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Abstract

Landscape differences induced by urbanization have prompted hydrologists to define a fuzzy boundary
between rural and urban-specific hydrological models. We addressed the validity of establishing this
boundary, by testing two rural models on a large sample of 175 French and United States (US) urbanized
catchments, and their 175 rural neighbors. The impact of urbanization on the hydrological behavior was
checked using four metrics. Using a split-sample test, we have compared the performances, parameter
distributions and internal fluxes of GR4H and IHACRES, two conceptual and continuous models
running at the hourly time step. Both model structures are based on soil moisture accounting reservoirs
(infiltration, runoff, and actual evapotranspiration) and quick flow/slow flow routing components,
with no consideration of any specific feature related to urbanization. Results showed: (1) Except
for the ratio of streamflow flashiness to precipitation flashiness, the range of hydrological signature
metrics in rural catchments encompassed the specificities of urbanized ones. Overall, the urbanized
catchments showed higher ratios of mean streamflow to mean precipitation (median values: 0.39
vs. 0.27) and streamflow flashiness to precipitation flashiness (0.13 vs. 0.03), besides lower baseflow
index (0.42 vs. 0.62) and shorter characteristic response time (3 vs. 14 h). (2) The performances of
GR4H revealed no significant distinction between rural and urbanized catchments in terms of Kling-
Gupta Efficiency (KGE), whereas IHACRES better simulated urbanized catchments, especially during
summer. (3) With respect to differences in urbanization level, the GR4H and IHACRES parameters
showed different distributions. The differences in parameters were consistent with the differences in
hydrological behavior, which is promising for a model-based assessment of the impact of urbanization.
(4) The models agreed less in reproducing the internal fluxes over the urbanized catchments than over
the rural ones. These results demonstrate the flexibility of conceptual models to handle the specificities
of urbanized catchments.
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1 Introduction

1.1 From contrasting landscapes to contrasting hydrological modeling practices

One can easily identify the differences between a “rural” and an “urbanized” landscape: green forests,
season-colored crops, and vacant soil-colored lands are clearly distinguishable from areas where
paved roads and gray buildings predominate. Population density is the first driver for such landscape
discrepancies (Chen, Chuang, and Cheng, 2014; Martin, Kelleher, and Wagener, 2012): As the population
that occupies the defined area increases, land conversion takes place to accommodate for the increasing
population needs. From a hydrological standpoint, this land conversion causes a substantial increase
in the total impervious area (T1A) of the catchment, which impacts the hydrological processes by
specifically emphasizing high flows and altering low flows (e.g., DeWalle et al., 2000; Fletcher, Andrieu,
and Hamel, 2013; Salvadore, Bronders, and Batelaan, 2015; Oudin et al., 2018).

These differences in hydrological behaviors between rural and urbanized areas have led hydrologists
to develop specific modeling tools for urban catchments. Notwithstanding the existence of these
differences, we argue that they are potentially not more important than the ones existing between two
distinct rural areas or two distinct urban areas. Moreover, the conceptual tools and physically-based
equations used in representing the hydrological processes present many similarities for both types of
area (Salvadore, Bronders, and Batelaan, 2015). This was also pointed out by Fletcher, Andrieu, and
Hamel (2013), who stated that: “Despite its particularity, urban hydrology is not that different from nat-
ural hydrology”. The dichotomous approach consisting in selecting rural or urban-specific hydrological
models is questionable. From an operational standpoint, this dichotomy leads to complicated choices
for catchments with mixed urban/rural landscapes. In this context, a continuous modeling approach

would be preferable to the dichotomous approach.

Rural conceptual hydrological models have been widely tested in large-sample studies (Addor et al.,
2020; Gupta et al., 2014) and proved to be particularly flexible in the simulation of a large panoply
of hydrological behaviors through changes in their parameters. However, these studies have often
discarded (or not sufficiently emphasized) the catchments that were characterized by a high proportion
of urban cover (Addor et al., 2017; Ficchi, Perrin, and Andréassian, 2019; Esse et al., 2013), maintaining

an invisible and fuzzy rural-urban boundary in hydrological practices.

1.2 Scope of the study

In this paper, we question the existence of such a boundary, addressing two related issues:

1. Whether urbanized and rural catchments clearly exhibit different hydrological behaviors and
whether these differences are larger than the ones among rural catchments. We focus on four
aspects of the hydrological behavior: (i) how much of precipitation is converted into streamflow;
(if) how important is the baseflow component; (iii) what is the lag time between precipitation
and runoff; and (iv) what is the ability of the catchment to damp precipitation flashiness (Baker
etal., 2004).



2. Whether conceptual hydrological models are flexible enough to account for these different
hydrological behaviors. These differences would impact the model performances, the parameter

distributions, or the internal fluxes of the model.

These issues are addressed here through a comparative assessment across a large sample of urbanized
and rural catchments. We collected a sample of 175 urbanized catchments (with a mean 71A above 10%
over the period 1997-2017), which is far larger than the samples used in urbanized catchments studies
(see the review by Salvadore, Bronders, and Batelaan (2015)). Benefiting from a paired-catchment
framework (Martin, Kelleher, and Wagener, 2012; Van Loon et al., 2019; Zégre et al., 2010), we compared
the average behavior of the urbanized catchments with geographically close rural catchments. Hence,

an additional 175 rural catchments were used, for which mean T 1A was less than 5%.

The study is presented as follows: in Section 2, we describe the catchment sample and the hydrological
signatures that we used to investigate the differences in terms of hydrological behavior between the
urbanized catchments and their rural neighbors. We also present the two rural models that were used to
analyze the differences from a rural modeling standpoint. In Section 3, we show the assessment of both
the hydrological signatures and the models. A discussion follows in Section 4, while Section 5 concludes

with the main findings.

2 Catchments and methodology

2.1 Sample description

A large sample of catchments located in the United States (US) and France were collected. Working with
an international sample of urbanized catchments is important from a hydrological perspective, as the
differences in urban planning schemes between the two sides of the North Atlantic Ocean could have a

significant impact on the water cycle.

The sample selection was made using four criteria:

1. Limited effect of snow, as the models we applied here do not take into account snow-melting

processes.

2. Limited influence of dams. Although these impact river regimens (FitzHugh and Vogel, 2011), and
are hence related to a particular type of human impact, we deemed this effect to be a particular

case that required adequate streamflow naturalization techniques.

3. Recently available hourly precipitation and streamflow time series and daily temperature. We
chose a minimum of 8 years of data availability between 1997 and 2017 as a requirement, for
which complete precipitation and temperature data should be available, and streamflow data
should be available for at least 70% of the recorded period. We considered that a minimum of 4

years for calibration was needed for an hourly model (Perrin et al., 2007).

4. The question of imperviousness threshold above which a catchment can be considered to be
urbanized was not specifically analyzed in this study. On the basis of previous reviews (Arnold and
Gibbons, 1996; Brabec, Schulte, and Richards, 2002; Brun and Band, 2000; Salvadore, Bronders,



40°N - e  Urbanized catchments
- Rural neighbors
: .
'Y o - & L4 . .’
35°N - <
DS SIS
4
N
30°N - R ’
b w E
[
T T 1
0 500 1000 km S
25°N -
100°W 90°W 80°W 70°W

Figure 1. Location of the United States urbanized catchment sample (in blue) and their rural neighbors
(in green). A dot represents the location of the catchment centroid.

and Batelaan, 2015), we considered a catchment as urbanized when its mean TI A over the whole
period was above 10%. Other thresholds such as 15% and 20% were tested and did not significantly
change the conclusions (not shown here).

For each urbanized catchment X, the selected rural neighbor catchment Y was the closest rural
catchment to X (i.e.,, TIA of Y is less than 5%) in the sense of distance d, which was determined
using the distances between the outlets (20% weight) and the centroids (80% weight) of the catchments
X and Y (Lebecherel, Andréassian, and Perrin, 2013).

This selection yielded a final sample of 175 urbanized catchments, of which 156 are located in the US
and the remaining 19 in France. Figure 1 shows the US urbanized catchments and their rural neighbors’
location. Figure 2 shows the location of the French sample.

The US sample was selected from the GAGES-II database (Falcone, 2011), for which hourly streamflow
time series were extracted from the gauges maintained by the US Geological Survey (USGS) using the
dataRetrieval R package (Cicco et al., 2018). Hourly precipitation depths were extracted from the
NCEP Stage IV product, available at a 4-km resolution using the geokni fe R package (Lin and Mitchell,
2005; Read et al,, 2015). Daily temperature was extracted from the Daymet product available at a 1-km
resolution (Thornton et al., 2016). To characterize the degree of imperviousness of the catchment, we
used the National Land Cover Database (NLCD) produced by the Multi-Resolution Land Characteristics
(MRLC) Consortium for the years 2001, 2006, 2011, and 2016 at a 30-m resolution (e.g., Homer et al,,
2015).

The French sample was selected from the Banque HYDRO database, for which hourly streamflow
time series were extracted using the hydro.eaufrance. fr platform (Leleu et al., 2014). Hourly
precipitation depths were prepared using the COMEPHORE product provided by Météo France (Tabary
etal., 2012), available at a 1-km resolution across France. Daily temperature was extracted from the


hydro.eaufrance.fr

° Urbanized catchments oo
50°N - Rural neighbors *'s
[
N .. 1Y
48°N -
W E

46°N - S ...

[ I ] °

0 200 400 km
44°N - :

[ ° ®
L ]
42°N -
10°W 5°wW 0° 5°E 10°E

Figure 2. Location of the French urbanized catchment sample (in blue) and their rural neighbors (in
green). A dot represents the location of the catchment centroid.

SAFRAN product available at an 8-km resolution, provided by Météo France (Vidal et al.,, 2010). The
degree of imperviousness of the catchment was characterized using the Imperviousness Density layers
produced by the Copernicus Land Monitoring Service, available for the years 2006, 2009, 2012, and 2015
at a 20-m resolution (Congedo et al., 2016).

For a given catchment, the mean T A was assessed by an arithmetic mean of the imperviousness values
of catchment pixels. These values are percentages of sealed/developed surfaces estimated over every
30-m pixel in the US and 20-m pixel in France. After spatial aggregation, a linear extrapolation helped
estimate the mean T'1A for the years where land-use characterization was not available.

To estimate the potential evapotranspiration, we used a temperature-based formula (Oudin et al., 2005)
to determine daily time series, followed by disaggregation using hourly extraterrestrial radiation to
estimate hourly values.

The sizes of the urbanized catchments ranged between 1.1 km? and 727 km? with a median area
of 47.7 km?, while their rural neighbors’ sizes were between 2.4 km? and 4580 km? with a median
area of 274 km?. The majority of US catchments used here are characterized by a humid subtropical
climate (Cfa type in the Koppen-Geiger climate classification system; see Beck et al., 2018), whereas
temperate oceanic and mediterranean types of climate characterize the French catchments. The
mean precipitation depths for the urbanized/rural pairs of catchments were comparable (mean of
1190 mm/year in urbanized catchments vs. 1170 mm/year falling in rural catchments), and the ratios
of the precipitation values of each pair (urbanized to rural) ranged between 0.75 and 1.46 (median
ratio: 1.02). The mean potential evapotranspiration differences were similar (1060 mm/year and
1040 mm/year for urbanized and rural catchments, respectively), with ratios of each pair ranging
between 0.94 and 1.2 (median ratio: 1.02). The TIA values in urbanized catchments ranged between

10% and 59% with a median value of 24.6%, which is an indication that different urbanization stages



could be encountered in this sample. The T'I A range of their rural neighbors was 0%-5% with a median
value of 1.2%.

2.2 Hydrological signatures used to assess the differences between rural and urbanized
catchments

Several hydrological signatures were analyzed to assess the differences in hydrological behavior between
rural and urbanized catchments. We focused on four complementary and commonly used hydrological
signatures: (1) the catchment yield, i.e., how much of precipitation was converted to streamflow; (2) the
importance of the low-frequency component, i.e., the baseflow, with regard to the total flow; (3) the
characteristic response time, which informs about how rapid the catchment response was; and (4) the
capacity of the catchment in damping precipitation flashiness (Baker et al., 2004). For each one of these
four aspects, the hydrological indicator was computed as follows:

1. The Qnean!/ Pmean (—) ratio, where Q,eqn is the mean annual streamflow depth and P45, the

mean annual precipitation depth.

2. The baseflow index BFI (-), which is the ratio of total baseflow volume to total streamflow volume.
The baseflow signal was extracted from the total streamflow time series using a combination of
the constant-k method (Blume, Zehe, and Bronstert, 2007) and recursive digital filtering (Mei and
Anagnostou, 2015; Eckhardt, 2005; Collischonn and Fan, 2013).

3. The characteristic response time DT (h), which was taken as the applied shift on the streamflow

time series that maximizes its correlation with the precipitation time series.

4. The FQ/FP (-) ratio, where FQ (or FP) is the flashiness of observed streamflow (or precipitation).
The flashiness F X of a signal X was computed as (Holko et al., 2011; Baker et al., 2004):

2 Xn = Xl
szh—l
ZhXh

where X}, is the value of X at hour h.

2.3 Assessment of the differences between urbanized and rural catchments from a rural
modeling standpoint

Urbanized catchments are generally characterized by quick runoff generation and propagation due
to surface sealing and artificial drainage systems, which imposes a choice of fine modeling time steps
(hourly to sub-hourly) to accurately represent the rainfall-runoff relationship in urbanized areas (Dotto
etal, 2011; Rodriguez, Andrieu, and Morena, 2008; Salvadore, Bronders, and Batelaan, 2015). We have
chosen the hourly time step as a compromise between hydroclimatic data availability and the need for
a high temporal resolution to capture as much as possible the dynamics of the hydrological processes
in urbanized catchments. Moreover, the characteristic response time DT was at least one hour for the

majority of catchments used here (347 out of 350 catchments).

In this study, we used two hourly conceptual rainfall-runoff models, GR4H (Ficchi, Perrin, and Andréas-
sian, 2019) and IHACRES (Jakeman, Littlewood, and Whitehead, 1990). These two models were not



developed specifically for urbanized catchments, but they showed their flexibility on a large range of
hydrological behaviors. Thus, they were considered to be good candidates to investigate their flexibility
over urbanized catchments. The choice of these models was also motivated by their parsimony (GR4H
and IHACRES have four and six parameters, respectively, and require only hourly precipitation P and
potential evapotranspiration E for forcing; see Figure 3). In this way, the model parameter values could
be more easily interpreted with respect to catchment behavioral properties. We considered the impact
of urbanization on: (i) model performance, (ii) calibrated model parameter values, and (iii) simulated

internal fluxes.

The first level of comparison concerned the ability of the model to reproduce the observed streamflow.
To this end, a split-sample test was used (Klemes, 1986). The catchment period of recording was divided
into two subperiods P1 and P2. For each subperiod, each model was calibrated with respect to the
Kling-Gupta efficiency (KGE) coefficient (Gupta et al., 2009), which measures the differences between
two signals using their correlation, the ratio of their means, and the ratio of their standard deviations.
The square root transformation was applied to the simulated and observed streamflows in order to
guarantee the most uniform weighting possible over the different components of the streamflow (i.e.,
high, medium, and low flows; see Oudin et al., 2006; Santos, Thirel, and Perrin, 2018). For calibration, an
algorithm consisting of a broad inspection of the model parameter hyperspace, followed by a gradient
descent algorithm, was used (Edijatno et al., 1999). The calibrated parameters were then tested on
the alternative period (i.e., P2 if calibrated on P1 and P1 if calibrated on P2). Performances were
analyzed over the whole test period. In more detail, the models were also compared during the summer
(June-August) and the winter (December-February) within the test period, in order to see whether the
dry/humid contrast attenuated or accentuated the differences between the rural and the urbanized

catchments.

The second level concerned differences in the calibrated parameters. The distributions of model param-
eters were determined for each catchment set (rural and urbanized) and the differences interpreted in
terms of model functioning. Figure 3 illustrates model structures, main parameters, as well as internal

variables. Table 1 provides a brief description of the role of each model parameter.

The third level involved the comparison of internal fluxes simulated by the models to investigate whether
the two models handled the urbanized catchment behavioral properties in a similar way. Fluxes were
compared over the calibration period using the coefficient of determination R? and the Bias (i.e., ratio
of means). The main structural differences between GR4H and IHACRES can be summarized as follows:
(1) production is represented in GR4H using a soil moisture accounting reservoir, where percolation is
quantified (Perc in Figure 3), while it is characterized in IHACRES based on the catchment moisture
deficit parametrized as an exponential decay function. In GR4H, the percolation flux Perc sustains the
net precipitation PRgr in the absence of events, which fortifies the low-frequency behavior of PRgp.
(2) The quick flow/slow flow bifurcation is better identified in IHACRES than in GR4H, first through an
optimized partitioning parameter (X», ;7 4c vs. the fixed 0.1-0.9 partitioning in GR4H), and second by
removing any possible exchange between both branches in IHACRES. In GR4H, a groundwater exchange
function interacts with both branches, which eventually influences the simulated water budget. Table 2
summarizes the comparison between GR4H and IHACRES fluxes and states (see Figure 3 for the location

of each flux within the model structure).
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Imax, X1,6R , X3,6r: Reservoir capacities (mm)
Xocr: Potential exchange parameter (mm/h)
Xacr: Base time of unit hydrographs (h)
GR4H states (mm)

I, Prodcr, Routgr: Reservoir states

GR4H internal fluxes and outputs (mm)
Ei, Es, AEcr: Actual evapotranspiration

Ptn: Throughfall

Ps: Infiltration

Perc: Percolation

PRgr: Net precipitation

Qo,GR, Q1,6r: Outputs of UH1 and UH2

F: Potential exchange with groundwater
Qrcr: Slow flow

Qu,cr: Quick flow

Q: Total flow

Figure 3. (a) GR4H and (b) IHACRES model structures. A detailed description of the GR4H model
equations can be found in Ficchi, Perrin, and Andréassian (2019). The THACRES model
structure used here was derived from a rewriting of the original equations in a reservoir style
by Perrin (2000), which was tested later at the hourly time step by Mathevet (2005). The
numerically calibrated model parameters for GR4H and IHACRES are noted as {X; gr}1<i<4

and {X; rgach<j<e, respectively.

IHACRES parameters

Xu,Hac: Forcing parameter (P) (mm)

X1, 1Hac*Xe,1HAc: Forcing parameter (E) (mm)

X2,Hac: Quick flow-slow flow partitioning (-)
Xs,iHac: Quick flow linear reservoir parameter (-)
X3z,1Hac*Xa,1Hac: Slow flow linear reservoir parameter (-)
Xs,nac: Delay parameter (h)

IHACRES states

Sinac: Humidity index (-)

Tinac, Rinac: Reservoir states (mm)

IHACRES internal fluxes and outputs (mm)
AE nac: Actual evapotranspiration

PRinac: Net precipitation

Qr,iHAC: Slow flow

Qr.1Hac: Quick flow

Q: Total flow



Table 1. Description of GR4H and IHACRES model parameters and their corresponding roles.

Model

Parameter notation and
unit

Role

GR4H

X1,Gr (mm)

The maximum capacity of the soil moisture
accounting reservoir. This can be interpreted
as the capacity of the catchment soil to store
water. Higher values are associated with low net
precipitation PRgg.

X,6r (mm/h)

The potential gain from/loss to groundwater.
Higher absolute values indicate higher potential
amounts of exchanged water.

X3 Gr (mm)

The maximum capacity of the routing reservoir.
This controls the slow flow component Q. gg.
Higher values are associated with the long-
term memory of the catchment, i.e., important
volumes of slow flow Q;.gg.

X4,6r (h)

The base time of the unit hydrographs, which is
correlated with the characteristic response time
of the catchment.

IHACRES

X1,1HAc (mm)

This controls the increase in the humidity index
Srrac due to precipitation. Higher values lead
to smaller increases of S;4c at the event scale,
hence less net precipitation PRy ac.

Xi,104C * X6,1HAC (IMM)

This controls the decrease in S;gac due to
evapotranspiration. Higher values indicate a
slower decrease of S;pac.

X2, 1HAC (5)

This influences the slow flow/quick flow routing
partitioning. Higher values indicate that the net
precipitation PRy ac passes mainly through the
fast flow branch.

X3 104AC (5)

This controls the amount of the quick discharge
Qr 1H4c, for which higher values indicate lower
amounts of Q7. 1y ac-

X3 1HAC X4,1HAC (—)

This controls the slow flow Qg rgac. Higher
values of X3 rmac - Xa,1mac are associated with
low quantities of Qg 1 ac-

X5 104c (h)

The delay to be applied on (Qr,7rac + Qr,1HAC),
the sum of the quick and slow flows. This
characterizes the rapidity of the catchment
response.




Table 2. Comparison of GR4H and IHACRES internal fluxes and states.

Corresponding GR4H Corresponding IHACRES Comparison
Internal fluxes/states flux/state flux/state metrics
Catchment humidity | Production reservoir state e 2
H R
state Prodgr umidity index Sygac
Net precipitation ‘ PRGRr ‘ PRiygac R? Bias
. Sum of decreases in S;yac
A.ctual evapotranspira- Sum of E; and Es (AEGR) multiplied by Xjigac | Bias
tion )
(AErgac)
Sum of AEgg and the ex-
Total losses ports to the groundwater | AE;gac Bias
(LOSSGR)
Slow flow routing Routing reservoir state | Slow flow reservoir state R2
Routgr Rruac
Slow flow Slow branch output Q. gr Slow flow reservoir output R? Bias
Qr,1HAC
Quick flow Quick branch output Qg g Quick flow reservoir output R?, Bias
Qr,rHAC
imul fl
Total flow Simulated flow Q (Qsim,Gr) Simulated ow Q R?, Bias
(Qsim,1HAC)
3 Results

3.1 Areurbanized catchments hydrologically different from their rural neighbors?

In general, all the hydrological signatures of the urbanized catchments deviated from those of their
rural neighbors, as illustrated in Figure 4. At low levels of T1A, urbanized catchments exhibited values
similar to their rural neighbors, and the greater the TI1A, the more the deviation between the two
samples increased. These results suggest that urbanization impacted all facets of hydrological behavior.
However, in terms of range (or distribution), the hydrological signatures of urbanized catchments
were not so different from those of rural catchments. This means that the large diversity encountered
in rural catchments encompassed the specificities of the urbanized ones. This was true for all the
considered hydrological signatures, except for the flashiness ratio FQ/F P, which showed very high

values in urbanized catchments compared with rural catchments.

For a given volume of precipitation, results on Quean/Pmean (Figure 4a) indicate that it is more
likely to have a higher volume of streamflow in an urbanized catchment than in a rural one: me-
dian Quean! Pmean ratio reached 0.39 in urbanized cases, while it was around 0.27 in rural catchments.
Conversely, median baseflow index (Figure 4b) was higher in rural contexts (0.62 vs. 0.42 in urbanized
catchments), indicating that, for the majority of pairs, low flow decreased in urbanized catchments. The
characteristic response times DT (Figure 4c) were much shorter in urbanized catchments compared
with rural catchments (a median DT of 3 h for urbanized catchments vs. 14 h for their rural neighbors),
suggesting faster responses for the urbanized cases. Also, FQ/FP ratios (Figure 4d) were much higher
in high-imperviousness catchments (a median of 0.13 vs. 0.03 in rural catchments), implying that the

temporal irregularities of precipitation were more damped in rural catchments than in urbanized ones.
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Figure 4. Values of the hydrological signatures for urbanized catchments (on y-axes) vs. their rural
neighbors (on x-axes): (a) the ratio of mean annual streamflow to mean annual precipitation
(Qmean! Pmean), (b) the baseflow index (BFI), (c) the characteristic response time (DT), and
(d) the ratio of streamflow flashiness to precipitation flashiness (FQ/FP). Colors indicate
the mean total impervious area (TIA) of the urbanized catchment, which ranged between
10% and 59%. The T1A range of their rural neighbors was 0%-5%. Some catchments show
abnormal values of Queqn/Pmean ratio (i.e., higher than 1). These values were exhibited
by catchments whose outlets were generally within or close to an urban settlement (these
included the USGS station 08116400 on the Dry Creek near Rosenberg, Texas, and the USGS
station 02310525 on the Weeki Wachee River near Brooksville, Florida).
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3.2 Are there differences between urbanized and rural catchments observable from a
rural modeling standpoint?

In terms of model performances, GR4H revealed no clear distinction between urbanized and rural
catchments, whereas IHACRES simulated better urbanized catchments, especially during summer
(Figure 5). The parameter distributions of both models were impacted by urbanization (Figures 6 and 7),
as well as the agreement of GR4H and IHACRES in terms of internal fluxes (Figure 8).

Our first level of investigation is model performances, as one would expect that rural models would
not be suitable for urbanized catchments given the differences in landscape and hydrological behavior.
Concerning calibration (Figure 5), both conceptual models showed similar performances over the
rural and urbanized catchment sets, meaning that these models were flexible enough to reproduce
the rainfall-runoff relationship for the urbanized catchments. IHACRES showed even greater ability in
reproducing observed flows in urbanized catchments than in rural ones. Test performances showed
a drop in median performances of about 0.07-0.08 of KGE in a similar manner for both models over
both catchment samples. When the evaluation concerned only the summer or the winter periods,
performances decreased, especially for the summer-based evaluation. However, it is during the summer
when IHACRES test performances were significantly better in the urbanized catchments compared with

their rural neighbors, as the corresponding difference in median KGE reached 0.09.

Since GR4H and IHACRES performances were satisfactory for both urbanized and rural catchments,
their parameters could be now compared so as to see which ones were impacted by urbanization. We
can notice that non-impacted performances of GR4H (Figure 5) were countered by different parameter
distributions for rural and urbanized catchments, as shown in Figure 6. In urbanized catchments, Xj gr
showed slightly higher values than in rural ones. On the other hand, X» gr was more centered on zero
in the urbanized set, while it became negative in the majority of rural catchments, meaning that rural
catchments exported more water to groundwater compared with urbanized catchments. These two
variations for X; gr and X, gr yield more runoff for the urbanized catchments, by reducing the losses
through evapotranspiration and deep infiltration. The differences were more pronounced concerning
X3 6r and X4 gr, for which lower values were encountered in the urbanized catchments compared
with rural ones. This suggests a short-term memory behavior and more pronounced low flows over

urbanized catchments, accompanied by a faster response compared with rural contexts.
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Figure 5. Distributions of GR4H (left column) and IHACRES (right column) performances in calibration
(first row) and test over the whole test period (second row), with a focus on the winter (third
row) and the summer periods (fourth row). Performances are shown for the urbanized
catchments (Urbanized, in blue) and their rural neighbors (Rural, in green). The assessment
is shown in terms of the Kling-Gupta Efficiency (KGE) score applied on square root values of
simulated (Qs; ;) and observed (Q,p;) streamflow time series. Values indicate the minimum,
the median, and the maximum. It should be remembered that the ideal value of KGE is 1. In
many cases, the minimum KGE values for rural and urbanized catchments were lower than
—0.5 (Test performances over whole period: IHACRES-Urbanized: —0.76; Test performances,
focus on winter: IHACRES-Urbanized: —1.24; Test performances, focus on summer: GR4H-
Rural: —11.04, IHACRES-Rural: —22.00, IHACRES-Urbanized: —1.06).
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Figure 6. Distributions of GR4H parameters over the urbanized catchments (in blue) and their rural
neighbors (in green). According to Student’s ¢-test (Section 6), all differences between rural
and urbanized samples were statistically significant (p-value < 0.001), except for X; gr. Mann-
Whitney-Wilcoxon test (Section 6) indicated that all parameter distributions were statistically
different (p-value < 0.001). Transformations were applied to better normalize the distributions.
Values indicate the minimum, the median, and the maximum. Boxes are delimitated by the
first and third quartiles.
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Considering IHACRES parameters, the differences can be identified for each parameter, as illustrated
in Figure 7. The parameter Xj ;jyac was significantly lower in urbanized catchments than in rural
ones, indicating that the humidity index S;pac increased more quickly at the event scale in urbanized
catchments, thus converting a higher portion of precipitation into runoff compared with rural catch-
ments. However, X; rpac - Xe,1mAc indicates that Sy ac tended to decrease more quickly in urbanized
catchments, especially during dry periods, but the fact that X; ;¢ was lower in this set indicates that
the urbanized catchments responded more sensitively to summer events (i.e., dry-period events, due to
quick increase in Syzac) than their rural neighbors did. Therefore, the variance of S;zac was higher in
urbanized catchments. The X, ;i ac parameter was higher in urbanized catchments, which indicates
that the excess water during an event passed mostly through the quick flow branch. Conversely, the
X3, 1 ac values were lower in the urbanized set, whereas the X3 rac - X4, rmac product values were
higher. This indicates that the quick flow volumes were higher in urbanized catchments, while slow
flow volumes were higher in rural catchments. The low values of X5 ;¢ encountered in urbanized

catchments suggest that they reacted faster than their rural neighbors.
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Figure 7. Distributions of IHACRES parameters in the urbanized catchments (in blue) and their rural
neighbors (in green). According to Student’s ¢-test (Section 6), all differences between rural and
urbanized samples were statistically significant (p-value < 0.001). Mann-Whitney-Wilcoxon
test (Section 6) indicated that all parameter distributions were statistically different (p-value <
0.001). Transformations were applied to better normalize the distributions. Values indicate
the minimum, the median, and the maximum. Boxes are delimitated by the first and third
quartiles.

Finally, it is noteworthy to examine the internal fluxes and outputs of both models, first to see whether
GR4H and IHACRES simulated similarly the rural catchments, and if so, whether this agreement was
altered by urbanization. In this respect, GR4H and IHACRES internal fluxes were more similar in

rural catchments than in urbanized ones, indicating impacted internal model fluxes and states by
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urbanization, as shown in Figure 8 by the median values of R? and the Bias on the internal model fluxes
and states (listed in Table 2).

In terms of R?, the internal states of the models (i.e., Prodgg vs. Simac and Routgg vs. Rimac)
showed higher correlations when simulating the rural catchments (R?>(Prodcr, Staac) = 0.69 and
R?(Routgr, Rrgac) = 0.53, median values) than the urbanized catchments. Correlations in reproducing
the net precipitation PR were comparatively high, with median R? values of approximately 0.9 in rural
catchments compared with 0.76 for urbanized catchments. Both models disagreed significantly in
simulating slow flow, whereas they agreed in terms of the quick flow, with a slightly higher median corre-
lation in urbanized catchments than in rural ones. Finally, although not as strongly correlated as when
simulating net precipitation, the models simulated total flow in a relatively similar manner, with slightly
higher correlations in rural catchments than in urbanized ones (rural median R*(Q sim,GR» Qsim, IHAC)

attaining 0.78 vs. R?(Qs; m,GR» Qsim,1HAc) median value of 0.73 for the urbanized catchments).

The Bias terms showed weaker agreement in reproducing the volumes of the analyzed fluxes. With
the exception of the simulated streamflows, the values of Bias(PRggr, PRrgac) were the closest to
1, with slightly higher amounts of PRgr produced in rural catchments compared with PRjr4c (i.e.,
Bias(PRggr, PRrrac) > 1.0). The total losses estimated in GR4H were generally lower than the ones
estimated in IHACRES. Slow flow volumes were significantly lower in IHACRES than in GR4H, while
the inverse was the case for quick flow volumes. Ultimately, the total simulated flows were virtually the
same, leading to a median Bbias very close to 1.

4 Discussion

4.1 Impact of urbanization on the hydrological behavior of catchments

Our purpose of comparing the hydrological behavior of urbanized catchments with that of their rural
neighbors was to check whether landscape differences (i.e., urbanized vs. non-urbanized) impacted
hydrological characteristics. Overall, the obtained results corroborate the literature findings concerning
the impact of urbanization, which has been a widely investigated question for decades (Leopold, 1968;
Hollis, 1977; Oudin et al., 2018). In this regard, the original facets of our findings are twofold: (1) The
examination of hydrological behavior by computing the signature metrics over continuous and relatively
long hourly time series, in contrast with event- and season-based metrics (Miller and Hess, 2017; Zhou
etal., 2017; Sillanpdd and Koivusalo, 2015); (2) The use of a large sample of urbanized catchments in two
different countries, which is a key strength in the context of abundant single-catchment experiments in

urbanization studies (Salvadore, Bronders, and Batelaan, 2015).

In more detail, the high values Qeqn/ Pmean in urbanized catchments is in line with the large number
of empirical studies showing that mean annual flows increase with urban development (DeWalle et al.,
2000; Oudin et al., 2018), due to either increased imperviousness or the effluents of water treatment
facilities (Diem, Hill, and Milligan, 2018; Zhou et al., 2017).

Conversely, the impact of urbanization on low flows is still difficult to assess. On one hand, the BFI
could be higher in some urbanized catchments owing to water treatment facility releases during the
dry period (Oudin et al., 2018), reduction in vegetation cover, or leakage in high-pressure potable
water systems (Gobel et al., 2004; Lancia et al., 2019; Sanzana et al., 2019). On the other hand, BFI
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could be lower in some urbanized catchments in which groundwater pumping is intensive and the
river-groundwater connection is cut by sealing the riverbanks (Braud ez al., 2013; Brun and Band, 2000;
Zektser and Everett, 2004). These two possible changes are observed in our catchment set, but for the
majority, BFI decreased.

Flow velocities on sealed surfaces are higher than on natural ones (i.e., bare or vegetated soils), due
to the reduction of surface roughness. This becomes pronounced with the higher amounts of runoff
during an event, ultimately leading to an acceleration of the catchment response (Burns et al., 2005;
Miller and Hess, 2017).

To conclude, we found that urbanization modified many facets of hydrological behavior, from water
budget to high and low flow characteristics. However, of the signatures considered here, only FQ/FP
showed significantly different ranges for the two catchment sets (rural and urbanized). This means
that the impact of urbanization on hydrological behavior was not abrupt (Mejia et al., 2015), hence,
the diversity of behaviors in rural catchments still encompasses the behaviors of the urbanized ones.
Therefore, the large flashiness of the streamflow signal (FQ/FP) is a very specific characteristic to

distinguish urbanized from rural catchments.

4.2 Differences between urbanized and rural catchments from a modeling standpoint
4.2.1 Detection of differences in hydrological behavior by model parameters

The differences shown above in terms of GR4H and IHACRES parameters (Figures 6 and 7) are consistent
with the obtained differences in the hydrological signatures (Figure 4). By shifting the production
parameters (low mean Xj g, close-to-zero values of X» gr, and low Xj ;y4c), the models simulated
higher Quean/ Pmean in the urbanized catchments, whereas lower values of BFI (i.e., much smaller
slow-flow component compared with quick flow) were confirmed by the routing parameters (lower
values of X3 gr, higher values of X» ;i ac, lower values of X3 ryac, and higher values of X3 jac: Xa, 1 ac)-
The rapid response and the high flashiness of the urbanized catchments, manifested by short DT and
high FQ/FP, were reflected by the timing parameters (X4,gr and Xs jgac)-

It may not be surprising that the parameters corroborate what we learn from the hydrological signatures,
since the parameters were calibrated in such a way that the simulated outflows of the models match
as closely as possible the observed streamflow time series in the urbanized catchments. This helped
to infer the impact of urbanization from change in model parameters (McIntyre and Marshall, 2010;
Pathiraja et al., 2018; Seibert and McDonnell, 2010). However, this is not usually straightforward, as the
model parameters are not only land-use dependent, but also morphology-, geopedology-, and climate-
dependent (Merz, Parajka, and Bloschl, 2011), which might explain some of the parameter dispersion.
Through a paired-catchment approach, some effects (e.g., related to climate and geopedology) are
supposed to be limited, but not to the extent that we would be able to witness differences in parameter
distributions based only on the imperviousness level. Besides, the use of a parsimonious model structure
is a key factor in limiting the equifinality and the non-identifiability of the parameters (Beven, 2006;
Ebel and Loague, 2006), without which interpretation might have been more difficult.
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4.2.2 Flexibility of conceptual models with regard to urbanized catchments

The performances of GR4H and IHACRES were not negatively impacted by urbanization (Figure 5).
ITHACRES and GR4H had similar performances over the urbanized catchment set, which were even
better than their performances in rural catchments. This is an indication that conceptual models can
be flexible enough to account for the specificities of urbanized catchments, which is likely due to the
fact that the range of behaviors in rural catchments can encompass a wide range of those of urbanized
catchments, as discussed above. Test performances registered a similar drop in performances regardless
of urbanization, especially for the summer-based evaluation, a result that has been encountered in

many model evaluation studies (Brigode, Oudin, and Perrin, 2013; Boer-Euser et al., 2017).

Although GR4H and IHACRES performances in urbanized catchments were more similar than in rural
ones, they handled urbanized catchments more differently (Figure 8). Despite the fact that both models
simulated runoff differently, their generated net precipitation fluxes (PRgr and PR ac) were highly
correlated in rural catchments, but this agreement was less significant in urbanized catchments. It
is reasonable to say that this good agreement is merely a response to the same precipitation forcing.
However, the very significant drop in correlations encountered between Prodgr and Sypac states
suggests that the models handle urbanization differently. Moreover, less agreement was found in the
routing processes, perhaps because more freedom (i.e., free parameters) is left to IHACRES to better
represent quick/slow flow partitioning than GR4H. This can be observed through the slow flow branch,
for which the two models scored the lowest values of R%. In addition, the Bias of Qrcrand Qg 1HAC
confirmed this disagreement in representing slow flows. The relatively high proportion of slow flow of
GR4H was also perceived to be a structural characteristic (Boer-Euser et al., 2017). These differences in
slow flow volumes were compensated for thanks to the quick flow branches reaching better concordance

in simulated total flow volumes (Bias in Qi around 1).

5 Conclusion

As a key finding of this study, conceptual models GR4H and IHACRES were flexible enough to reproduce
the rainfall-runoff relationship of 175 US and French urbanized catchments. Also, the two models were
able to handle the behavioral specificities of urbanized catchments, which we found to be deviated

from the specificities of their rural neighbor catchments using four hydrological signature metrics.

Over a large sample of 175 urbanized catchments with T/A > 10%, the hydrological characteristics,
i.e., the Qmean/ Pmean ratio (to analyze the catchment yield), the BFI (to characterize the baseflow),
the lag time DT (to characterize the catchment response time), and the FQ/FP ratio (to analyze the
capacity of the catchment to damp precipitation flashiness), have confirmed the specificities of the
hydrological behavior of urbanized catchments, which can be summarized as more runoff in a shorter
span of time, with a reduction in the baseflow contribution. These specificities were demonstrated
thanks to the paired-catchment style experiment, but it should be noted that, for the majority of
characteristics (Qmean! Pmean, BFI and DT), the urbanized catchment sample fell into the range of the
rural catchments. Conversely, the flashiness ratio (FQ/FP) in some urbanized catchments exceeded
the range observed in rural catchments, making the flashiness of the response a marker of urbanized

catchment behavior.
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Despite the absence of explicit urban-specific components within their structures, GR4H and IHACRES
have shown satisfactory results in both rural and urbanized catchment sets. Specifically, GR4H handled
both samples similarly, whereas IHACRES demonstrated greater ability to reproduce the rainfall-runoff
relationship in urbanized catchments than in rural ones. The capacity of the models to reproduce the
observed runoff in different states of urbanization (TIA between 10% and 59%) has led to different
parameter distributions for urbanized and rural catchments. These two points, i.e., good model
performances and distinguishable parameter distributions, are promising for model-based evidence of
the impact of urbanization on catchment behavior. This also corroborates the view that the urbanized
catchment behavior is nothing more than a particular hydrological behavior, which is satisfactorily
reproducible by a rural model and for which rural model parameters take different distributions when
compared with a predominantly rural-landscaped catchment. However, we showed that GR4H and
ITHACRES handle urbanized catchments differently, owing to their structural differences and degrees of

freedom, but both models were flexible enough to perform well in urbanized catchments.

This study provides the community with elements that could justify the application of rural models to
urban-impacted catchments. For perspective studies, a sensitivity analysis with respect to different T1A
thresholds would clarify the urbanization level above which changes in hydrological behavior become
significant. The fact that the models do not explicitly represent urban features makes their use for future
scenarios impractical. Attempts at relating the parameters of a rural model to an urbanization measure
have shown the weak sensitivity of the model parameters to changes in the urban measure (Saadi, Oudin,
and Ribstein, 2019), meaning that an adaptation of their structure is needed in order to overcome these

limitations.

6 Supporting information

We investigated the statistical significance of the differences between rural and urbanized samples using
two tests: the Student’s z-test which we applied on transformed values to analyze how significant the
differences in terms of means were, and the Mann-Whitney-Wilcoxon test which we used to examine
how significantly different the distributions were. We have considered the differences in hydrological

signatures, model performances, and model parameter values. Results are summarized in Table 3.
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