
1. Introduction
Hydrological models aim to represent the processes that occur in catchments, but by definition do so in 
a simplified way. This is especially true for bucket-type models (e.g., the Hydrologiska Byråns Vattenbal-
ansavdelning (HBV) model, see Bergström, 1976 and Lindström et al., 1997), which simulate the transfor-
mation of precipitation into streamflow based on a limited number of buckets that represent the storage of 
water in different parts of the catchment, such as the snow pack, the unsaturated zone, and the saturated 
zone. In these models, the flux from groundwater storage to the stream is usually computed using a mono-
tonically increasing function and can occur only in one direction, namely from the groundwater toward the 
stream. For most models, at least theoretically, this implies that the simulated streamflow can never become 
zero. This is problematic for the simulation of streamflow in intermittent or ephemeral streams, which are 
very common (Hammond et al., 2021; Messager et al., 2021; Sauquet et al., 2021; Shanafield et al., 2021; 
van Meerveld et al., 2020). Equally important, losing stream conditions and decreasing streamflow along 
the stream network cannot be simulated by these models. In reality, however, there can be a flux from the 
stream toward the groundwater, so that streamflow decreases downstream (e.g., Huang et al., 2015; McCal-
lum et al., 2014; McMahon & Nathan, 2021; Orlowski et al., 2014; Shanafield & Cook, 2014). Multiple field 
studies have highlighted the high variability in gaining and losing flow conditions along the stream network 
and during different flow conditions (Covino & McGlynn, 2007; Doering et al., 2007; Payn et al., 2009; Simp-
son & Meixner, 2013; Ward et al., 2013; Yu et al., 2013; Zimmer & McGlynn, 2017).

In fully distributed, physically based models, where fluxes between the groundwater and the stream are com-
puted based on head differences, these potentially bi-directional fluxes between the groundwater and the 
stream are simulated explicitly. For example, Gutiérrez-Jurado et al. (2019) used the HydroGeoSphere mod-
el to determine how soil type and rainfall event characteristics affect runoff generation for an intermittent 
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stream and Querner et al. (2016) used the SIMGRO model to simulate the different hydrological states along 
a stream network. Ward et al. (2018), similarly, modeled time-variable hydrologic connectivity along head-
water mountain streams but used a less complex model that required only information from one stream 
gauge, estimates of hydrogeologic properties (particularly hydraulic conductivity) and elevation data from a 
digital terrain model. Stoll and Weiler (2010) used the Hillvi model to explicitly simulate the stream network 
and showed that this information was useful for model calibration. Others (e.g., De Girolamo et al., 2017; 
Jaeger et al., 2014) have used semi-distributed models, such as the SWAT model, to simulate streamflow in 
intermittent streams to predict their response to climate change. However, in most bucket-type hydrological 
models, simulation of bi-directional fluxes between the groundwater and stream or intermittent stream 
sections are not possible. A notable exception is the work by Brauer et al. (2014), who simulated the chang-
es in flow directions for lowland catchments. Their WALRUS model includes a flux from stream water to 
the groundwater and vice-versa. The simulated exchange was based on both the depth of the groundwater 
table below the soil surface and the surface water level (i.e., the gradient driving the flow) and the average 
channel depth, which defined the variable contact surface through which the exchange could take place. A 
constant represented the hydraulic properties and defined the rate of exchange.

Ignoring the possibility of bi-directional fluxes between the groundwater and the stream in bucket-type 
models is particularly problematic if the models are used to address questions related to low flows or 
droughts because during these periods even small losses to the groundwater can affect streamflow signif-
icantly. Similarly, inter-basin groundwater transfers into the catchment may maintain streamflow during 
droughts or can cause the stream to dry up earlier (e.g., Welch et al., 2012). Le Moine et al. (2007) modeled 
inter-basin groundwater flow via subsurface catchment boundaries that differ from the ones derived from 
surface topography but did not directly simulate groundwater-surface water exchange within a catchment.

To overcome the limitation of a uni-directional flux from the groundwater to the stream in bucket-type 
hydrological models, we present an exchange routine that can be used to represent the bi-directional flux-
es between the groundwater and the stream. We implemented the routine in the HBV model to simulate 
streamflow in the Panola Mountain Research Watershed (from here on referred to as “Panola”) in Geor-
gia, USA. Numerous studies have focused on runoff generation mechanisms in Panola (Aulenbach & Pe-
ters, 2018; Peters & Aulenbach, 2011; Tromp-van Meerveld & Weiler, 2008; Tromp-van Meerveld & McDon-
nell, 2006b; van Meerveld et al., 2015; Wang, 2011) and tested models for this catchment (Peters, Freer, & 
Aulenbach, 2003; Peters, Freer, & Beven, 2003). Panola is a suitable test case for this study because the large 
bedrock outcrop with minimal storage capacity generates streamflow quickly during precipitation events 
and generates a flood wave that travels along the stream (Peters, Freer, & Aulenbach, 2003). The upper parts 
of the stream network are dry for extended periods of time, such that streamwater generated at the bedrock 
outcrop infiltrates into the streambed and recharges the near-stream groundwater during many events.

The aim of this study was to investigate the suitability of the new exchange routine to simulate the bi-direc-
tional exchange between the stream and near-stream groundwater in a more realistic way in a bucket-type 
model. We used Panola as a test case to show how the model works and how adding the exchange routine 
affects the model simulations (note that the aim was not to create the best possible model for Panola). The 
HBV model was applied (a) in a fully lumped variant and (b) using sub-catchments that represent different 
parts of the catchment, and in particular the smaller storage capacity of the bedrock outcrop, and (c) us-
ing these sub-catchments and the new exchange routine to additionally simulate the bi-directional fluxes 
between the groundwater and the stream. The model performance was evaluated for both streamflow and 
groundwater levels, with a focus on the performance during different seasons. This allowed an assessment 
of the value of the exchange routine to more realistically represent catchment functioning. The hydrolog-
ical response of Panola varies strongly seasonally, allowing model evaluation during contrasting condi-
tions (wet, dry, wetting up, and drying up). From previous modeling studies for Panola, it is known that 
streamflow responses during the transition periods (i.e., wet to dry and dry to wet conditions) are difficult 
to simulate. Peters, Freer, and Beven (2003), for instance, found a systematic overestimation of streamflow 
during wet winter periods and underestimation during dry summer periods. Only two sub-catchments (the 
bedrock outcrop and the upper catchment with the losing stream) were used in the calibration. Flow for 
the entire catchment was simulated by applying the parameterization of the calibrated sub-catchment and 
applied to the other sub-catchments for the evaluation period to test if the simulation of losing stream 
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conditions and inter-basin groundwater flow (i.e., leakage below the gauge) improved the simulation of 
streamflow for the entire catchment.

We expected that explicit representation of the limited storage capacity for the bedrock outcrop would im-
prove model performance compared to the fully lumped version of the model. We also expected that the 
new exchange routine would improve the simulations of both streamflow and groundwater levels, par-
ticularly during the wetting up and drying down periods. Although we tested the exchange routine only 
for Panola, a small, well-studied catchment, we assume that the test for this data-rich catchment provides 
guidance on the value of an explicit representation of the bi-directional exchange between streamflow and 
groundwater for other, and larger, catchments.

2. Exchange Routine for the HBV Model
2.1. HBV Model Description

The HBV model is a simple bucket-type rainfall runoff model where water storage (e.g., in the snowpack, 
unsaturated zone, or saturated zone) is represented by buckets that are arranged in a sequence (Berg-
ström, 1976, 1992, 1995; Lindström et al., 1997). Since its development in the 1970s, the HBV model has 
been used in numerous catchments around the world (Al-Safi & Sarukkalige, 2017; Azmat et al., 2020; Parra 
et al., 2018; Pool et al., 2019) and different model variants have been developed, which allow, for example, 
inclusion of lakes or delayed drainage of groundwater storage. The model is usually calibrated based on 
streamflow data.

Input data for the model are time series of precipitation, temperature, and potential evaporation. The pre-
cipitation and air temperature data can be distributed in the model by using elevation zones and lapse rates. 
Precipitation is divided into rain and snow based on a threshold temperature and snow melt is simulated by 
a degree-day model. Evaporation and groundwater recharge are simulated as functions of storage in the soil 
bucket. The standard structure of the HBV model uses nine parameters, plus five parameters if snow pro-
cesses are included (the list of parameters can be found in Table S1 in the Supporting Information S1). For 
more details about the model, we refer to Bergström (1976); Bergström (1992, 1995), Lindström et al. (1997) 
and Seibert and Vis (2012).

2.2. Model Variants

2.2.1. Lumped

The simplest variant of the HBV model is fully lumped, where each storage is represented by a bucket 
that represents the entire catchment, that is, one soil bucket, one shallow groundwater, and one deeper 
groundwater bucket represent the unsaturated and saturated zone in the entire catchment. Outflow from 
the groundwater buckets depends on the storage (i.e., linear reservoir formulation) and is calculated in the 
response routine. The output from the response routine is distributed over several time steps in a routing 
routine to obtain the final simulated streamflow.

2.2.2. Distributed-ST

To represent spatially variable storage, the catchment is divided into multiple sub-catchments that are pa-
rameterized differently. The routed streamflow of all sub-catchments is summed to obtain the streamflow 
of the catchment outlet.

2.2.3. Distributed-ER

In the exchange routine (ER) variant of the model, the catchment is divided into at least two sub-catch-
ments that can have a different parameterization. The sub-catchments are linked to each other via the 
response routine and the exchange routine (described below).

2.3. Exchange Routine

The newly developed groundwater-surface water ER allows for the simulation of bi-directional fluxes be-
tween the stream and groundwater. In many catchments around the world, there are some stream reaches 
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(that can be represented by sub-catchments), where water infiltrates into the streambed and recharges 
the groundwater during some period of the year. The exchange routine allows for the simulation of these 
fluxes. The exchange routine also allows for subsurface drainage from an upper sub-catchment to a lower 
sub-catchment and thus for the simulation of inter-catchment groundwater flow.

The exchange routine (Figure 1b) connects the deeper groundwater storage in an upper sub-catchment to 
the stream in a lower sub-catchment. The flow generated from the upper sub-catchment partly goes to the 
exchange bucket in the lower sub-catchment (i.e., recharges the groundwater in the lower sub-catchment) 
or is added to the streamflow generated in the lower sub-catchment (Figure 1c). It is important to note 
that the exchange routine does not affect the simulated flow for the upper sub-catchment. The streamflow 
generated in the upper sub-catchment, however, affects the flow in the downstream sub-catchments be-
cause the inflow from the upstream sub-catchment is partly added to the streamflow generated within the 
downstream sub-catchment and partly added to the groundwater storage in the downstream sub-catchment 
(Figure 1a).

Figure 1. Conceptual diagram of the exchange routine and its parameters. The example shows the minimum setup with a headwater sub-catchment and a 
downstream sub-catchment. Panel (a) the response routine describes the flux from the groundwater bucket to the stream. The routing routine distributes the 
generated runoff and the runoff that is, remaining in the stream over the following time steps and is indicated with the triangular weighting function resulting 
in ,s routedE Q  (mm/time step). The response and routing routine are the same as in the standard model Distributed-ST. E w (-) is the fraction of the catchment that 
participates in the exchange and is indicated by the black-and-white checkered circle. Panel (b) the exchange routine calculates the direction of the flux between 
the groundwater (storage level levelE S  [mm]) and stream (stream level levelE Q  [mm]) using the inverse rating curve parameters E A (1/time step) and E B (-) that define 
the water level in the stream. The combined effect of all resistances and the variability in soil storage and aquifer characteristics that determine the rate of 
exchange are represented by the parameter fE k  (time step/mm). The parameter offE z  (mm) allows for the simulation of long lasting water deficits. The calculated 
exchange flux is either added to the stream or the groundwater of the downstream sub-catchment. Panel (c) subsurface drainage between the exchange buckets 
of the two sub-catchments ( upE SC  and downE SC ) is calculated using the parameter subE k  (1/time step). See Table S1 for the list of parameters and parameter values.
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The exchange routine has three parameters that allow estimation of the gradient between the groundwater 
and the stream based on an inverse rating curve (rating curve parameters E A [-] and E B [-]). The combined 
effect of all resistances and the variability in soil storage and aquifer and streambed characteristics that 
determine the rate of exchange is represented by parameter fE k . An additional parameter (E w) describes the 
fraction of the sub-catchment that participates in the exchange. Note that this parameter was not calibrated 
in our study to reduce the number of parameters that need to be calibrated and was instead derived from 
information about the extent of the riparian zone (see Section 4.2 Model Calibration).

When implemented in the HBV-model, the exchange routine is only effective if there is streamflow from 
an upstream sub-catchment to a lower sub-catchment. In the upstream sub-catchment, the streamflow 
comes by definition always from the groundwater, that is, it is determined by the response routine for this 
sub-catchment. Subsurface drainage from the upstream sub-catchment to the downstream sub-catchment 
(or an upper reach to a lower reach) is implemented by adding the drainage from the exchange bucket in 
the upstream sub-catchment to the exchange bucket of the downstream sub-catchment (Figure 1c). This 
is parameterized in the model by a constant recession coefficient, subE k . This water can leave the catchment 
below the gauge (i.e., inter-basin groundwater flow), but it can also be forced to return to the river in the 
same sub-catchment by setting subE k  to zero.

There is one more parameter offE z , which enables catchment memory and allows simulation of long lasting 
water deficits (e.g., during multi-year droughts) because it works as a threshold (Figure 1b). Only when the 
water level in the exchange bucket is exceeded, it is connected to the stream. Hence, a deficit can build up in 
the exchange bucket that reflects previous dry spells. This parameter was not used in this study (by setting 
it to zero) but could be useful when long-term data are used and there is information on the position of the 
riverbed relative to the aquifer.

3. Study Site and Data
3.1. Panola Mountain Research Watershed

The Panola Mountain Research Watershed (Panola) is a 41 ha forested catchment located in Georgia, USA 
(Figure 2). The total topographic relief in the catchment is 56 m; the average slope is 18%. The climate is 
humid-continental to subtropical. The annual average precipitation of 1,250 mm/y (water years 1986–2015) 
is distributed uniformly throughout the year. In winter, synoptic weather systems result in low-intensity 
and long-duration events, while in summer, most precipitation events are convective. Less than 1% of the 
precipitation is snow or sleet. The high evapotranspiration demand in summer leads to a highly seasonal 
streamflow response and an extended period of low baseflow (Figure 3) (Aulenbach & Peters, 2018).

The bedrock in the southwestern part of the catchment (SC1 and SC2 in Figure 2) consists of Panola Gran-
ite (Peters, Freer, & Beven, 2003). In other parts of the catchment amphibolite (Clairmont member of the 
Stonewall) is found as well. Partially vegetated outcrops cover 10% of the area; the largest outcrop (3.6 ha) 
is located in the southwestern part of the catchment (SC1; Figure 2). The red, clayey soil that developed 
in the colluvium and residuum is classified as Ultisol. Inceptisols can be found in the colluvium or recent 
alluvium in highly eroded landscape positions. The saprolite is 0–6 m thick where it overlays granodiorite 
bedrock and 5–20 m where there are amphibolites (Burns et al., 2001). However, in many locations it is 
relatively thin. The dynamic storage estimated from a baseflow-storage relationships is about 550 mm (Au-
lenbach & Peters, 2018).

Hillslopes comprise most of the catchment (E 75%) and have relatively shallow soils (generally E 2  m). 
Perched water tables on the hillslopes and significant lateral subsurface stormflow above the soil-bedrock 
interface occur only during large events (E 55 mm) (Tromp-van Meerveld & McDonnell, 2006a, 2006b).

The (E 5 m wide) riparian zone in the upper catchment (SC2) is characterized by deep soils (up to 6 m deep) 
and a permanent water table. Headwater streams in the southeastern parts of the catchment have deep 
gullies. The riparian zone in the lower catchment area (SC6), where the stream is perennial, is wider and 
characterized by a more persistent high water table.

Baseflow at the outlet of the catchment is sustained throughout the year, even during longer dry spells. Most 
of the annual streamflow at the lower gauge is generated from the lower catchment area (roughly SC6 in 
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Figure 2), where the stream is perennial (Aulenbach et al., 2021). The perennial flow in this area is likely 
sustained by recharge from the hillslopes through the bedrock and the upstream riparian areas (Aulenbach 
et al., 2021). The eastern tributary (roughly SC5, in Figure 2) flows seasonally, while the southeastern trib-
utary (SC3 and part of SC4 in Figure 2) above the perennial stream only flows for short periods during and 
after rainfall events. The stream above the upper gauge (draining both SC1 and SC2) flows in direct response 
to rainfall events, with flow lasting longer after rainfall events that cause connectivity between the hillslopes 
and the stream (van Meerveld et al., 2015) and can last up to several weeks during very wet periods (Peters, 
Freer, & Aulenbach, 2003).

Streamflow responses to rainfall events are flashy (Figure 3). Geochemical analyses showed that streamflow 
predominantly consists of flow from the bedrock outcrop and the riparian zone (Burns et al., 2001). Peters 
and Ratcliffe (1998) show that “new” water could contribute 95% of the streamflow at the upper gauge, 
which comes largely from the bedrock outcrop. Burns et al. (2001) showed that the outcrop contributed 
50%–55% of peak streamflow at the upper gauge for one event and 80%–85% for another event. Stormflow 
from the upper catchment (SC1 and SC2) is about a third larger than stormflow from the other headwater 
catchments (Aulenbach et al., 2021). For rainfall events larger than about 15 mm, a flood wave propagates 
quickly downstream from the main bedrock outcrop. Streamflow at the upper gauge (250 m downstream 
from the outcrop, see Figure 2) peaks 15–20 min after initiation of flow in the channel at the base of the 
outcrop and about 20 min later at the lower gauge (200 m from the upper gauge). The time to peak flow is 
longer when the catchment is dry, suggesting more losses to the streambed during dry conditions (Peters, 

Figure 2. Map of the Panola Mountain Research Watershed, with the location of upper- and lower-gauge (red circles) 
and the groundwater wells on the hillslope (6 wells, closed violet circles) and in the riparian zone (13 wells, green open 
circles) used in this study, as well as the location of the sub-catchments for the distributed model variants (dotted red 
lines). The area of the upper catchment (SC1 plus SC2) is shown in light red, and includes the main bedrock outcrop 
area (SC1), which is shown in gray. The perennial (solid blue lines) and intermittent reaches (dashed blue lines) of the 
stream network are shown as well. The bedrock outcrop does not have a stream channel.
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Freer, & Aulenbach, 2003). The riparian aquifer in the upper catchment receives substantial recharge from 
the bedrock outcrop. Burns et al. (2001) estimated that for one event recharge of the riparian aquifer by 
runoff from the outcrop was 7%–20% of rainfall, for another event it was 11%–28% of rainfall.

It is known that groundwater flow occurs below the upper gauge, meaning there are groundwater losses 
across sub-catchment boundaries, but the amount of groundwater flow below the lower gauge is assumed 
to be small based on the high and relatively stable solute concentrations in a deep well near the outlet 
(Tromp-van Meerveld et al., 2007). Groundwater in this deep well is about 26 years old (Burns et al., 2003). 
The mean transit time of stream water was estimated to be about 4.7 years (Peters et al., 2014). A simple 

Figure 3. Hourly precipitation (P [mm/h]), cumulative precipitation (P [mm]), and streamflow (Q [mm/h]) at 
the upper and lower streamflow gauge, as well as the mean scaled groundwater response for riparian and hillslope 
groundwater wells and the catchment weighted average (0 minimum level, 1 maximum level) for the May 2001–
October 2002 study period. Note that streamflow is plotted on a square root scale to better show the variation in low 
flows, including zero flows.
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back of the envelope water balance calculation suggested that flow through the bedrock contributed at least 
14%–21% of streamflow (Tromp-van Meerveld et al., 2007).

Panola is a good study location to test the new exchange routine because streamflow data are available for 
two locations in the catchment: at the outlet of the 10 ha upper catchment, where flow is intermittent and 
at the outlet of the entire 41 ha catchment, where flow is perennial. In addition, groundwater level data 
are available for several transects across the riparian zone and up the hillslope (Peters, Freer, & Aulen-
bach, 2003) that can be used to test the functioning of the different model variants. The large bedrock out-
crop and infiltration into the headwater stream are perhaps not so common but infiltration into the stream 
and losing stream sections occur also in other locations. The application to Panola, therefore, allows us to 
test the usefulness of the new exchange routine.

3.2. Data

We ran the model for the May 2001 to October 2002 study period at an hourly time step and used a warm-
up period of four months (January–April 2001). This period consisted of a late spring transition phase, a 
summer with low streamflow, a fall and early winter transition phase to high flow conditions and a subse-
quent drying phase with lower streamflow, followed by a second wetting up period. The period was chosen 
because of the availability of good quality groundwater level data and field observations during this period. 
The period was drier than average (Table 1); the water year 2002 was characterized as a drought (D2). How-
ever, the period represents the typical streamflow and groundwater dynamics (Freer et al., 1997; Peters, 
Freer, & Beven, 2003). Water year 2003 was wetter than average and used for the validation.

For this study, we used hourly precipitation and air temperature data measured in the catchment, as well 
as monthly averages of potential evapotranspiration, calculated based on the hourly air temperature and 
solar radiation data using the Priestley-Taylor equation with a vapor pressure deficit correction (Aulen-
bach, 2017; Aulenbach & Peters, 2018). In addition, we used the measured streamflow (averaged to hourly 
resolution) for the two gauging stations (Staudinger et al., 2021).

We used the hourly groundwater levels measured in wells that are mainly located along transects in the 
upper catchment (Figure 2). In this study, we only used the groundwater data from the 19 (of the existing 
41) wells that passed the initial data quality control, that is, plausible groundwater behavior for the well. 
The groundwater-level dynamics vary considerably between riparian and hillslope sites (Figure 3). At the 
hillslope sites, the groundwater responds quickly to rainfall events but the response is short-lived and most 
wells are dry between events, whereas in the riparian zone the response is dampened and most wells con-
tain water throughout the year (Peters, Freer, & Aulenbach, 2003; van Meerveld et al., 2015). We scaled the 
groundwater levels based on the minimum and maximum measured level during the study period and cal-
culated the average scaled water level for the riparian zone and the hillslopes to minimize problems with the 
averaging of censored data (i.e., when the groundwater level drops below the depth of the well) and to avoid 
an overly strong influence of a particular well on the calculated average groundwater level. The weighted 
average relative groundwater level was calculated for the upper catchment, where the weights reflect the 
size of the two landscape units (Equation 1).

G G G
catch H R

   0 83 0 17. . (1)

Period P (mm) lowerE Q (mm) lowerE RR (-) upperE Q (mm) upperE RR (-) ZQ (-)

Calibration (May 2001–Oct 2002) 1,674 290 0.17 149 0.09 0.91

Calibration (water year 2002) 907 165 0.18 71 0.08 0.92

Validation (water year 2003) 1,728 552 0.32 278 0.16 0.63

Long term (water years 1986–2015) 1,250 358 0.29 212 0.16 0.79

Note. Precipitation (P), streamflow at the lower gauge ( lowerE Q ), runoff ratio at the lower gauge ( lowerE RR ), streamflow at the upper gauge ( upperE Q ), runoff ratio at the 
upper gauge ( upperE RR ), and the fraction of time with zero streamflow at the upper gauge (ZQ).

Table 1 
Hydro-Meteorological Conditions for the Calibration and Validation Period and the Long Term Average as Reported in Aulenbach et al. (2021) for the Upper 
Catchment (SC1 and SC2) and the Entire Catchment
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where Gcatch is the weighted mean relative groundwater level used for 
model calibration, GH  is the arithmetic mean of the relative groundwater 
levels for the hillslope wells and G

R
 is the arithmetic mean of the relative 

groundwater levels for the riparian wells (Staudinger et al., 2021).

4. Model Application to Panola
4.1. Model Set Up

We separated Panola into six similar sized sub-catchments. The high 
spatial variability in hydrological responses, and in particular the lim-
ited storage and fast response from the bedrock outcrop (Figure 2) was 
accounted for by treating the outcrop as a sub-catchment with a differ-
ent model parameterization. Two of these sub-catchments (SC1 and SC2) 
drain to the upper streamflow gauge. For the distributed-ER model var-
iant, we simulated a flux from SC1 into the exchange bucket of SC2 and 
subsurface drainage via the exchange bucket from SC2 into SC6, which 
represents the lower catchment area with the perennial stream that 
drains to the lower gauge (Figure 1 and 4).

4.2. Model Calibration

We calibrated the three different variants of the HBV model (lumped, 
distributed-ST, and distributed-ER) separately by matching the observed 
and simulated streamflow and groundwater levels for sub-catchments 

SC1 and SC2 only. The model variants were calibrated separately using a genetic algorithm (Seibert, 2000), 
which is implemented in the HBV-light software (Seibert & Vis, 2012). This means that parameter sets were 
optimized by an evolution-like procedure starting with a pool of randomly generated parameter sets (see 
parameter ranges in the Table S1). The calibration procedure was stopped after 5,000 model runs.

For the distributed model variants (distributed-ST and distributed-ER), the parameter E FC (maximum soil 
water storage [mm]) was calibrated separately for the outcrop (SC1) and the remainder of the upper catch-
ment (SC2). We used a much smaller parameter range for E FC for the outcrop (0.01–100 mm instead of 
200–1,000 mm) to force a fast response. Because snow is rare in the catchment, we did not include the 
snow routine of the HBV-model. Precipitation and air temperature data were not distributed using elevation 
zones and lapse rates due to the limited relief at Panola. Thus, in total there were ten parameters that were 
optimized for the distributed-ST variant, compared to the nine parameters for the lumped variant.

As optimization criteria, we used the Nash-Sutcliffe model efficiency (Nash & Sutcliffe, 1970), QE NSE , for 
streamflow and the Pearson correlation coefficient (Pearson, 1896), GWE COR , for the groundwater dynamics. 
The values of QE NSE  range from –infinity to 1, where 1 would be a perfect match between simulation and 
observation. QE NSE  evaluates both streamflow dynamics and volume, but emphasizes peak flows as it is 
based on squared errors. GWE COR  was chosen for the groundwater simulations because the focus was on the 
dynamics rather than absolute values. GWE COR  ranges from −1 to 1, with −1 indicating a perfect negative 
correlation and 1 a perfect positive correlation.

For the calibration of the response routine (all model variants), we used the weighted average relative 
groundwater level for the catchment (i.e., catchment average groundwater level). We tested if using an 
arithmetic mean rather than a weighted average based on the size of the landscape unit changed the cali-
bration results but this had little effect and therefore we show only the results based on the weighted average 
of the scaled groundwater levels.

To test whether the model variants can reproduce the groundwater and streamflow dynamics simultane-
ously, we performed a series of calibration trials using different weights for the streamflow and groundwa-
ter simulations to determine the overall goodness of fit. More specifically, we increased the optimization 
weight that was given to the streamflow (i.e., QE NSE ) incrementally in steps of 10% from 0% to 100%, and 

Figure 4. Implementation of the exchange routine in the model for the 
Panola catchment. The black arrows indicate the streamflow from one sub-
catchment to the next, the dashed arrow the subsurface drainage from SC2 
to SC6. The exchange routine is indicated with the curved arrows between 
the response routine and exchange bucket in SC2. The red circles indicate 
the location of the upper (SC2) and lower (SC6) streamflow gauge. See 
Figure 2 for the map with the location of the different sub-catchments.
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correspondingly decreased the weight that was given to the groundwater (i.e., GWE COR ) from 100% to 0%. 
To consider parameter uncertainty and to reflect the fact that there is not one single optimal parameter set 
(Beven, 2011), each calibration was repeated 25 times independently, resulting in 25 parameter sets for each 
model variant and each optimization weight for streamflow.

For the distributed-ER model variant, the exchange routine parameters were also optimized during the 
calibration (i.e., 13 parameters were optimized). The arithmetic mean of the relative groundwater levels for 
the riparian zone were used for the calibration of the parameters of the exchange routine. The optimiza-
tion weight for groundwater (i.e., GWE COR ) was equally divided between the simulations of the catchment 
average and riparian groundwater responses. Thus for the calibration with a 10% optimization weight for 
streamflow, the weight for the riparian groundwater simulation (for the determination of the exchange 
routine parameters) was 45% and the weight for the catchment average groundwater simulation (for the 
determination of the response routine parameters) was also 45%.

Parameter E w, describing the fraction of the sub-catchment that participates in the exchange, was set to 0.17 
to reduce the number of parameters that needed to be calibrated. The fixed value corresponds to the relative 
area of the riparian zone, assuming that it relates to alluvial storage. The sensitivity of the results to the 
value for this parameter is shown in Figure S1. Model parameter, offE z , was also not used in this study and 
set to zero because long-term memory effects were not expected for the short period for which the model 
was calibrated.

4.3. Model Evaluation

The three different model variants were evaluated based on several criteria, for both the entire calibration 
period and specific seasons (January–March (JFM), April–June (AMJ), July–September (JAS), and Octo-
ber–December (OND)). We also compared the performance of the three model variants to each other. In 
particular, we compared the performance of the lumped variant to the distributed-ST variant, to assess the 
effects of spatially variable soil water storage, and compared the distributed-ER variant to the distributed-ST 
variant to determine the effect of the simulation of groundwater-surface water exchange and subsurface 
drainage. We, furthermore, assessed the uncertainty of the E FC parameter for the different model variants.

Streamflow and groundwater simulation performance: The performance of the streamflow simulation was 
based on the model efficiency, QE NSE . The performance of the groundwater simulations was based on the 
Pearson correlation coefficient GWE COR .

For the distributed-ER model variant, the objective function of the groundwater GWE COR  included both the 
goodness of fit for the catchment average groundwater (for the calibration of the response routine) and 
the riparian groundwater (for the calibration of the exchange routine). We, therefore, compared the Pear-
son correlation coefficients for both the catchment averaged groundwater levels and the averaged riparian 
groundwater levels.

Even though the focus of the study was to show how the exchange routine affects the model simulations 
and not on finding the best model for Panola, we also ran the calibrated model variants for the wetter val-
idation period (October 2002–October 2003) and calculated the performance measures for the streamflow 
and the groundwater for this period (see Figures S3, S4, S5 and S6).

Model flexibility: It is generally assumed that a model with a good performance for both groundwater and 
streamflow represents reality better, but previous studies have shown that an improvement in the simu-
lation of groundwater levels or storage may lead to a deterioration of the performance of the streamflow 
simulations (Efstratiadis & Koutsoyiannis, 2010; Seibert, 2000). Therefore, we assessed if there was a trade-
off between streamflow and groundwater model performance in scatter plots and checked if there was a 
pareto-optimum between the two performance measures. These performance measures are calculated from 
the 10% increments in the optimization weight for streamflow. If there is an increase in performance of one 
measure while the performance for the other measure also increases, then the model can take advantage of 
more information.

Streamflow performance for the lower gauge: How well can the model simulate streamflow dynamics at the 
lower gauge after calibration for the upper gauge? If the processes are similar throughout the catchment and 
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the model represents these processes well, then the performance should be similar for the upper and lower 
gauge. If subsurface drainage occurs below the upper gauge and is important for flow at the lower gauge, 
then the performance of the distributed-ER model variant should be better than for the distributed-ST mod-
el for both the upper gauge and the lower gauge because the distributed-ER model variant accounts for this 
drainage. To test this, the calibrated parameter sets were used to simulate streamflow at the lower gauge. 
We assumed a similar catchment functioning as SC2 for all the other sub-catchments (SC3-6). Thus, for the 
distributed-ST and the distributed-ER variants the calibrated parameter values from SC2 were transferred 
to all other sub-catchments (Figure 2). We admit that catchment functioning for SC3-SC6 is unlikely to be 
fully similar to that of SC2 (Aulenbach & Peters, 2018; Aulenbach et al., 2021) but we still use this approach 
because the focus of this analysis is on the effects of the exchange routine on the simulations. Furthermore, 
all other approaches require the introduction of additional parameters that need to be optimized.

For the distributed-ER model variant, subsurface flow was only allowed to occur via the exchange bucket 
from SC2 into SC6 (Figure 4). We did not simulate a similar groundwater-surface water exchange for the 
other sub-catchments because infiltration of streamwater into the riparian aquifer is most important for 
SC2 because this sub-catchment is affected by the flow from the bedrock outcrop (SC1). Thus, the calibrated 
parameters for the distributed-ST model variant of SC2 were applied to SC3-6 for both the distributed-ST 
and the distributed-ER variants.

5. Results
5.1. Model Performance

The difference between the model performance of the lumped model variant and the distributed variants 
was large (Figure 5a). The lumped model variant resulted in a much poorer performance for the simulation 
of the streamflow than the spatially distributed model variants (distributed-ST and distributed-ER) that 
accounted for the difference in the soil storage capacity of the bedrock outcrop and the remainder of the 
catchment. The distributed-ER variant performed better for streamflow simulations than the distributed-ST 
variant but the performance for the groundwater simulations was similar (Figure 5a).

The results for the calibrations with the different optimization weights for streamflow indicated a clear 
trade-off between groundwater and streamflow performance for the lumped model variant and for the 
distributed-ER variant. The performance for the streamflow simulations for the lumped model variant in-
creased and the performance for the groundwater decreased when the weight for streamflow increased, up 
to a weight of 50% for streamflow (Figure 5b). When the weight for streamflow in the calibration was more 
than 50%, the performance for both streamflow and groundwater simulations increased as the weight for 
streamflow increased. For the distributed-ST variant there was no such systematic increase or decrease vis-
ible for the entire period (Figure 5b), but could be seen for the winter period (JFM; Figure 6).

The performance of the streamflow simulations decreased as the catchment dried out (compare JFM [wet-
ting up winter], AMJ [wet to drying spring], JAS [drying up summer]; Figure 6). In summer (JAS), the 
two distributed model variants performed poorly for the streamflow (Figure  6). Note however, that the 
performance for streamflow during this period only represents the dynamics of the streamflow in Septem-
ber because there was no streamflow at the upper gauge during July and August. As streamflow ceased in 
the upper catchment during the dry fall (OND), the model performance for streamflow QE NSE  could not be 
determined.

We also found large differences when comparing the performances for each single month (see Figure S7) 
but these results need to be interpreted with care due to the limited explanatory power of a Nash-Sutcliffe 
efficiency when it is calculated over short periods. The efficiency, furthermore, depends on the duration that 
the stream was flowing.

The model performance decreased for the validation period (median QE NSE  of 0.21 and 0.35 for the distribut-
ed-ST and distributed-ER variants, respectively). The model performance for streamflow was better for the 
distributed-ER variant than for the distributed-ST variant for all seasons. The differences in model perfor-
mance between the distributed-ST and distributed-ER model variants were larger for the validation period 
than for the calibration period (Figure S5).
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5.2. Evaluation for the Lower Gauge

As expected, the simulations of the streamflow at the lower gauge were poorer than for the upper gauge 
when the model parameters derived from the calibration for the streamflow at the upper gauge (100% op-
timization weight for streamflow and 0% for groundwater) were used to simulate streamflow at the lower 
gauge without any re-calibration (Figure 7a). This was the case for the full period, as well as for winter, but 
only partly for spring, and not for summer (JAS; Figure 7b). QE NSE  values for the simulated streamflow at 
the lower gauge were between 0.4 and 0.6 during summer (JAS) but close to zero for the upper gauge for the 
distributed-ER variant and even negative for the distributed-ST variant. Note however, that even though the 
model performance for the streamflow simulation for the lower gauge was higher than for the upper gauge 
for the summer period, the model performance was poor for both. The slightly better performance for the 

Figure 5. Model performance for streamflow at the upper gauge ( QE NSE ) and catchment average groundwater ( GWE COR ) for the three model variants and 
different weighting schemes. (a) shows the comparison of all model variants with violet dots for the lumped, pink dots for the distributed-ST, and orange dots 
for the distributed-ER model variant, as well as the marginal distributions of QE NSE  and GWE COR  for each model variant at the plot margins. (b) zooms into the 
model performances for each model variant. In these plots the weight of the streamflow objective function in the calibration is indicated by the color gradient: 
blue to yellow. The circles with the black outline show the mean model performance for the 25 different parameterizations for each weighting scheme.
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lower gauge may be attributed to the months July and August for which there was streamflow for the lower 
gauge but not at the upper gauge due to the contributions from the other contributing sub-catchments (Fig-
ure 7b). The difference in model performance for the two distributed model variants, however, was smaller 
for the lower gauge than for the upper gauge.

5.3. Example Time Series

The time series of the observed and simulated streamflow in response to a large rainfall event in late March 
2002 and the following recession period in April 2002 were selected as an example to illustrate the func-
tioning of the exchange routine for the Panola catchment. During the recession in April, the streamflow 
simulations (with the 100% optimization weight to streamflow) were better ( QE NSE ) for the distributed-ER 

Figure 6. Model performance for streamflow at the upper gauge ( QE NSE ) and groundwater dynamics ( GWE COR ) for different seasons for the two distributed 
model variants for all calibrations with an optimization weight of at least 30% for both streamflow and groundwater. Each circle represents one model 
simulation. For July–September (JAS), there was only flow during September. Since streamflow ceased in the upper catchment during the dry fall (October–
December [OND]), the model performance for streamflow could not be determined for this season. The density plots on the axes highlight the marginal 
distributions for both QE NSE  and GWE COR . There was a similar decrease in model performance as the catchment dried out for the lumped model variant, but since 
the lumped variant performed poorer (see Figure 5) it is not shown in this comparison. For the results for the individual months, see Figure S7.
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model variant than the distributed-ST variant for both the upper and lower gauge (Figure 8). Even though 
neither of the model variants simulated the observations particularly well in terms of the size of the peaks, 
the zero flow occurrence at the upper gauge and its timing were better simulated by the distributed-ER 
variant than the distributed-ST model variant. The distributed-ST variant simulated a streamflow response 
also for some rainfall events (e.g., April 25, 2002 in Figure 8), for which such a response was not observed at 
the upper gauge. This can be explained by water that infiltrated in the streambed, which was not simulated 
in the distributed-ST variant (Figure 8b).

The baseflow at the lower gauge was simulated better for the distributed-ER variant than the distributed-ST 
variant, which was a direct consequence of the simulation of subsurface drainage from the upper catch-
ment. The simulated flow for the distributed-ST variant became almost zero, similar to the observed stream-
flow at the upper gauge, while streamflow at the lower gauge was sustained throughout the study period. 
During August, October, and November (2001) and during July and August (2002), all the simulated flow 
from the upper catchment to the lower catchment occurred via subsurface flow (there was no streamflow 
observed at the upper gauge during this period either). However, these simulated contributions were small 
in absolute terms (about 1% of the streamflow at the lower gauge). The simulated flux of the water that 
leaves the upper catchment as subsurface drainage is, however, considerable during recession conditions 

Figure 7. Streamflow performance ( QE NSE ) for the upper and lower gauge for all optimization weights for streamflow in the calibration for the full period (a) 
and seasonally (b). The black dashed line represents the 1:1 line. For the results for the individual months, see Figure S7.
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(Figure 9), as well as in the wetting up transition period (December 2001 and September 2002) and therefore 
essential for a good simulation during these periods.

During the large event at the end of March (Figure 8a), the exchange flux from the stream to the groundwa-
ter in the upper catchment increased and then decreased to almost zero for a short period of time (for some 
model parameter sets the flux even reverted, representing a flux from the groundwater to the stream, as can 
be seen in Figure S2 in the Supporting Information S1). Most of the simulated exchange flux during the 
study period, however, was from the stream to the groundwater. The simulated subsurface drainage (from 
SC2 to SC6) caused the riparian groundwater levels in SC2 to be lower than would otherwise be the case, 
and hence maintained a gradient toward the groundwater. The simulated subsurface drainage to SC6 varied 

Figure 8. Upper panel: Observed and simulated hydrographs at the upper and lower gauge for the distributed-ST and the distributed-ER model variants for (a) 
a large event at the end of March 2002 and (b) the recession period in April 2002 for the calibration with a 100% optimization weight for streamflow. The dashed 
black lines indicate the observed streamflow, the colored lines indicate the average simulated streamflow from all parameter sets, and the shaded areas indicate 
the range of the simulations for the different parameter sets. Middle panel: Simulated stream stage and storage level in the exchange bucket for the upper (SC2) 
and the lower (SC6) catchment. Lower panel: The exchange fluxes in the upper and lower catchment (in black and gray lines) together with the subsurface 
drainage from the upper to the lower sub-catchment (blue line). Negative values indicate a flux from the stream to the groundwater, positive values indicate a 
flux from the groundwater to the stream. All fluxes are expressed per catchment area (mm/h), but note the different scale for (a) and (b).
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for the 25 parameter sets but was 37%–80% of the sum of the exchange flux and subsurface drainage. If we 
did not allow for any subsurface drainage from SC2 to SC6 by setting parameter subE k  to zero, the simulated 
flux from the groundwater back into the stream would be larger (see Figure S2).

5.4. Simulation of the Groundwater Dynamics

The distributed-ER model variant was calibrated to the catchment average and riparian average scaled 
groundwater levels. The simulations represented the average catchment groundwater dynamics, that is, 
weighted average of hillslope and riparian groundwater levels, better than the riparian groundwater dynam-
ics (Figure 10). The incremental increase in optimization weight for streamflow caused a small decrease in 

Figure 9. Observed and simulated runoff ratios for the upper catchment (a) and the contribution to the observed and simulated streamflow from the upper 
gauge to the observed streamflow at the lower gauge (b) for the different study months (yy/mm). The runoff ratio for the simulated subsurface flow that leaves 
the upper catchment (a) and the contribution of this flow to the lower gauge (b) are shown as well. The simulated results are shown for the calibration period 
with a 100% optimization weight for streamflow. Comparing simulations to observations can result in estimated contributions from the upper gauge that 
exceed the observed flow at the lower gauge if the simulated streamflow is overestimated. Note that when streamflow at the upper gauge exceed streamflow at 
the lower gauge, the fraction of Qobs at the outlet is E 1. One would expect streamflow at the upper gauge to be less than the lower gauge (fraction E 1) due to 
contributions from other sub-catchments.
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performance for the catchment average groundwater simulations, but a marked decrease in the perfor-
mance for the riparian groundwater simulations, particularly when the optimization weight for streamflow 
was more than 50% and a sharp drop in performance with an optimization weight of more than 80% for 
streamflow (Figure 10). There were no systematic differences in the performances of the models when a 
different weighting scheme for the groundwater simulations (i.e., between the area weighted and arithmetic 
mean) was used in the calibration.

5.5. Uncertainty in the Soil Water Storage Potential

We used the distributed model variants (distributed-ST and distributed-ER) to represent the difference in 
the soil water storage potential for the bedrock outcrop and the other parts of the catchment. For the out-
crop (SC1), the range of E FC values was kept very small (0.01–100 mm) to simulate the low storage capacity 
and the observed fast response to rainfall. From the comparison of the calibrated E FC values, we see that the 
calibration of the distributed-ER variant led to a smaller parameter range for both the outcrop (SC1) and the 
remainder of the upper catchment (SC2) than the calibration of the distributed-ST and the lumped variants 
(Figure 11; coefficient of variation lumped: 0.13, distributed-ST: 0.12, distributed-ER 0.06).

6. Discussion
6.1. Advantages and Disadvantages of the Implementation of Bi-Directional Fluxes Between 
Groundwater and Surface Water in a Bucket Type Hydrological Model

For Panola, the use of the new exchange routine led to only a small improvement in model performance 
compared to the standard distributed model variant (Figures 5 and 6). Although the overall gain in model 
performance for the streamflow simulation was small (increase in QE NSE  of about 0.03 for the entire cali-
bration period and up to about 0.10 for the validation period), the streamflow was simulated better using 

Figure 10. Boxplots of the performance of the simulations of the catchment average groundwater dynamics (used 
for the calibration of the response routine parameters) and riparian groundwater dynamics (used for the calibration 
of the exchange routine parameters) for different optimization weights for streamflow (and thus groundwater). Each 
optimization weight to groundwater (%) corresponds to 100% minus the optimization weight for streamflow.
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the new model variant for specific periods of time, particularly the drying down and wetting up periods, 
hydrological situations that previous studies (e.g., Peters, Freer, & Beven, 2003) found difficult to simulate. 
This highlights the need to carefully analyze model simulations: improvements might average out or are not 
detectable if we only look at statistical measures calculated over longer time periods.

The benefit of the new exchange routine extends beyond model performance measures. The new routine 
contributes to making models more realistic, while maintaining the bucket-type modeling approach. This 
contributes to simulations being right for the right reasons (Kirchner, 2006) and is especially important 
when simulating extremely wet or dry situations, which might be outside the calibration conditions. In-
deed, the validation period used in this study was much wetter than the calibration period (see Table 1). 
The fact that the performance for the distributed-ER model is better than that of the distributed-ST model 
during the validation period (Figures S3, S4 and S5) provides confidence that the distributed-ER model var-
iant represents the processes better. Enabling the possibility of bi-directional fluxes between groundwater 
and streamflow in hydrological models is particularly useful for catchments where there are long stretches 
with losing flow conditions, or dry streambeds. It is especially useful when the model is used to address 
questions related to low flows or droughts because less streamflow is generated at locations or times where 
the stream is losing water to groundwater storage. The subsurface flow to downstream sub-catchments 
may furthermore be relevant to maintain baseflow in these sub-catchments. This is especially important 
for simulations during dry conditions (when the relative contribution of this flux is large, even though the 
actual flux is small) or when the model is applied to address questions related to water quality, temperature 
or stream habitats. It is also very useful for studies on the hydrology, ecology or bio-geochemistry of inter-
mittent streams.

However, there are also disadvantages of representing the bi-directional groundwater-surface water ex-
change in a bucket-type model. In order to simulate the bi-directional exchange, we had to add four model 

Figure 11. Ranges for parameter E FC for the outcrop (SC1) and the remainder of the upper catchment (SC2). The 
boxplots contain the 25 best parameter values for all calibrations with the different optimization weights for streamflow. 
For the lumped model variant, the calibration parameter range for E FC was restricted to a range between 0.01 to 
1,000 mm; for the distributed model variants (distributed-ST and distributed-ER), it was restricted to 0.01–100 mm for 
SC1 and to 200–1,000 mm for SC2. For boxplots for the other parameters, see Figure S8.
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parameters. Even though bucket-type models are meant to be conceptual, the model parameters should 
still be representative of the processes they intend to represent. Adding model parameters makes the model 
more flexible but more model parameters also increase the risk of over-parameterization and problematic 
parameter identifiability (Beven, 1993; Seibert et al., 2019). To reduce the risk of over-parameterization, we 
can use additional information (as we did in the application to Panola by including groundwater level data 
in the calibration or pre-defining the value for some parameters (as we did for E w by assuming that it is simi-
lar to the relative size of the riparian zone). In fact, the parameter E FC, representing the soil moisture storage 
capacity was better constrained by including the exchange routine (Figure 11). We did not observe any com-
pensation effect, that is, the better constraint of one parameter leading to a larger range for another param-
eter (see Figure S8 in the Supporting Information S1), therefore we assume that this improved parameter 
identifiability is related to the more suitable model structure for the distributed-ER variant. It is interesting 
to note that the optimized values for the soil moisture storage capacity (E FC) are comparable to the estimated 
180 mm of storage for a 1 m deep hillslope soil (Aulenbach & Peters, 2018; Peters & Aulenbach, 2011).

There might be even better constraints possible if we would use the groundwater data in a smarter way. 
In this study, we simply averaged the scaled groundwater levels measured in the hillslopes and riparian 
zone. This averages out some of the observed variation between the different groundwater wells. We, fur-
thermore, used a simple correlation coefficient in the calibration, which ended up being very high for both 
distributed model variants and all seasons. For instance, we could have considered the depth of the wells 
and hence used a volume-based weighting (rather than a region-based weighting) to represent the average 
dynamics of the groundwater in the catchment.

Including the exchange routine can provide more options for validation when there are different data avail-
able. We could, for instance, compare the exchange fluxes with groundwater level dynamics in different 
sub-catchments where exchange between the stream and groundwater is expected and needs to be modeled. 
For the Panola case study, we simulated streamflow at the outlet of the catchment for evaluation (remember 
data from the lower gauge was not used in the calibration). By including the exchange routine, the simulat-
ed streamflow at the outlet was more similar to the observed streamflow than for the standard distributed 
variant of the model.

6.2. Application to Panola

Depending on the parameterization of the exchange routine, different types of dynamics are possible. We 
considered the simulation of temporally changing flow directions between the groundwater and the stream 
an important aspect of the exchange routine but in the application for Panola it turned out that fluxes 
along the stream, such as subsurface drainage from one sub-catchment to another, were more important. 
This can be seen from the relatively large simulated subsurface drainage contributions to streamflow at the 
outlet (Figure 9) and the exchange flux direction (Figure 8). It is beneficial that there are parameterizations 
of the exchange routine that allow for the simulation of this behavior because leakage below a gauge and 
inter-basin groundwater flow are common (e.g., Fan, 2019; Käser & Hunkeler, 2016; Le Moine et al., 2007; 
Welch et al., 2012).

Field observations at Panola have shown that the large bedrock outcrop produces flow during almost all 
events, while measurements at the trenched hillslope suggest that flow from the hillslopes only occurs 
during large events (Tromp-van Meerveld & McDonnell, 2006a). We related the simulated exchange fluxes 
during the large rain event at the end of March to the observations at the trenched hillslope and concluded 
that the change in exchange flux direction or decrease of the flux occur at very plausible moments. The 
stream was likely losing during the initial part of the event due to the quick response from the outcrop (i.e., 
SC1 in our setup). Measurements at the trenched hillslope showed significant flow from the hillslopes later 
during the event (Tromp-van Meerveld & McDonnell, 2006b). This is the cause for the decrease in the flux 
toward the groundwater at the end of the large event and for some model parameterizations there was even 
a switch in the direction of the exchange flux (Figure 8).

Previous studies have also shown that flow from the bedrock outcrop causes significant recharge of the 
riparian aquifer (Burns et al., 2001) and that the majority of streamflow (on an annual basis) comes from 
the lower area of the catchment (roughly corresponding to SC6) (Aulenbach et al., 2021). The simulations 
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for the distributed-ER variant suggest that some of this water leaves the upper catchment via subsurface 
flow and that this flow contributes to the sustained baseflow in the lower catchment (Figure 9). The simu-
lations also highlight that the stream in the upper catchment is rarely a gaining stream. This explains why 
mixing-model applications at Panola showed only a very small contribution of hillslope water to stream-
flow (e.g., Hooper, 2001). This is also in agreement with the measurements at the trenched hillslope that 
showed that significant subsurface flow occurred only rarely (Tromp-van Meerveld & McDonnell, 2006b) 
and groundwater measurements at another hillslope that showed that hillslope-riparian zone-stream con-
nectivity was rare (van Meerveld et al., 2015).

The exchange routine further can allow a water deficit to build up if parameter offE z  is included. This can be 
beneficial for the simulation of long duration droughts. Because of the short simulation time, we did not do 
this and set parameter offE z  to zero. However, it is know that droughts at Panola can affect streamflow (Au-
lenbach & Peters, 2018) and stream chemistry (Aulenbach, 2020; Peters & Aulenbach, 2009). Therefore, it 
would be interesting to include this parameter when simulating longer time periods. Perhaps it would have 
improved the model performance for the distributed-ER model variant for the validation period.

The large bedrock outcrop is a special feature of Panola but there are other headwater catchments with 
either bedrock outcrops or very shallow soils near the ridges. For other catchments the bi-directional fluxes 
between the stream and the groundwater may occur in the middle or lower reaches of the catchment. Pano-
la was used in this study as an illustrative example of a catchment where these processes occur. The same 
processes of streambed infiltration and subsurface drainage can be modeled for middle or lower reaches as 
well. In other words, while the particular situation of the Panola catchment is perhaps special, it is a suitable 
application to test the effect of the exchange routine on the model simulations.

6.3. When to Use the Exchange Routine and When Not

The addition of the exchange routine to simulate the bi-directional fluxes between the groundwater and 
the stream allows us to simulate what happens in intermittent streams, namely that streamflow ceases 
in certain stretches of the stream and reappears further downstream (Covino & McGlynn, 2007; Doering 
et  al.,  2007; Payn et  al.,  2009; Simpson & Meixner,  2013; Yu et  al.,  2013; Zimmer & McGlynn,  2017) or 
groundwater flow from one sub-catchment to another (e.g., Fan,  2019; Le Moine et  al.,  2007). Because 
losing stream conditions are common (e.g., Fan, 2019; McMahon & Nathan, 2021) and most streams are 
intermittent (Datry et al., 2014; Fritz et al., 2013; Hammond et al., 2021; Nadeau & Rains, 2007; Shanafield 
et al., 2021; van Meerveld et al., 2020), it is useful to explore the benefits and limitations of such an exchange 
routine. However, as already mentioned, we also introduce more parameters to the model. Due to the prob-
lems related to the additional parameters (Jakeman & Hornberger, 1993; Seibert et al., 2019), we will only 
benefit from the increased model realism if we (a) know that there are considerable losses from the stream 
to the riparian aquifer, (b) want to study questions related to groundwater-surface water exchange or trans-
mission losses, or want to simulate streamflow during periods when these fluxes are important, and (c) we 
have suitable data to validate the model simulations and constrain the model parameters (e.g., groundwater 
levels or flow at different locations in the catchment). If groundwater-surface water exchange is insignifi-
cant or if the studied problem does not require this simulation, then this model routine should not be used.

7. Conclusions
In this paper, we propose a new parsimonious model routine to represent bi-directional fluxes between the 
groundwater and the stream in a bucket type hydrological model. The bi-directional interaction can be used 
to simulate the fluxes from the stream to riparian groundwater and subsurface drainage from upstream to 
downstream sub-catchments. Thus the routine allows for the representation of losses from the stream to 
the riparian groundwater, and as a result the simulation of intermittent streamflow and inter-basin ground-
water flow.

The results of the test application for the Panola catchment demonstrate that the routine can make a buck-
et-type model more realistic. When looking at the overall model performance and comparing a model var-
iant where the exchange routine was included and one where it was not, the improvements were small 
(increase in QE NSE  of about 0.03 for the calibration period and about 0.10 for the validation period), but for 
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certain hydrological situations (such as the drying down period) the improvements were notable, mainly 
because of the flux between sub-catchments via subsurface drainage. The timing of the simulated flux dur-
ing a large event agreed with field observations. Overall, the results highlight the value of the new routine 
for catchments with notable fluxes from the stream to the groundwater or inter-basin groundwater flow but 
the routine should be tested for other catchments as well.

Data Availability Statement
The observational data underlying this work can be obtained from the USGS ScienceBase repository 
(https://www.sciencebase.gov/catalog/).
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