it simulates soil and epikarst storage dynamics, concentrated
and diffuse recharge to the groundwater, and groundwater hydrodynamics, which are controlled by 8

model parameters (table S1).

i \ A4SE
Smax,i = Smax,N (ﬁ) (4)

10
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KE,i = Rmax,E (N_Tm)aSE (5)
Kew,i = K¢ (%)_aaw (6)

where S,q,.; [Mm] is the soil or epikarst storage capacity of model compartment i of N; Sy, v [MM] is
the overall maximum storage capacity of the soil or the epikarst; Ky ; [d] and K¢y, ; [d] are the storage
constants of the epikarst and groundwater at model compartment i; K, ¢ [d] is the overall maximum
storage constant of the epikarst; K. [d] is the conduit storage constant; asg [—] is dimensionless shape

factors for soil and epikarst. a;y, [—] is dimensionless shape factors for groundwater.

2.4  Evaluation of the model structures

To test if our pre-selection of model structures (i) performs better for the discharge and signature
simulations than a simple approach ignoring the karst characteristics, and (ii) is more robust than those
considering certain or all possible processes, we benchmark them with alternative model structures (table
3). These include different combinations of karstic (K) and non-karstic (nK) model structures, as well as
the (non-)consideration of snow (S) and channel routing (C). Benchmarking includes performance

comparison and analysis of parameters sensitivities (see following subsection).

Table 3 model structures with different combinations of model processes at the catchment scale for the
simulation of stream discharge.

Category Non-karstic Karstic + Non-karstic
Model nK nK+C nK+S nK+C+S | nK+K nK+K+C  nK+K+S  nK+K+C+S
Channel process - \ - \ - \ - \
Snow process - - S \ - - \ \
Karstic process with IGF | - - - - S S \ N

2.5 Model calibration and evaluation
At all sites and for all models, we perform the model simulations at the daily resolution. Due to the data
availability of spring and stream discharge observations, we use 15-year data for calibration and

evaluation at all sites (8 years for calibration and 7 years for evaluation), except the Spanish site (ES),

11
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where we only have 10-year data available (5 years for calibration and another 5 years for evaluation).

Calibration and evaluation time periods are provided in table S5.

We use the differential evolution adaptive metropolis DREAM(zs), a Markov Chain Monte Carlo
algorithm, to calibrate our model parameters, which can efficiently estimate the posterior probability
density function of model parameters (Liu et al., 2020; Vrugt, 2016) by minimizing the root mean squared
error (RMSE). We warm up each model with a 5-year time loop of forcing data before the calibration
period. The calibration ranges and descriptions of model parameters are provided in table S1-S3. To test
their predictive skills, we apply our models with the calibrated parameter sets to the evaluation period for
calculating changes using diagnostic objective functions. These include the volume conservation criteria
(VCC), RMSE, and two of the previously defined signatures (the runoff ratio and the slope of flow

duration curve; see table 1).

VCC = Q5/Q, ()

n —0.)?
RMSE = |Ziz(%si=Qd) (8)

n

where Q, and Q, represent the mean of the model simulations (Q,) and observations (Q,) of discharge,
respectively. To explore if the results of our model calibrations are affected by parameter equifinality
(Beven, 2006; Perrin et al., 2001; Kelleher et al., 2017), we analyze the shape of the posterior cumulative
probability distributions of our model parameters obtained by DREAM(s). The more a parameter’s
posterior deviates from a uniform distribution, the more sensitive it is. If a large number of model
parameters are sensitive, equifinality is most probably absent. We additionally test the robustness of our
simulation with a split-sample test (Klemes, 1986) that applies the parameter sets derived by DREAMzs)

in the calibration period to the evaluation period.

12
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2.6  Estimation of streamflow sensitivity

We use the streamflow elasticity (table 1) to quantify the streamflow sensitivity of a catchment due to the
change of climate. In this study, we choose precipitation as the climate descriptor since it is the main
driver of hydrologic systems. We calculate the elasticity for the total stream discharge as well as for the
karstic and non-karstic specific discharge. We set two scenarios (traditional assumption of closed water
balance at topographic catchments VS unclosed water balance to consider IGF) to compare the
contribution of the karstic part to the total streamflow elasticity. For the closed water balance, the total
elasticity is calculated using the elasticity of the specific discharges and their corresponding topographic
area; while for the latter case, the total elasticity is calculated using the discharge simulations considering

IGF with the karstic and non-karstic components.

3 Results

3.1  Model processes identified by historical data derived signatures

For the snow process (Fig. 3a), at the Austrian and German sites, the snowfall fraction regarding the inter-
annual values and long-term mean are all larger than the threshold of 10%. It indicates that the snow
process is potentially important for these two sites. At the Spanish, French, and Irish sites, the long-term
mean of snow day ratio is much smaller than 10%, especially at Spanish and French sites the inter-annual
values are all smaller than the threshold, such that the snow process may be unimportant for these three
sites. At the Israeli site, the long-term mean of the snowfall fraction is below 10%, while the inter-annual
values are partially larger than 10%. It suggests that the snow process may have influence on the

hydrologic simulation at Israeli site, but the effect is not strong as Austrian and German sites.

For the channel process (Fig. 3b), only the stream at the Israeli site is longer than the half-day travel
distance. It indicates that the water storage in the channel may influence the outflow at the catchment
outlet at the daily resolution, which suggests that explicitly considering the channel process may be
important. The channel length of the other five sites is much shorter than the threshold such that the

explicit channel process is potentially not necessary, in particular under the daily resolution. Apart from

13
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the channel length, the location and distribution of karst in the catchment may have influence that is not

considered in this analysis.

For the Kkarstic process with IGF (Fig. 3c-d), the long-term mean of runoff ratio at the Austrian site (Fig.
3c) is quite close to 1, and the inter-annual values even exceed 1, which indicates the water gains via IGF
is potentially taking place. The positive ECI values of Austrian, Spanish, and French sites (Fig. 3d)
suggest that the karstic process accounting for IGF is important to obtain the gaining water condition. The
negative ECI values of German and Irish sites indicate the importance of considering IGF to represent the
losing water condition. Whereas, at the Israeli site, the long-term mean of ECI is around zero, suggesting

that IGF is not strong and unimportant.

o
(6]
~
o

— (@) " Long-term T 60} (b) — . Half-day
= 0.4 mean 1 2 travel length
] T = = 10% threshold = 950r
§ 0.3} l i g’ 40 i e T e s
M= ; o
T 02 E - | 5 30f
3 T T € 20|
C — - - : -_— o . . . —
R = S 10}
ol o - 0
AT|/DE| ES FR IE |IL AT DE ES FR IE IL
* * * *
2 : : : : ; : 1.5 : : : ,
(c) . Long-term 1| (d) 5
o157 mean 1 T -
i - — | — —- Q:P ! _ '
: ! 0.5} |
g | : 5e @ :
= ‘ ~] Q 2 - = -
c ! !
> ‘ : - 0.5} Lon ]
- . g-term
m - - .
9 @ 1t E % mean
= T : = === no IGF
$ =
0 : ; : : : -1.5 : : : : : :
AT| DE ES FR IE IL AT||DE||[ES||FR||IE| IL
* * * * * *

Figure 3. System signatures of the test catchments calculated from historical observations: (a) snowfall
fraction; (b) channel length; (c) runoff ratio; and (d) effective catchment index (ECI). The boxplot shows
the inter-annual variability; the cross (x) shows the signature calculated using the long-term mean of the
historical observations; and dashed lines indicate the threshold. No IGF means no inter-catchment
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groundwater flow. The red stars below the country code in each subplot indicate the important processes
identified by signature for the marked sites.

3.2 Evaluation of model simulations

3.2.1 Model performance

Fig. 4 shows the comparison of stream discharge simulations using the non-karstic model approach
against the signature-identified model structure (our new approach that combines the karstic and non-
karstic areas to account for IGF). The German site exhibits the largest deviation between the two
approaches. The ECI of the German site indicates a smaller subsurface area, which can be clearly
reflected by the large overestimation of the base flow using the traditional non-karstic model without
considering IGF (green line in Fig. 4 at DE). Using our combined model approach (orange line in Fig. 4
at DE), the low flow, peaks, and the recession of the hydrograph are simulated very well for both
calibration and evaluation. At the Spanish and French sites, two approaches perform similarly for the low
flows, but our combined model approach has a better representation for small to medium events (also see
Fig. S5 for the entire calibration and evaluation periods). The simulation of our combined model approach
shows improvement for the discharge recessions at Austrian and Irish sites. Whereas, the traditional non-
karstic model is not sensitive to small events and low flows at Irish site. However, few events are
underestimated at Austrian site (Fig. S5 at AT) by our combined model approach. This is probably due to
the underestimation of surface runoff. The karstic model in our combined model approach has a bigger
water storage capacity and infiltration rate, which reduces the possibility for generation of surface runoff.

At Israeli site, the two approaches perform similarly regarding the hydrograph simulations.

From calibration to evaluation, our combined model approach has smaller decrease in the predictive skill
(slight increase in RMSE and |1-VCC]|) compared to the non-karstic model at Austrian and Israeli sites. At
the German, French, and Irish sites, the predictive ability of our combined approach does not decrease
and is better compared to the non-karstic model. At the Spanish site, the performance of both approaches

decrease during the evaluation period. Generally, our combined model approach works equally or better

15



299

300

301

302
303
304
305
306
307
308

This is a non-peer-reviewed manuscript, which has been submitted to
Water Resources Research for peer-review.

for the stream hydrograph simulations, especially for catchments identified to be influenced by IGF. The

comparison between the two approaches confirms the validity of IGF identification by signatures.
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Figure 4. Visualization of discharge simulations between the two approaches (the non-karstic model VS
the signature-identified model structure) at six test catchments. We choose two years of calibration and
two years of evaluation to demonstrate some details of the hydrograph. Hydrographs of calibration and
evaluation for the entire period are provided in Fig. S5. The term |1-VCC]| indicates the distance to the
perfect water balance. In each subplot, we provide the percentage change of |1-VCC| and RMSE from the
calibration to the evaluation, the smaller and more negative of the two values, the better the predictive

skill is.
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3.2.2 Verification of model structure selection

The signature-identified model structure outperforms the non-karstic model in terms of water balance (Fig.
5a) and model simulation error (Fig. 5b) at all test sites. We see a similar or equal performance in
evaluation period except the Spanish site due to the coarse and less spring discharge observations for
calibration. This indicates the validity of our signature-identified model structure. The model including all
processes does not improve the model simulation compared to the signature-identified model structure,
showing that the signature-based approach provides a good way to identify the appropriate model

structure.

Comparing all model structures (Fig. S6), we find that adding the snow process to Austrian and Israeli
sites (suggested by the snowfall fraction) improves the model performance (indicated by RMSE).
However, adding the channel process to the Israeli site (suggested by the channel length) does not
improve the model simulation, which indicates a negligible influence of the Muskingum-Cunge channel
process on discharge simulation. Adding karstic process accounting for IGF at the Austrian, German,
Spanish, French, and Irish sites (suggested by runoff ratio and ECI), we see a significant improvement in
water balance (VCC, Fig. 5a). The overall performance (RMSE, Fig. 5b) at Austrian, German, French,
and Irish sites is better as well. It generally shows the consistency with the signature identification for

important model processes.
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Figure 5. Model performance on (a) the water balance indicated by VCC and (b) the model simulation
errors indicated by RMSE. Two approaches are compared: the non-karstic model (in green) VS the
combined models accounting for IGF (in orange). We show the performance of three model structures:
the non-karstic model without additional processes (nK, the first column in each plot), the selected model
structure by signatures (indicated by grey background, the second column in each plot), the model
structure with all processes including snow, channel, and Kkarstic process accounting for IGF (nK+K+C+S,
the third column in each plot). nK, K, C, and S represent the non-karstic model, karstic model, channel
process, and snow process, respectively. The model performance of all model structures (table 3) is
provided in Fig. S6.

3.3  Streamflow sensitivity to precipitation variability

Using our combined model approach, we can assess streamflow elasticity of karstic and non-karstic parts
of a catchment. At all sites except IL (Fig. 6a), the elasticity of total stream discharge and the specific
discharge of karstic and non-karstic parts is all larger than one, suggesting that stream discharge is all
sensitive to the precipitation variability no matter the contribution of karstic or non-karstic areas. The
elasticity of total stream discharge is affected by the karstic and non-karstic components. But they show
site specific characteristics (Fig. 6a). The German, Irish and Israeli sites have similar elasticity of karstic
and non-karstic specific discharge. However, the Spanish site has a larger elasticity of the karstic specific
discharge than the non-karstic one (Fig. 6a at ES). Due to the typical karst features, the karstic component

reacts faster and is more sensitive to the precipitation change at this site. However, we simulate a smaller
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elasticity of the karstic specific discharge compared to that of the non-karstic one at the Austrian and
French sites. It may be due to high flows; such as surface runoff of the non-karstic area is more sensitive

to the precipitation change.

We calculate the elasticity of the total stream discharge under two scenarios, i.e. assuming a closed water
balance at the topographic catchment VS our combined model approach considering IGF (Fig. 6b). For
the former scenario, the contribution of the karstic component to the total elasticity is mainly controlled
by the topographic karst coverage, but also is influenced by the deviation of the elasticity between karstic
and non-karstic specific discharge, particularly at the Spanish and French sites. For the latter scenario, the
contribution of karst to the total elasticity at German and Irish sites becomes smaller compared to that
assuming a closed water balance. Since these two sites have a smaller effective catchment area and lose
water through IGF to the neighboring areas. The Spanish and French sites have an increase in the

contribution of karst to the total elasticity. As expected, these catchments gain water from neighboring

Including IGF for
effective catchment

catchments.
(a) Elasticity of total discharge and {b) Contribution of karstic areas Areal fraction of karst
of karstic/non-karstic specific discharge to the total elasticity iy within topographic
catchment
AT Gaining
—

non-karstic

FR Gaining
Assuming a closed water

balance for topographic catchment
1

Losing

No Gaining/Losing

2 15 1 0.5 0 0 20 40 60 80 100
Elasticity [-] Percentage [%]

Figure 6. (a) Elasticity of total stream discharge and of karstic/non-karstic specific discharge; and (b)
contribution of karstic part to the total discharge sensitivity due to precipitation variability. The
calculation is based on the discharge simulations with the selected model structure. We indicate ‘Gaining’
for catchments that gain water and ‘Losing’ for catchment that lose water. At IL, there is no obvious IGF,
thus gaining and losing is absent.
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4 Discussion

4.1  Reliability of the signature-based model structure identification

The non-karstic model fails the simulation of water balance for catchments where IGF is identified to be
important (Fig. 5a). As expected, considering IGF at all the sites except IL (suggested by runoff ratio and
ECI), we see the general improvement of model simulations. In particular, the water balance is obviously
improved (Fig. 5a). Furthermore, parameters representing Kkarstic processes (Fig. S1) as well as the
parameter representing IGF (Fig. S4) are identifiable and sensitive according to their posterior
distributions derived from DREAM(zs). This is consistent with the findings of Bouaziz et al (2018) and Le
Mesnil et al (2020), who reported the deterioration of catchment water balance due to water gains or
losses. One would argue that the signature-identified model structure adding additional processes may
over-represent the system response in calibration. In this case, the overfitting will lead to a deterioration

from calibration to evaluation, which is not seen in our study.

The snowfall fraction indicates the importance of snow processes for Austrian, German, and Israeli sites.
Indeed, the increased performance measured by RMSE is simulated after adding the snow routine,
especially at Austrian and Israeli sites (Fig. 5b and Fig. S6b). Parameters regarding snow accumulation
and melting at these sites are also identifiable (Fig. S3). This is because the snow accumulation and
melting affect the dynamic of water storage and the timing of runoff particularly in winter seasons
(Freudiger et al., 2017; Zeinivand & Smedt, 2009). At the German site, the inter-catchment groundwater
flow has the dominant influence (Fig. 4 at DE) such that the effect of snow processes is relatively less

important.

Adding the channel routing to the lIsraeli site (suggested by channel length), we do not see obvious
improvement of discharge simulation (Fig. S6). Channel processes are important for flood propagation at
finer temporal resolution (O’Sullivan et al., 2012). However, the influence of the Muskingum-Cunge

channel routine is limited on discharge simulations of the lumped model at the scale of several hundreds
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of squared kilometers with daily resolution. More complicated channel methods (usually with more

parameters) may also not be necessary for the purpose of daily simulations at small scales.

Compared to the model structure identified by signatures, the model including all processes does not
obviously improve the discharge simulation. This model structure introduces 2—6 more parameters for
different sites. The parameter controlling the travel time in the channel is not sensitive at almost all the
sites (Fig. S4). Snow accumulation and melting parameters are also not identifiable at ES, FR and IE
where snow processes are suggested to be irrelevant by snowfall fraction (Fig. S4). This implies that the
model structure with all processes introduces more uncertainty and equifinality. Adding additionally
unimportant processes increases parameter uncertainty and leads to over-parameterization (Beven, 2006;
Schoups et al., 2008). In this case, system signatures help to reduce the unimportant processes such that

the equifinality becomes less.

With the split-sample test for the calibration and evaluation, our signature-based approach performs well
from calibration to evaluation. In addition, the verification of the important process identification using
additional signatures (Fig. S7) denotes a good performance of our signature-based approach. Together
with multi-objectives that measure the water balance and model error, we show that multi-objectives and
additional signature verification help to identify most appropriate model structures (Gunkel et al., 2015;
Wagener et al., 2001). Generally, our analysis indicates that the signature-based model identification
provides acceptable estimates of important processes concerning snow and inter-catchment groundwater

flow.

4.2 Merits of including karstic processes in catchment-scale modeling

Inclusion of karstic processes in catchment-scale modeling enables the consideration of IGF for
catchments partially covered by Kkarst. In particular, the system signature ECI quantifies the water gains or
losses via IGF. This approach results in a better representation of catchment-scale water balance, such as

solving problems of discharge underestimation at gaining catchments (AT and FR), and of discharge
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overestimation at losing catchments (DE and IE). Our approach is also capable to simulate the dynamics

of water gains and losses such that we have a better simulation of the catchment hydrodynamics.

Mufioz et al (2016) and Pellicer-Martinez & Martinez-Paz (2014) simulated IGF between neibouring
catchments. They require good knowledge of subsurface connectivity, the strength and direction of water
gains/losses between donor and receiving catchments. Compared to these studies, our approach requires
less spatial and hydrogeological information. Our approach can be easily applied to a topographic
catchment without knowing their neighbours. However, the shortcoming is that we only quantify the net
IGF with no indication in the direction of water gains/losses. Our approach captures the temporal
variation of IGF compared to studies relying on annual water-balance (Le Mesnil et al., 2020). Bouaziz et
al (2018) used the Budyko framework to identify IGF; Le Moine et al (2007) used a model parameter to
represent the significance of IGF, while our approach uses the newly defined signature ECI (Liu et al.,
2020) to quantify IGF. Incorporating IGF to hydrological models, these three approaches are capable to
model the influence of IGF on catchment hydrodynamics. The advantage of our approach is that we use
karst spring discharge observations to better represent the karstic parts of the catchment and to estimate

the water gains/losses through the karstic aquifer.

4.3 Impacts of karst on the streamflow sensitivity to precipitation variability

Schaake (1990), Sankarasubramanian et al (2001) and Vano et al (2012) used precipitation elasticity of
streamflow as a measure for the sensitivity of streamflow to changes in precipitation at the catchment
scale. Hartmann et al (2013) used elasticity of spring discharge to characterize the inter-annual memory
effect of karst spring systems at the karstic aquifer scale. However, it is rarely reported for separating the
streamflow sensitivity to karstic and non-karstic parts. Our combined model approach with ECI and karst
spring discharge enables us to estimate contributions of the karstic and non-karstic areas to the total
streamflow, and thus to separate the streamflow sensitivity to the karstic and non-karstic parts for a
catchment partially covered by karst (Fig. 6). Hellwig et al (2020) reported a delayed response from

climate extremes to discharge extremes due to diverse delayed response of groundwater to precipitation.
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Differentiating the streamflow sensitivity of karstic and non-karstic parts is useful to investigate the
system responses under climate extremes, such as drought (Fiorillo, 2009). But in karstic regions, how do
karst and IGF influence the system response under climate extremes? Will IGF enhance or reduce the

strength of hydrological extremes? These are open questions and need further studies in the future.

Our study shows that the assumptions of catchment water balance affect the estimation of streamflow
sensitivity of karstic and non-karstic parts. IGF alters the contribution of the karstic part to the total
streamflow sensitivity compared to that assuming a commonly closed water balance at the topographic
catchment. The losing catchments have a decreased karstic contribution to the total sensitivity, while an
increased Kkarstic contribution is simulated for gaining catchments. The water gains and losses from Kkarst
to neighboring areas highlight the importance of karst to the water management. The water management
should not only focus on a single catchment, but also need to consider the influence of the cross
catchment strategies to include the IGF effects. Our approach provides clues for the possible application

of different water management strategies between the karstic and non-karstic areas.

4.4  Transferability of our approach

We identify important processes using signatures and combine karstic and non-karstic processes for karst-
influenced catchments. Our approach performs well for six test catchments that cover different climates
and landscapes with varying catchment areas and karst coverage. The approach is model-independent,
meaning that the karstic and non-karstic models can be replaced by any other hydrological model if found
to be more adequate for the envisaged purpose. Thus, this approach can be easily transferred to
catchments with similar conditions that are partially covered by karst. Here, we detected karst-influenced
catchments using a catchment attribute database (Beck et al., 2019), a karst aquifer map (Chen et al.,
2017), and a lithological map (Hartmann & Moosdorf, 2012). Since our approach includes karst spring
discharge information to represent the karstic part of a catchment, the karst spring discharge database

(Olarinoye et al., 2020) provided additional information on Kkarst spring hydrographs.
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Regional and large-scale hydrological models (van Beek & Bierkens, 2008; Ddll et al., 2003) have been
used for water resources management. However, Kkarst features are not adequately included in such
models. Our approach provides a feasible way to incorporate karstic processes in these models based on
large-scale recharge simulations in karstic regions (Hartmann et al., 2015). Our approach can be used to
evaluate the simulation of karstic contributions to streamflow. Liu et al (2020) showed that a large portion
of catchments beyond karst are also influenced by IGF. Similarly to our approach, introducing an
additional process (Bouaziz et al., 2018) to account for IGF is crucial to close water balance at the
catchment scale. Therefore, considering IGF in large scale modeling may also improve the large scale
simulation of groundwater-surface water exchanges (Liu et al., 2020). Furthermore, linking our approach
with soil moisture and discharge observation networks (Hartmann et al., 2020) can provide a good basis

for better integrated water resources management.

5 Conclusions

In this study, we propose a signature-based approach to identify the most appropriate model structure for
karst-influenced catchments with unclosed water balance. We show the validity and reliability of this
approach at six test catchments with varying climates and karst coverage. The snowfall fraction is a good
indicator to reflect the importance of the snow process, while the channel process is suggested to be
unimportant for small catchments with typical daily temporal resolution. The newly introduced signature,
effective catchment index (ECI), can provide quantitative estimates of IGF for the streamflow simulation.
We combine the Kkarstic and non-karstic processes to include IGF effects in the catchment-scale
hydrological modeling for catchments identified with water gains/losses. Our combined model approach
performs well for stream discharge simulations, especially improves the water balance significantly for
those catchments with IGF influence. This approach enables us to separate the total streamflow to karstic
and non-karstic contributions. Therefore, the investigation of the discharge sensitivity of karstic and non-
karstic parts becomes possible. IGF reduces the contribution of karst to the total sensitivity for catchments

losing water, while increases that for catchments gaining water. Our study provides a feasible way to
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combine the karstic and non-karstic processes at the catchment scale and enables the investigation of
streamflow sensitivity of karstic and non-karstic domains within the same catchment. It provides a basis
of addressing IGF for the hydrological modeling at karst-influenced catchments. It highlights that
management strategies should consider IGF influence at karstic regions where flow crossing topographic

catchment boundaries often occurs.
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