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ARTICLE INFO ABSTRACT

Keywords: Study region: Oued Fez, Morocco.

Hydrological modelling Study focus: Urban catchments are heterogeneous in terms of land use and have both natural and
Flood events artificial drainage networks. Modelling them is not a straightforward task especially in data-
Urbanisation . . . . P . . .
Distributed hydrological models scarce settings. This study investigates network representation in hydrological modelling using
ATHYS 4 & field data collected between 2008 and 2018 on the Oued Fez catchment. The road network is used

as a proxy for the stormwater network. Two production functions, SCS (1972) and a linear
reservoir, are coupled to the lag and route transfer function. Three types of land use classes are
used. Tests are carried out at hourly and 5-minute time steps using both the natural and modified
drainage networks.

New hydrological insights for the region: Fifty-three rainfall-runoff events are monitored on the
urban part of the catchment over the 2008-2018 period. The highest rainfall values are recorded
in 2008/2009, while the highest peak flow values are recorded in 2017/2018. This is due to
stream channelisation and increased stormwater network coverage. Using the road network with
minimal land use classes improves the model performance at both the hourly and 5-minute time
steps.

Oued Fez catchment

1. Introduction

The complexity of urban catchments is a challenge for hydrological studies due to the presence of artificial drainage networks and
the high spatial variability of the urban fabric. In order to model such catchments, these particularities need to be considered. A
significant number of studies have been carried out on urbanisation and its influence on the hydrological behaviour of urban
catchments. Urban sprawl leads to fundamental disturbances in hydrological systems (Giineralp et al., 2015; Zambrano et al., 2018).
Salvadore et al. (2015) have indicated that drainage directions are often artificially modified on urban catchments, and that this
increases consequently the magnitude and frequency of floods. Urbanisation is also known to increase flow velocity, runoff volume and
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reduce infiltration rates (Huang et al., 2008; Du et al., 2012; Fletcher et al., 2013; Miller et al., 2014; Xu and Zhao, 2016; Habibi and
Seo, 2018). Other studies have focused on the impact of impervious surfaces on runoff generation. Palla and Gnecco (2015) stated that
land artificialisation through increased impervious surfaces promotes surface runoff, Segond et al. (2007) have shown that on
impervious areas, a high proportion of rainfall becomes effective and produces runoff, contrary to pervious areas. In addition, the time
to peak of the flood hydrographs decreases and peak flow increases (Huang et al., 2008).

Accounting for the spatial heterogeneity of urban catchments in hydrological modelling requires the use of high-resolution data and
complex spatially distributed hydrological models (Salvadore et al., 2015; Fatichi et al., 2016). However, complexity in the models
does not guarantee a better performance (Pérez-Sanchez et al., 2019), since complex models involve more parameters that may
translate into a large number of parameters to be calibrated. When limited observational data is available, a high risk of over-
parameterisation may occur (Andréassian et al., 2012). The challenge hence is to find this equilibrium.

Since the 1970s, many models have been developed to study the hydrological behaviour of urban catchments or to manage them
(Zoppou, 2000; Rodriguez et al., 2003; Bach et al., 2014; Salvadore et al., 2015; Cristiano et al., 2018). SWMM (Huber and Dickinson,
1988) is one of the most documented ones and has been used in a number of studies (Barco et al., 2008; Krebs et al., 2014; Leandro and
Martins, 2016; Yao et al., 2016). Hydraulic models such as CANOE (INSAVALOR, SOGREAH, 1997) and MIKE (Refsgaard and Storm,
1995) have also been used to model runoff (Lhomme et al., 2004; Hamouda and Lahbassi, 2012). These models’ spatial discretisation
schemes account for the layout of the stormwater network. Most of these models represent the inlets and manholes as nodes and the
conduits as segments (Schmitt et al., 2004; Rodriguez et al., 2003 and 2008; Chen et al., 2018). The difference lies in the representation
of the surface flow units. Some use triangular networks to discretise the streets (Schmitt et al., 2004), crossroads (Paquier et al., 2015)
and buildings (Fewtrell et al., 2008; Leandro et al., 2016). Others use a semi-distributed approach for surface flow including hydro-
logical units, cadastral parcels, river elements and streets (Rodriguez et al., 2003 and 2008; Jankowfsky et al., 2014; Chen et al., 2018).

However, the data needed to run these models is not always available: in some developing and developed countries, accurate maps
of the stormwater and wastewater networks are not available (Chahinian et al., 2019). Hence, some authors have also tried to adapt
“generic” hydrological models to urban catchments (Perrin and Bouvier, 2004; Lhomme et al., 2006; Bouvier et al., 2018; Aliyari et al.,
2019). These approaches are thought to be well adapted to large-scale catchments and metropolitan areas, especially in data-scarce
regions.

An important feature of distributed hydrological models is the drainage network, and that of urban catchments has been the object
of particular interest in the literature. It is now established that urbanisation decreases dramatically the natural channel density (Graf,
1977; Meyer and Wallace, 2001). Indeed, in an attempt to control flows and allow urban development, natural channels are often
buried or covered and as such are no longer visible to the naked eye or reported on maps. Thus, simply using drainage network
extraction procedures based on Digital Terrain Models (O’Callaghan and Mark, 1984; Tarboton et al., 1991) might not be sufficient.

In addition, urbanisation also leads to the development of artificial drainage networks, which increase the overall drainage density
(Graf, 1977) by adding artificial links. Roads in particular are reported to increase drainage by providing new trajectories for surface
water (Bannister, 1979), concentrating flows and increasing their velocity (Shuster et al., 2005). According to Ogden et al. (2011), the
increases in drainage density, particularly when moving from low values to middle and high values, produce significant increases in
the flood peaks. However, drainage density is reported to have an asymptotic behaviour and, beyond a threshold value, its influence is
less on peak flow and runoff volume (Ogden et al., 2011). Kroczak and Bryndal (2015) have shown that the incorporation of the road
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Fig. 1. The Oued Fez catchment: a) study area; b) the land use classes of urban part.
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network improves flood simulation significantly. These authors conclude that the spatial distribution of impervious surfaces has a
marked effect on the hydrological response, and emphasise the need to use a distributed model, which allows the incorporation of
detailed rainfall information as well as the imperviousness of the study zone.

Oued Fez is a perfect example of these urban catchments, where the extent of urbanisation strongly impacts the hydrological
response. A number of studies (Lombard-Latune et al., 2010; Reynard et al., 2013; Akdim et al., 2013) highlighted the particularity of
the study area, characterised by high spatial variability of rainfall and strong spatial heterogeneity of land use, namely in the
downstream part which is highly urbanised. A first modelling attempt was carried out by Lombard-Latune et al. (2010) using a lumped
model. Thus, the representation and impact of the catchment’s drainage network could not be assessed. The objective of the work is to
investigate network representation in hydrological modelling on urban catchments in data-scarce contexts by using a distributed
approach using a generic distributed hydrological model and the road network as a proxy for urban water networks. Tests are carried
out using the natural drainage network and a modified drainage network that includes the road network. With this aim, two production
functions and two parameterisation schemes are compared at hourly and five-minute time steps. After a brief description of the study
area’s characteristics and available data, a detailed overview of the tested hydrological models will be given. Finally, the main results
will be presented, analysed and discussed.

2. Materials and methods
2.1. The Oued Fez catchment

Oued Fez (Fig. 1a) is a tributary of the Sebou, which is the largest river system in Morocco. Covering a total area of 814 km?, this
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Fig. 2. Mann-Kendall trend test result for rainfall at annual and seasonal scales (1972-2015).
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catchment is drained by a dense hydrographical network and has Oued Fez as its main tributary.

Oued Fez flows in an easterly direction from the karstic spring of Ras El Ma through the city of Fez. Its main tributaries, Oueds
Boufekrane, El Mehraz and Ain Chkef, pour into Oued Fez in the urban area and the river then flows into the Sebou, 4 km downstream
of the city. The catchment is considered urban since more than 10 % of its area is located within the city of Fez, where the medina (old
city) is heavily built-up and represents the craft centre of the city (Lombard-Latune et al., 2010).

The catchment can be divided into two parts based on the predominant land use types: natural karstic zones in the upstream part
and urban in the downstream part. In order to reduce flooding, two dams have been constructed on the Oued Fez catchment. The Molay
Arafa Dam was built on Oued El Mehraz in 1993 with a capacity of 0.60 Mm?, the El Gaada Dam was built on Oued Boufekrane in 1991
with a capacity of 2.90 Mm®. In addition, a diversion channel, with an evacuation capacity of 35 m>.s 1, was built to divert part of the
water stored in the Molay Arafa Dam to the El Gaada Dam (METLE, 2020).

The catchment is located on two groundwater systems, a deep Triassic aquifer and the shallow unconfined Sais aquifer. Falling
piezometric levels due to a combination of over-exploitation and droughts have been reported for both since the end of the 1970s
(ABHS, 2005). The pedologic cover of the catchment is dominated by calcimagnesic soils and to a lesser extent by vertisols, then by
scattered alluvial soils (Bellarbi et al., 2011).

The prevailing climate is semi-arid continental characterised by hot dry summers and cold wet winters. In the absence of mean
daily temperatures, we used the mean monthly temperatures to estimate the mean annual temperature, whose value is 16.9 °C for the
1970-2011 period at the Fez-Sais station. For the same period, the mean annual potential evapotranspiration (PET) is 863 mm.year !
using Thornthwaite’s method. This method was chosen because it relies only on temperature data.

Time series of annual and monthly rainfall from 1972 to 2015 (44 years) collected by the Sebou River Basin Authority (Agence du
Bassin Hydraulique de Sebou-ABHS) have been used to analyse annual and seasonal trends in rainfall. Five rain gauges for which long
records are available are used for the study, three of which are located on the Oued Fez catchment. The remaining two are within the
Sebou catchment boundaries but outside our study area (Fig. 1a). The Mann-Kendall test (Mann, 1945; Kendall, 1975), which is widely
used to detect trends in time series of meteorological variables (see a review in Yue et al., 2002 and Kisi, 2015) and is well adapted to
study rainfall variation (Hamed, 2008; Tabari and Talaee, 2011; Jain and Kumar, 2012), is used. It is combined with Sen’s slope test
(Sen, 1968) to detect the magnitude of these trends.

The trend analysis has been carried out on all rain gauges at seasonal and yearly time steps. Since the lag-1 correlation showed no
significant serial correlation, the Mann-Kendall test was used directly without the need for a pre-whitening procedure. The results
(Fig. 2) show that at the annual timescale, the Ifrane and Immouzzer rain gauges which are located in the upstream part of the study
area have a positive but statistically non-significant trend at a significance level a of 5% (p < 0.05). Going downstream, a negative but
statistically non-significant trend (p < 0.05) can be observed for the Sefrou, Sais and ABHS stations. Similar trends were also identified
for the winter season. For all the rain gauges in the study area, spring and summer have negative trends, while autumn show a positive
trend.

The magnitude of rainfall trends has also been characterised using Sen’s Slope test (Table 1). An increase in annual rainfall at a rate
of 0.40 mm.year ! is detected over the study period: the rainy seasons (autumn and winter) are characterised by an increase in rainfall
rates (2.71 and 0.25 mm.year * respectively), while a decrease in rainfall rates with values of -0.12 and -1.97 mm.year ! is observed
for the summer and spring seasons. The Precipitation Concentration Index (PCI, Oliver, 1980) is used to study the concentration of
annual precipitation and its spatial variation over the entire study area (De Luis et al., 2011; Amiri and Mesgari, 2017). It is calculated
at an annual timescale using the following equation:

12
Pi2
PClannual = —=1

(£r)2

Where p; refers to the monthly precipitation for month i [L].

According to Olivier (1980), PCI values < 10 indicate a low precipitation concentration, i.e. uniform precipitation, while PCI > 20
shows very high concentration and strong irregularity.

The results (Table 2) show that the Oued Fez catchment is characterised by an irregular distribution of precipitation with mean
values of PCI ranging from 16 to 19. The irregularity of the rainfall distribution increases when moving downstream: the ABHS and Sais
rain gauges located in the city of Fez (downstream part) have higher values of PCI (19 and 18 respectively), while the rain gauges
located in the upstream zone (Immouzzer, Sefrou and Ifrane rain gauges) have PCI values of around 16. This increased irregularity of
rainfall may be partly explained by the gradual increase in urbanisation: urban development is lower in the upstream part of the

. 100 (€9)

Table 1
Coefficient of Variation and Sen’s slope values for seasonal and annual rainfall.
Time step Sen’s slope Coefficient of Variation (%)
Spring -1.97 37
Summer -0.12 70
Autumn 2.71 47
Winter 0.26 47
Annual 0.4 25
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catchment and higher in the downstream part where the city of Fez is located. This is known to have an impact on atmospheric dy-
namics at a local scale and to affect rainfall distribution (Salvadore et al., 2015). Consequently, storms can be highly localised (Maier
et al., 2020).

Although there is no clear consensus on this issue, most studies emphasise that urbanisation has an important impact on rainfall in
terms of rainfall intensity and its spatial distribution. For instance, Zhu et al. (2019) and Zhang et al. (2007) concluded that urban-
isation can potentially increase the precipitation intensity in mega-cities such as Beijing. The effects of urbanisation on summertime
precipitation were also assessed in Osaka, Japan by Shimadera et al. (2015), who showed that urbanisation increased not only the
precipitation intensity but also its duration. Furthermore, Liang and Ding (2017) studied the effect of urbanisation on the long-term
variation of extreme precipitation over Shanghai and showed that urbanisation increased the frequency and intensity of rainfall.
However, the effect of urbanisation on the total amount of rainfall was found to be different and no conclusion could be drawn. Indeed,
while some authors found that urbanisation increased total rainfall (Shimadera et al., 2015; Liang and Ding, 2017; Zhu et al., 2019),
others concluded that urbanisation decreased total rainfall (Guo et al., 2006; Zhang et al., 2007). The different trends of total rainfall in
urban areas could be attributed partly to the difficulty in separating atmospheric circulation and local topographic effects, as most
cities are located in different geographic and climatic conditions, have different regional circulation and possibly have different urban
aerosol emissions (Guo et al., 2006).

2.2. The experimental setting in the urban and peri-urban sub-catchment of Oued Fez

The urban and peri-urban sub-catchment of Oued Fez covers an area of 397 km? (Fig. 1b). Since 2008, our team has collected
discharge and rainfall data in this zone. In September 2008, a stream gauge was installed at the catchment outlet. The water level is
automatically recorded every five minutes by means of a pressure transducer (PDCR 1830, 700 mbar, Druck) and subsequently
converted into discharge using a rating curve established by our research team. Over the 2008-2017 period, three rating curves were
established. The first one was valid from 01,/10/2008 to 30/11,/2010, the second one from 30/11/2010 to 01/01/2014 and the last
one has been valid since 01/01/2017. Eight stream flow gauging campaigns were used to establish the first two rating curves, which
were obtained by fitting a second-degree polynomial. Four campaigns were used to establish the third rating curve. A full topo-
graphical survey was carried out as the river bed had been modified following works by the water agency. Note that at 0.90 m the
gauging station is flooded. The third rating curve was established using the BaRatin method (Le Coz et al., 2013), which has the
advantage of taking into account the hydraulic controls of the cross-section and producing uncertainty estimates due to the stage
graphs and the parameters of the function used to fit the rating curve. The last measured stage value for the current rating curve is 0.57
m, corresponding to a discharge value of 0.57 m®.s~! when disregarding all sources of errors. The last extrapolated stage value is 0.71
m, corresponding to a discharge value of 2.87 m3.s™?.

A monitoring network composed of four rain gauges has been gradually implemented in the urban part of Oued Fez. Rainfall is
measured by means of tipping bucket (0.20 mm) rain gauges. Note that for the 2008-2009 period rainfall was recorded at 12-minute
intervals by FST Fez’s physics department. For the rain gauges implemented later, rainfall was measured at 5-minute intervals. Fig. 3
shows hourly streamflow series from 2008 to 2018. An important variability of streamflow especially in terms of peak flows can be
observed. Note that no flows were recorded between January and April 2010, as our gauging station was flooded. The water agency
also undertook works in the river bed and the discharge measurements were suspended between 2014 and 2016. Higher mean flows
were recorded during the 2008/2009 period, which was exceptionally wet and characterised by a high number of rainy days.

In terms of peak flow, the 2017,/2018 period has the highest values, 2008/2009 can be considered as an intermediate period, while
2011/2012 has the lowest values of peak flow. The high values observed for the 2017/2018 period can be explained mainly by the fact
that, since 2014, several portions of the Oued Fez, El Mehraz and Ain Chkef rivers have been canalised.

Flow conditions have also been impacted by the implementation of a new wastewater treatment plant in Fez in 2014. The station
has a treatment capacity of 1.2 M EQH and a daily discharge of 155400 m®. Up to its construction, all of the city’s sewage was flushed
directly into the river (Koukkal et al., 2004; Perrin et al., 2014). The temporal dynamics of the effluent discharge was assessed by
gauging a sewage canal located to the right of the gauging station located on Oued Fez. This canal was originally built as part of a
wastewater pre-treatment facility and was used to convey water to a small hydro-electric plant. Nowadays it flows into the Fez
wastewater treatment plant but may overflow occasionally. The results of our gauging campaign on September 15th 2010, an ordinary
working day, showed that wastewater discharge in the canal increased from 1.06 m>.s~! at 07:45 A.M. to 1.76 m3s ! at 10:13 A.M.,
reached a maximum value of 1.95 m®.s ™! at 2:40 P.M., and remained at 18.40 m?.s™! at 4:40 P.M. Note that wastewater dynamics may
vary during the Ramadan period when water and food consumption is prohibited until fast-breaking time, and at the height of the
touristic season. The temporal dynamics may also be assessed using Oued Fez’s discharge time series on rainless days using a baseflow
separation method (Eckhardt, 2008; Stewart, 2015). However, in order to quantify it accurately, the discharge of the springs that flow
into Oued Fez should be subtracted and we do not have this information.

Table 2
Precipitation Concentration Index values.
Index PCI Value
ABHS Ifrane Immouzzer Sais Sefrou
PCIL 19 17 16 18 16

A PCI > 16 indicates irregular precipitation.
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Fig. 3. Rainfall and discharge values recorded in the urban sub-catchment of Oued Fez over the study period.

Before 2009 the wastewater network consisted mainly of combined sewers with a total length of 2050 km. The circular pipes had
diameters ranging between 300 and 1600 mm while the ovoids had heights ranging between T100 and T240 (Amarti Riffi, 2013).
Between 2010 and 2016, the stormwater coverage improved and is now over 99 % (MUAT, 2016). Currently stormwater overflows
occur only when the wastewater treatment plant is out of service. Despite our best efforts, we could not get quantifiable data on the
updated network, namely a map detailing its layout and attributes. Hence, we could not use a hydraulic model to specifically model the
water flow in the pipes and sewer overflows. We had to resort to a simpler modelling approach and use the street network as a proxy for
the stormwater network. Our hypothesis is that, as per design rules, both networks are laid either under the pavement or the road.
Thus, we could indirectly account for the flow dynamics and different travel times.

Our study focuses on rainfall-runoff events. Not all four rainfall gauges were operational over the study period. This was due to the
gradual deployment of the monitoring network and to equipment breakdown. Thereby a strict quality control procedure was con-
ducted by considering the breakdown periods and removing outlier values. We retained a threshold of 6 mm for rainfall events and a
time gap of 30 min to separate two consecutive events. Through this operation, 53 flood events corresponding to three periods were
chosen for rainfall-runoff modelling (Table 3).

e The 2008-2009 period: This period includes 17 flood events. Rainfall varies between 6 and 40.2 mm, maximum rainfall intensity at
an hourly time step ranges from 3.24 to 13.1 mm.h™! (45.6-144 mm.h~for dt = 12 min) and discharge from 1.5 to 44 m3.s~".

e The 2011-2012 period: This period includes 16 flood events. Total rainfall varies between 8.2 mm and 31.3 mm, maximum rainfall
intensity at an hourly time step varies between 2.5 and 10.2 mm.h~! (4.5 and 56.4 mm.h! for dt = 5 min) and discharge from 3.5 to
8mis L.

e The 2017-2018 period: 20 flood events were recorded during the third period using all four rainfall gauges. Total rainfall varies
between 7.0 and 29.6 mm, maximum rainfall intensity at an hourly step varies between 2.3 and 7.6 mm.h ! (5.7 and 36.6 mm.h !

for dt = 5 min) and discharge between 7.9 and 38.7 m>.s..

Of the events in our sample, 1% occurred in the summer. The most important flood events in terms of runoff depth and peak flow
are recorded in winter. To investigate the catchment’s hydrological behaviour and signature, we investigated the rainfall-runoff
relationship (McMillan et al., 2017; Addor et al., 2018). Hydrological signatures may be calculated based on a variety of data sources,
but in practice, they are usually based on discharge time series (Addor et al., 2018). Since we only have streamflow measurements and
simulations at the catchment outlet, we have carried out a comparison on the rainfall-runoff relationships between 2008-2012 and
2017-2018 in order to determine the hydrological similarity or changes across the two periods. The results presented in Fig. 4 show a
linear relationship, with a good correlation between rainfall and observed runoff for the flood events of the 2008-2012 period ®R?=
0.74). By contrast, there is no linear relationship or correlation between rainfall and observed runoff for the flood events belonging to
the 2017-2018 period (R? = 0.17). This change may be due to the increasing imperviousness caused by urban development, chan-
nelisation of watercourses and the extension of drainage networks (Guan et al., 2016; Wang et al., 2020), which leads to a flash runoff
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Table 3
Main characteristics of the rainfall-runoff events recorded during the 2012-2018 period.
Event Event Calibration (C) or Number of rain Duration Rainfall Maxumiril rainfall intensity Q,I;Obs (.
number date validation (V) gauges (min) (mm) (mm. h™) s
dt =60 min

1 10/10/ C 1 840 26.80 13.20 13.06
2008

2 22/10/ A% 1 1140 24.00 6.20 11.25
2008

3 28/10/ C 1 660 10.00 3.00 3.82
2008

4 01/11/ A% 1 1380 20.20 3.40 4.55
2008

5 25/11/ C 1 1260 33.40 6.20 7.17
2008

6 29/11/ \4 1 840 10.20 2.40 3.24
2008

7 30/11/ A% 1 780 16.20 6.00 10.32
2008

8 01/12/ \4 1 1740 33.30 6.00 9.36
2008

9 09/12/ C 1 1320 17.60 4.00 8.84
2008

10 12/12/ A% 1 600 7.60 3.00 5.98
2008

11 14/12/ C 1 1620 34.00 6.80 10.68
2008

12 28/12/ C 1 600 6.00 2.60 4.07
2008

13 31/12/ \Y% 1 1260 26.00 2.80 5.53
2008

14 02/01/ C 1 660 8.80 2.80 3.70
2009

15 20/01/ C 1 1140 34.00 6.20 10.16
2009

16 06/02/ \% 1 1140 15.40 2.20 4.03
2009

17 07/02/ C 1 1620 40.20 5.40 10.28
2009

18 29/04/ C 1 1310 29.80 5.50 9.51
2011

19 01/05/ A% 1 835 14.80 8.40 8.61
2011

20 27/05/ C 1 2060 11.40 9.80 7.08
2011

21 24/10/ C 2 815 15.20 5.70 6.08
2011

22 04/11/ A% 2 925 20.30 3.25 4.70
2011

23 04/11/ \4 2 765 28.25 6.20 6.98
2011

24 19/11/ \% 2 1055 13.30 2.80 4.45
2011

25 01/04/ C 2 710 13.20 8.50 6.14
2012

26 29/10/ C 4 1300 28.08 4.70 4.75
2012

27 30/10/ A% 4 1250 30.48 6.43 6.72
2012

28 31/10/ C 4 1360 26.05 6.55 5.83
2012

29 11/11/ C 4 1380 31.35 10.20 7.21
2012

30 18/11/ A% 4 950 13.80 3.28 3.10
2012

31 30/11/ C 4 1050 14.13 3.68 4.38
2012

32 07/12/ A% 4 1310 8.15 2.48 2.34
2012

33 25/12/ \Y% 4 820 11.63 7.58 5.51
2012

(continued on next page)
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Table 3 (continued)

Event Event Calibration (C) or Number of rain Duration Rainfall Max1m1irI1 rainfall intensity ngm (®.
number date validation (V) gauges (min) (mm) (mm. h™) s
dt =60 min

34 27/01/ C 4 435 9.63 3.00 4.40
2017

35 22/02/ C 4 655 8.68 5.88 23.29
2017

36 23/02/ C 4 2290 6.95 2.25 5.91
2017

37 12/05/ A 4 410 7.65 3.38 10.16
2017

38 29/11/ C 4 275 6.98 5.40 15.13
2017

39 11/12/ C 4 745 21.28 6.88 20.85
2017

40 27/12/ \Y% 4 795 16.25 4.63 30.73
2017

41 06/01/ A 4 1085 11.70 2.73 12.70
2018

42 08/01/ A 4 520 12.30 6.98 26.95
2018

43 09/01/ C 4 1650 29.63 4.70 32.07
2018

44 04/02/ A 4 1540 16.68 5.78 17.28
2018

45 26/02/ A 4 940 12.38 4.28 9.83
2018

46 28/02/ A 4 2140 24.75 5.88 19.56
2018

47 03/03/ C 4 420 7.63 3.33 10.14
2018

48 05/03/ C 4 510 8.78 7.60 15.64
2018

49 06/03/ A 4 500 21.00 5.70 21.10
2018

50 24/03/ A 4 1000 7.93 3.55 9.41
2018

51 09/04/ C 4 705 8.33 2.75 9.73
2018

52 10/04/ A 4 1035 12.28 6.30 20.53
2018

53 12/04/ \Y% 4 1025 17.05 6.06 16.88
2018

response to rainstorms (Burns et al., 2005) and an increase of total runoff (Wang et al., 2020), namely during uniform, low intensity
rainfall events (Guan et al., 2016). For instance, the events of 22/10/2008 and 12/04/2018, both occurring in wet conditions, had
maximum rainfall intensities of 6.20 and 6 mm.h 1, respectively, and produced 534 mm and 914 mm of runoff for total rainfall values
and durations of the same order of magnitude. The decrease of R? could have been caused by greater uncertainty on higher runoff
values due to measurement errors and the extrapolation of the rating curve. However, we do not think that is the case in this study since
the highest rainfall, runoff and peak flow values, all events considered, were recorded during the 2008-2009 period.

2.3. The models

The ATHYS modelling platform (http://www.athys-soft.org; Bouvier and Delclaux, 1996) was chosen for this work. It is a spatially
distributed hydrological modelling platform which includes several production functions that assimilate the soil to a linear reservoir.
The reservoir is fed through infiltrated rain and the drainage losses represent both evaporation and percolation. A portion of the
drainage losses may contribute to sub-surface flow (Fig. 5a).

A literature review of the available models in the ATHYS platform was carried out in order to identify the ones most adapted to the
urban and semi-arid nature of the catchment. Another important consideration was the data available on the study zone: since we did
not have access to data on the soils’ hydrodynamic properties, we had to resort to empirical models. In addition, given the fact that
runoff is mainly due to Hortonian overland flow on this catchment, we could not use TOMODEL (Beven and Kirkby, 1979; Franchini
et al., 1996; Beven, 1997), which assumes saturation excess flow. As a result, two production functions, SCS and a variable runoff
coefficient function, were selected and combined with the lag & route transfer function. Their main work hypotheses are detailed in the
sections below.
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Fig. 4. Rainfall-runoff relationships in the urban sub-catchment Oued Fez for a) the 2008-2011 events, b) the 2017-2018 events.

2.3.1. The SCS production function

The first production function is the SCS (Soil Conservation Service-USDA, 1972), which has been widely used due to its simplicity in
estimating the amount of rainfall contributed to the runoff (Michaud and Sorooshian, 1994; Hughes, 1994; Tramblay et al., 2010a,
2010Db). In addition, it is well adapted to different types of flood generation processes (Steenhuis et al., 1995) and is still used to analyse
the impact of urbanisation on runoff (Li et al., 2018). The SCS function gives an empirical relation between the depth of excess
precipitation or direct runoff R (t) and the depth of precipitation P (t) after runoff begins (Chahinian et al., 2005).

In the ATHYS modelling platform, on each cell, the instantaneous version of the SCS model (Gaume et al., 2004) is used to divide

rainfall into infiltrated/accumulated rain.

_ s P(1) =025 P(f) — 028
RO = 10)* 50 s (2 S o.ss)

Where
R(D): runoff at time t [L.T~ 1]
I(t): rainfall intensity at time (t) [L.T Y
P(t): cumulated rainfall at time t [L]
S: maximum storage capacity of the reservoir assimilated to the soil [L]

S is likely to vary on an event basis according to the initial water deficit.

(2)
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Fig. 5. a) The Soil Conservation Service (SCS) and b) lag & route models (from www.athys-soft.org).

2.3.2. The variable runoff coefficient production function (Reservoir3)

Reservoir3 is a specific production model implemented in ATHYS. It consists of a single linear reservoir and draws its name from the
fact that it is the third reservoir model of the ATHYS environment and is referenced under this name in the graphical user interface. The
model assumes a constant initial abstraction and an infiltration capacity that varies based on the reservoir’s fill level.

S(1)

R(1) = [(r) = INF]*o if 1(r) > INF @)

Else R(r) =0 4

Where

S(t) : water level in the reservoir level at time t [L]

STO: maximum reservoir capacity [L]

INF: constant infiltration capacity [L.T™']

For both functions, sub-surface flow (Qgp(t)) is calculated as a portion of the linear reservoir’s drainage loss (Eq. (5)) and added to
the calculated runoff in order to obtain the total runoff produced by a cell.

Qi (1) = w.ds*S(t) (5)
o: drainage fraction contributing to runoff, varies between 0 and 1 [-]

ds: exponential drainage coefficient [T

2.3.3. The transfer function
The runoff produced by the cell is transferred to the outlet using the lag and route transfer function (LR), which calculates an
elementary hydrograph for each cell (Lhomme et al., 2004).

— Vk

”‘;u (©6)

K, = K.T,, @
P T

(T t—to—T,—7

Oom(r) = A. / K( )exp( - 0 X )d‘[ 8

fo
Where

A: cell area [L2]

Tm: routing time [T]

Kp: lag time [T]

Ly: length of each “k” cell, between cell “m” and the outlet[L]
Vy: flow velocity on each “k” cell[L.T 1]
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Ko: linearity coefficient between Ky, and Tp,[-]

t: time rainfall begins [T]

The elementary hydrographs are added up to obtain the full event hydrograph for the catchment outlet (Fig. 5b). This conceptual
model is a generalisation of the unit hydrograph to a grid structure and is considered as a good approximation of the transfer process
with lower calculation times.

Two formulations are used to determine the flow velocity (Bouvier et al., 2018).

e When assuming a constant velocity,
Vi =V for all cells ©)

The transfer function’s parameters are a velocity Vy and a diffusion coefficient K.

e When assuming a geomorphological formulation, the velocity may be related to the slope and the area drained by the cell.
Vi = Vo.I%8P 10§

Where

I: slope of the cell [L.Lfl]

S: upstream drained area of the cell [L%]

o, p: empirical parameters [-]

In this study, we assume constant velocity and use the first formulation. This model does not take into account storage reservoirs
such as lakes and dams since the transfer of the effective rainfall produced by each cell to the outlet is added individually.

2.4. Sensitivity analysis of the selected models

A basic sensitivity analysis was carried and two parameters were found to be sensitive for SCS-LR and three for Reservoir3-LR
(Table 4a and 4b). The methodology consists in running simulations while modifying the set parameter values by + 25 %, 50 %
and 75 % as carried out in Fleischmann et al. (2018) and Samadi et al. (2019). The event of 01/05/2011 with a reference set of
parameters for SCS-LR (S =35 mm; w = 0.20; ds = 4 day’l; Vo=2.90 m.s ! and Ko = 0.70) and Reservoir3-LR (STO = 30 mm; INF =2

Table 4a

Results of the sensitivity analysis for the SCS-LR model. The initial values are S =35 mm; w = 0.2; ds = 4 day’l; Vo
=29ms and Ky = 0.7.

% Variation

Parameter
Value Runoff Peak flow
-75 —66 -75
—-50 —47 —-60
-25 -25 -38
§ (mm) 25 21 63
50 29 103
75 31 107
-75 60 42
-50 56 25
-25 22 11
) 25 -15 -9
50 —-27 -17
75 -35 -23
-75 39 21
—-50 16 12
1 —25 6 5
ds (day ") 25 _3 4
50 —6 -7
75 -8 -10
-75 55 127
-50 11 63
Vo (s 2255 f 1 Eg
50 -2 -7
75 -3 -2
-75 -2 -19
-50 2 17
—-25 -1 -8
Ko ©) 25 1 8
50 -1 -15
75 3 25

11
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mm.h~}; w=0.20; ds = 4 day’l; Vo = 2.70 m.s~ ! and Ko = 0.70) was chosen for the sensitivity test. Only one parameter per run was
tested, and the remaining ones were set to fixed values throughout the runs.

The sensitivity results for model parameters with regard to runoff volume (Vr) and peak flows (Qp) for SCS-LR and Reservoir3-LR
are presented in Table 4a and 4b. It can be seen that for SCS-LR, S has the greatest influence on the runoff volume and peak flow, as a 25
% increase in parameter S induces 21 % and 63 % variation on these variables, respectively. The same increase in parameter ds induces
3% variation in volume and 4% in peak flow, while for parameter ® the variation is by 22 % and 11 % respectively. Note that setting
= 0 would lead to no drainage uptake, while ® = 1 would lead to total drainage uptake. The parameters of the transfer function have a
slight impact on the volume but a greater influence on the peak flow. In this regard, Vj is more sensitive than Ko: a 25 % decrease in
both induces 3% variation in volume and 36 % in peak flow for V and respectively -1% and 8% for Ky The results of the sensitivity
analysis of the SCS-LR model are in accordance with those of Nguyen and Bouvier (2019).

For the Reservoir3-LR model (Table 4b) of all the parameters of the production function, STO has the greatest impact on the peak
flow, a 25 % decrease in the value of STO induces 16 % variation in the simulated peak flow. ® and ds yield important variations in
volume since they control reservoir drainage and uptake: a 25 % decrease in ® yields 24 % variation in the volume and 12 % in the peak
flow. However, on impervious surfaces, the possibility of drainage uptake is slim. The results for the transfer function remain un-
changed, i.e. Vj is more sensitive than K.

Based on the sensitivity analysis results, it was decided to calibrate S and Vj for the SCS-LR model and STO and Vj for the
Reservoir3-LR model. Since we had no prior knowledge of the value of the parameter INF, we resorted to calibrating it as well. The
remaining parameters were set to ® = 0, ds = 4 day ! and K = 0.70.

2.5. The parametrisation schemes

2.5.1. Extracting the drainage network
The “Advanced Land Observing Satellite - Phased Array type L-band Synthetic Aperture Radar Radiometric Terrain Correction”
(ALOS PALSAR RTC, https://asf.alaska.edu/data-sets/sar-data-sets/alos-palsar/) high-resolution digital elevation model (DEM) with a

Table 4b
Results of the sensitivity analysis for the Reservoir3-LR. The initial values are STO = 30 mm; INF =2 mmh~ L w=0.2;
ds=14 day’l; Vo= 2.7 m.s ! and Ko = 0.7.

% Variation

Parameter
Value Runoff Peak flow
-75 -36 —62
-50 -16 -36
-25 -6 -16
STO (mm) 25 4 13
50 7 23
75 9 32
-75 -16 -29
-50 -9 -21
1 -25 -4 -12
INF (mm. h™") 25 5 16
50 10 38
75 23 70
-75 32 29
-50 30 27
-25 24 12
®© () 25 -16 -10
50 —28 -17
75 -37 —24
-75 35 7
-50 20 -7
1 -25 8 -6
ds (day ") 25 7 ”
50 -12 15
75 -17 24
-75 66 131
-50 14 62
Vo (ms™) 2255 —41 i‘s
50 -2 -10
75 -3 -8
-75 -3 —22
-50 -3 -20
-25 -2 -15
K0 25 -1 -4
50 -1 3
75 -4 9
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12.5-metre resolution is used to generate the natural drainage network using ATHYS’s in-built extraction procedure. ALOS PALSAR
was selected because several studies found it to perform better than other open-source DEMs (Ali et al., 2012; Courty et al., 2019; Ngula
Niipele and Chen, 2019).

The DEM is first resampled at 10 m spatial resolution and then used to determine the natural drainage network using the D8 al-
gorithm (O’Callaghan and Mark, 1984; Tarboton et al., 1991) built into ATHYS. Once pits are removed, the drainage direction of each
cell is determined based on the steepest slope, and the flow accumulation is calculated. The network corresponding to a 10 ha flow
accumulation threshold is extracted and corrected using the 1:25000 scale topographic maps. This drainage network will be referred to
as natural drainage (ND).

A map of the street network is used to force the drainage directions along the motorways. The street network is really dense in the
old Medina and Fez Jedid sectors, with very narrow pedestrian streets that cannot be mapped correctly at the scale we worked at.
Hence, we used the road network, i.e. streets that could be travelled by motor vehicles. This network was burned into the DEM by
reducing the elevation of the cells on which this artificial network is located, as carried out by Rodriguez et al. (2000) and Gironas et al.
(2010), and a new drainage network was extracted. This drainage network will be referred to as the modified drainage network (MD)
(Fig. 6). Note that the model is fully gridded with independent cells, i.e., each cell produces an elementary hydrograph. By modifying
the drainage directions, the distance to the outlet (or length Ly) and the upstream drained area by the cell will be modified (Fig. 7).
However, since we use the simple formulation of the transfer function (Eq. (9)), only the change in distance will directly impact our
results. The simple formulation is not impacted by the changes in slope value either.

When comparing the distributions of Ly for both drainage models (Fig. 7), it can be seen that by adding the road network, new,
shorter connections are created, resulting in a decrease of the maximum Ly value from 1066 m (ND) to 866 m (MD) and a shift in the
median Ly value, which moves from 583 m to 444 m. The 1st and 3rd quantiles are also lower: 270 m and 607 m for MD as opposed to
368 m and 775 m for ND.

2.5.2. Spatial discretisation

In order to represent the effect of urbanisation on runoff generation, we have divided the urban area of the Oued Fez catchment into
production classes based on land use (Fig. 1b). Two land use maps were created using Google Earth Images from 2008 and 2017. The
first one was used for the 2008-2012 period and the second one for the 2017-2018 period. The urban sprawl corresponds to a total area
of 7.80 km? and is mostly concentrated in the peri-urban area located in the southern part of the catchment, namely around the
districts of Ain Chkef and Ouled Tayeb (Fig. 1b). According to official sources, the development of Ain Chkef has increased by 0.33 %
between 2007 and 2014 and 40 % of the housing in Ouled Tayeb was built after 2009 (MATNUHPV, 2019). Hence, the potential errors
in land use type for the 2011-2012 events do not concern the more densely built areas, whose limits have been stable throughout the

a b

Stream order Stream order
1 1

—_ —_2

— 3 — 3

------- Road network

Fig. 6. Drainage networks represented for an upstream drained area of 10 ha: a) natural network (ND); b) network with burnt street network (MD).
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Fig. 7. Histograms of cell distance to the outlet (Ly) for the natural network (ND) and the modified network (MD).

study period, but rather the peri-urban areas whose impervious surfaces may be over-estimated. Between 2008 and 2012, the building
permits granted by the state amounted to a total built area of 1.10 km? excluding roads built by the government (Haut Commissariat au
Plan, 2020). Hence, by using the 2008 land use maps for the 2011-2012 events, the value of parameter S might be over-estimated for
these plots. We started with six classes and, after some primary tests, decided to reduce them to three as a compromise between
over-parametrisation and representativeness. This is in accordance with Jakeman and Hornberger (1993), who assume that five pa-
rameters should be sufficient to reproduce hydrological processes. Of course, the number of parameters for accurate representation of
the hydrological processes is model-based and high-capacity computers nowadays remove some of the limitations that were common
in the early days of distributed hydrological modelling. However, hydrological systems are highly non-linear with threshold effects. On
catchments with limited data, it would still be difficult to correctly calibrate a large number of parameters without getting into
equifinality problems.
The three classes are:

e The ZA class: corresponds to agricultural and natural areas.
e The ZU class: corresponds to urban areas formed by isolated dwellings or buildings.
e The ZUD class: corresponds to densely urbanised areas such as the old Medina and Aouinat El Hajaj districts.

Table 5
Synthetic table of the parameterisation and calibration procedure.
Symbol Description Units Estimation method Spatial variability
S Maximum storage capacity of the reservoir-soil [mm] Calibration Yes
STO Maximum reservoir capacity [mm] Calibration Yes
INF Constant infiltration capacity [mm. h™1] Calibration Yes
® Drainage fraction contributing to runoff [-1 Fixed value, trial and error (o = 0) No
ds Exponential drainage coefficient [day '] Fixed value, trial and error (ds = 4 day 1) No
Ko Linearity coefficient between routing time and lag time [-1 Fixed value based on literature * (Ko = 0.7) No
Vo Flow velocity [m.s™ ] Calibration No

* Bouvier et al., 2018.
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For each model, three sets of parameters, corresponding to the three land use classes are calibrated for the production function
(Table 5). The parameters to be calibrated are: S for the SCS model and INF and STO for the Reservoir3 model. For both models, o and
ds are set to default values of 0 and 4 day . For the transfer function, parameter Vy, is calibrated and Ky is set to 0.70. Two values of V
are calibrated, one using the natural drainage network (ND) and one using the modified drainage network (MD). Calibration is carried
out using the model’s in-built automatic calibration procedure based on the simplex algorithm on each event of the calibration set
independently.

Rainfall is interpolated using Thiessen polygons. No rainfall and runoff data are available on the upstream part of the catchment,
which is mostly rural anyway. Given its karstic nature, we assumed that this zone’s direct contribution to the runoff at the catchment
outlet is insignificant at the event time scale (mean duration =880 min). It contributes mainly through springs, which already pour into
the river network and are accounted for indirectly. This assumption will have to be revised in the future in light of new experimental
data.

2.6. Model calibration and validation

The coupled SCS-LR and Reservoir3-LR models of the ATHYS platform are tested on the peri-urban and urban parts of Oued Fez in
event-based mode at hourly and sub-hourly time steps.

The split sample test procedure (Klemes, 1986) is used and the flood events recorded over the entire study period are divided into
two sets randomly. The first one is used to calibrate the models’ parameters, while the second one is used to verify the reproducibility
of the results and to assess the representativeness of the calibrated parameter sets (validation). The median value of the calibrated
parameters is used to simulate the events of the validation set.

The Nash and Sutcliffe efficiency measure (NSE-Nash and Sutcliffe, 1970) is used to assess the models’ ability to reproduce the
observed flood hydrographs. In addition, the RMSE is used to quantify the errors on peak flows and runoff volumes.

% (Qsim; — Qobs,~)2
NSE=1-2__ 11

(Qsim, -0 obs)2

i

(Vaim = Vo)’

M=

RMSE = 12)

N

Where
Qsim: simulated discharge for the event [LT 1
Qobs: observed discharge for the event LT
(=) obs: Mean observed discharge for the event [LT 1
Vsim: simulated volume for the event LT 1
Vobs: observed volume for the event LT Y

3. Results

The optimal values of the calibrated parameters for SCS-LRn, Reservoir3-LRn, SCS-LRm and Reservoir3-LRm are listed in Tables 6a,
6b and 7a, 7b. Table 6a and 6b present the median values of the calibrated parameters at hourly time steps. It can be seen that the
maximum retention capacity of the soil reservoir S for the SCS-LR model and the reservoir capacity STO for the Reservoir3-LR model,
are variable. The minimum values of S are obtained for the ZUD class, which corresponds to densely urbanised areas. This suggests that
densely urbanised areas are highly impervious and infiltration is very low. The maximum values are obtained for the ZA class, which
corresponds to agricultural areas characterised by a high infiltration capacity: the median parameter values are nearly double those of
the urban areas, i.e., in comparison with agricultural areas, retention is reduced by a factor of two in urban areas.

We can further observe that the median values of both S and STO when using a modified drainage network are slightly lower than
those obtained when using a natural network. This can be explained by the fact that taking into account urbanisation has contributed to
an increase in surface runoff and a decrease in infiltration capacity, as highlighted also by several studies such as (Miller et al., 2014)
and Xu and Zhao (2016).

Table 7a and 7b present the median values of the calibrated parameters at 5-minute time steps. It shows similar trends to those

Table 6a
Median values of the calibrated parameters for the SCS-LR models at hourly time step.

S (mm)

Vo (m.s™1)
ZA ZUD ZU
SCS-LRn 82 1.30 28 3.54
SCS-LRm 77 1.25 26 3.55
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Table 6b
Median values of the calibrated parameters for the Reservoir3-LR models at hourly time step.
STO (mm) INF (mm. h™)
Vo (m.s™1)
ZA ZUD ZU ZA ZUD ZU
Reservoir3-LRn 79 2.37 22 8.21 0.12 1.01 3.38
Reservoir3-LRm 78 1.39 20 8.04 0.10 1.03 3.59
Table 7a
Median values of the calibrated parameters for the SCS-LR models at 5-minute time step.
S (mm)
Vo (m.s™1)
ZA ZUD ZU
SCS-LRn 60 0.30 7 3.56
SCS-LRm 53 0.29 7 3.59
Table 7b
Median values of the calibrated parameters for the Reservoir3-LR models at 5-minute time step.
STO (mm) INF (mm. h™1)
Vo (m.s’l)
ZA ZUD ZU ZA ZUD ZU
Reservoir3-LRn 60 0.88 7 10 0.15 1.20 3.00
Reservoir3-LRm 59 0.77 6 10 0.20 1.00 3.79

found when calibrating events at an hourly time step, i.e., the minimum values of the production parameters S and STO correspond to
the heavily urbanised areas, while agricultural areas are characterised by the highest values. The optimal values of the INF parameter
for the Reservoir3 model are also lowest for the densely urbanised area class (ZUD) and highest for the agricultural zones class (ZA).
Furthermore, no correlation was found between the calibrated values of parameter S and the classical previous 5-day antecedent
rainfall at both time steps. At the hourly time step: R? = 0.05 for S(ZA) and R? = 0.01 S(ZU) for the SCS-LRn model, and R?=0.02 and
R? = 0.01 for the SCS-LRm model. At the 5-minute time step: R%=0.14 for S(ZA) and RZ=0.17 S(ZU) for the SCS-LRn model, and RZ=
0.16 for S(ZA) and R* = 0.12 for S(ZU) for SCS-LRm.

The maximum velocity reached at the outlet (Vy) is characterised by a slight inter-event variation, as also highlighted by Laganier
et al. (2014), who indicated that the V, values are variable, but consistent with the commonly observed velocities. By analysing the
calibrated values of the V, parameter, it can be seen that the minimum values are obtained for low- intensity events while
high-intensity events were characterised by the greatest values.

We further investigated parameter changes across time periods for both time steps (Tables 6a, 6b and 7a, 7b). A decrease in the S
and STO parameter values and an increase in the V parameter values can be observed between 2011/2012 and 2017/2018. These
changes are thought to be due to an increase in the channelisation of the hydrographic network as well as an increase in the ur-
banisation of the catchment.

3.1. Evaluation of the models’ performance at different time steps

3.1.1. Calibration phase

The investigation of the models’ performance is based on the Nash and Sutcliffe criterion (NSE is presented in Fig. 8). The boxplots
represent the distribution of the criterion for the hourly data (2008-2018, 26 events) and 5-minute time steps (2011-2018 data, 17
events). They indicate that the results of the simulations are not spread out.

At the hourly time step, the median NSE values range between 0.73 and 0.85 and the percentage of events having NSE > 0.6 varies
from 84 % to 88 %. Thus, the models’ performance can be considered satisfactory. When comparing the ranking of the four models, it
can be seen that the SCS-LRm model is the most appropriate for the calibration database, while the Reservoir3-LRn model shows a
lower performance and has the lowest NSE median values.

Flood event simulations at a finer time scale (5 min) were also carried out using flood events recorded during the 2011,/2018
periods. The results indicate that all four models are able to reproduce the flood hydrographs correctly: the median NSE ranges be-
tween 0.51 and 0.69. For the SCS-LRm, 77 % of the events have NSE > 0.6. The percentage drops to 65 % for Reservoir3-LRm and 53 %
for SCS-LRn. The lowest values are those of Reservoir3-LRn with 47 %. Similarly to the results obtained at the hourly time step, SCS-
LRm outperforms the other three models.

The determination coefficient R? and the RMSE were used to judge the models’ performance in terms of the runoff volume and peak
flow restitution. The linear regressions between the observed and simulated flood events in terms of runoff volumes and peak flow are
presented in Fig. 9a and b. A good correspondence can be seen between the observed and simulated runoff volumes for all tested
models at the hourly time step (Fig. 9a), with R? varying between 0.97 and 0.98 and RMSE between 0.16 and 0.25. In terms of peak
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Fig. 8. Box plots of the NSE criterion for the calibration and validation events (hourly and 5-minute time steps).

flow, a good agreement can be noticed also between the two hydrographs, with R? varying between 0.88 and 0.93 and RMSE between
0.18 and 0.23. At the 5-minute time step (Fig. 9b and Table 8) the R? and RMSE values drop slightly for both volume (0.94 to 0.97 and
0.22 to 0.32, respectively) and peak flow (0.78 to 0.93 and 0.23 to 0.42). Visual comparison of the simulated and observed hydro-
graphs (see examples in Fig. 10a and b) also shows a good agreement.

3.1.2. Validation phase

The median values of the calibrated parameters at different time steps (60 and 5 min) are used to simulate the validation events.
Note that for the 5-minute time step only the 19 flood events recorded during the 2011/2012 and 2017/2018 periods are used. Based
on the NSE criterion, the models’ performance is degraded at the hourly time step: the median NSE values range between 0.39 and
0.56. Save for SCS-LRn and Reservoir3-LRn, the models give the same performance at the 5-minute time step, with the median NSE
values varying between 0.27 and 0.57 (Fig. 8).

At the hourly time step, the models’ ranking remains unchanged: 45 % of the flood events simulated by the SCS-LRm model have an
NSE value > 0.6. The percentage drops to 34 % for Reservoir3-LRn and rises to 37 % for Reservoir3-LRm. The models’ ranking is
unchanged at the 5-minute time step: for SCS-LRm 47 % of events have an NSE > 0.6, 42 % for Reservoir3-LRm, 35 % for SCS-LRn and
12 % for Reservoir3-LRn.

Similar performances are obtained when looking at the runoff volume and peak flow simulation at both time steps (Fig. 9 and
Table 8). At the hourly time step, the R2 and RMSE for the runoff volume range between 0.23 to 0.37 and 58 to 0.63 and between 0.19
to 0.41 and 0.53 to 0.69, respectively, for peak flow. For the 5-minute time step, they drop to 0.13 to 0.69 and 0.31 to 0.87,
respectively, for volume and 0.17 to 0.50 and 0.45 to 0.61 for peak flow. The performance is slightly degraded in both calibration and
validation when reducing the modelling time step (Fig. 9b). Ficchi et al. (2016) found similar results and stated that although the
performance of the tested model was greatly improved when changing from a 1- day to a 6-h time step, a reverse trend was found when
decreasing the time step from 1 h to 6 min. The same study showed that reducing the time step has the opposite effect under high flow
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Fig. 9. Observed (Qpobs) and calculated (Qpsim) peak discharges and observed (Vobs) and simulated (Vsim) runoff volume for the calibration and
validation events a) at hourly time step and b) at 5-minute time step.

conditions. This finding is consistent with our results, as the rainfall-runoff events simulated at the 5-minute time step are charac-
terised by higher flow conditions than those modelled at an hourly time step.
The models’ capacity to reproduce the catchment’s hydrological response was assessed by analysing the relationship between
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Table 8
RMSE values for calibration and validation periods (hourly and 5-minute time steps).
Calibration period Validation period Calibration period Validation period
Hydrological (hourly) (hourly) (5-minute) (5-minute)
models RMSE (Vr) RMSE (Qp) RMSE (Vr) RMSE (Qp) RMSE RMSE RMSE RMSE
(Vr) (Qp) (Vr) (Qp)

SCS-LRn 0.16 0.19 0.58 0.61 0.32 0.41 0.87 0.56
Reservoir3-LRn 0.19 0.23 0.63 0.69 0.22 0.42 0.62 0.60
SCS-LRm 0.18 0.19 0.61 0.62 0.25 0.27 0.31 0.61
Reservoir3-LRm 0.25 0.18 0.58 0.53 0.23 0.23 0.41 0.45

rainfall and simulated runoff for all events (Fig. 11). This analysis was carried out at an hourly time step to be able to use the largest
available dataset. It can be seen that the linear relationship is correctly reproduced for the 2008-2011 events, with slightly higher
values for the correlation coefficient (0.81 < R? < 0.85) and, save for the Reservoir3-LRm model, similar values for the slope of the
regression line (0.20 < a < 0.22). The non-linear relationship of the 2017-2018 events is also reproduced, with even lower values for
the correlation coefficient (0.07 < R? < 0.23).

All criteria and time steps considered, the models’ performance in validation is poor. The models’ lack of robustness is increased by
the change in the rainfall-runoff relationship on the catchment (Fig. 4) throughout the study period. On the one hand, 2008-2009 was
an exceptionally wet year (annual rainfall of 810 mm vs 523 mm for 2017-2018) and on the other the flow conditions on the catchment
were modified, as highlighted by the experimental data (Fig. 4) and the observations made in the field regarding the extension of the
stormwater and wastewater networks. By calibrating and validating the models within and not across the periods, i.e., using the
median of the parameters for each period, better results are obtained: at the hourly time step the median NSE values range between
0.61 and 0.74 and at the 5-minute time step between 0.48 and 0.62.

3.2. Effect of rain gauge network density and rainfall event type on the models’ performance

The modelling results were further investigated to highlight any possible effect of the rain gauge network density on the models’
performance. The rainfall events were divided into two groups: single gauge events, i.e. events recorded when only a single rain gauge
was implemented, and multiple gauge events, i.e. events recorded when two or more rain gauges were implemented. The analysis was
only carried out at the hourly time step because our database did not contain any single gauge events at the 5-minute time step and only
5 events for which rainfall was measured using two gauges. When examining the models’ results based on the rain gauge density using
the NSE criterion, it was found that, for the calibration phase, all the tested models reproduce the observed hydrographs well when
rainfall information is provided by two or four rain gauges (Fig. 12a). The median NSE value of the four models ranges between 0.62
and 0.72 for the events where rainfall information is obtained using a single gauge, and between 0.74 and 0.89 when using multiple
rain gauges. The results are poorer for the validation phase, where the models’ performance is lower for the events where the rainfall
information was provided by multiple rain gauges. However, this is not thought to be due to the rainfall information but rather to the
models’ lack of robustness and overall poor performance in validation. As can be seen in Table 3, all the events for which rainfall
information is provided by a single rain gauge belong to the 2008/2012 period, while nearly all the events for which rainfall infor-
mation is provided by multiple rain gauges belong to the 2017/2018 period. Thus, the median values of the calibrated parameters
converge towards the optimum values of the 2008/2012 period, which constitutes 65 % of the total number of events in our database.

We further wanted to investigate the influence of the rainfall type. We used the 75th and 25th percentiles value of total rainfall to
separate the events. All events where the total rainfall was below the 25th percentile were considered as low rainfall events and those
where the total rainfall was above the 75th percentile were considered as high rainfall events.

The results at the hourly time step (Fig. 12b), both in calibration and validation, indicate that the selected models are able to
reproduce the high rainfall events (0.72 < NSE median < 0.78) and perform less well on low rainfall events (0.63 < NSE median
<0.89). The findings are similar at the 5-minute time step despite the lower NSE thresholds, i.e. 0.54 < NSE < 0.72 for high rainfall
events as opposed to low rainfall events 0.27 < NSE < 0.54. Note that NSE is known to be more sensitive to high flow values (Tegegne
et al., 2017).

4. Discussion

The analysis of the calibrated parameters at the hourly time step indicates that the median values of parameter S for urban areas is
28 mm using the SCS-LRn model and 26 mm for the SCS-LRm model. These results are in the same range as those reported by Bouvier
et al. (2018) on the Ouagadougou metropolitan area. The S values calibrated for the agricultural zones are consistent with those of
Laganier et al. (2014), who identified similar variation trends on the predominantly rural Anduze catchment (108 < S < 408 mm).

The values of the transfer parameter Vy, however, are slightly higher than those obtained by Tramblay et al. (2010a, 2010b),
Laganier et al. (2014) and Coustau et al. (2012). They are in the same order of magnitude as those obtained by Tramblay et al. (2011),
who showed that Vj tends to increase when using uniform rainfall as opposed to when using spatially distributed rainfall inputs.
Arnaud et al. (2002) also indicate that the calibration of rainfall-runoff models is impacted by uniform rainfall. Our results show that
the median V,, value for the tested models varies between 3.24 m.s~! and 4 m.s~! when the rainfall information comes from one rain
gauge and ranges between 3.11 m.s! and 3.50 m.s™! when the rainfall is provided by four rain gauges. These values can also be partly
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Fig. 10. Simulated hydrographs of some calibration and validation events a) at hourly time step and b) at 5-minute time step.

explained by the urban nature of our catchment: V has slightly higher values when using the modified drainage network (MD) as input
for the Reservoir3 model than when using the natural drainage network (ND) at both time steps. This can be explained by the
configuration of the modified drainage (MD). By adding the road network, shorter connections are created between the cells and the
distances to the outlet (Ly) are decreased (Fig. 7). In order to maintain the same routing time (Tm), the velocity (Vi) will have to slightly
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increase.

When analysing the Vj values, it can be noticed that the flood events that belong to the 2017-2018 period are characterised by
relatively high V, values compared to those calibrated for events belonging to the 2008/2009 and 2011,/2012 periods. This is mainly
due to the fact that several waterways have been canalised since 2014 (Ain Smen, Oued El Mehraz, Ain Chkef). It should, however, be
noted that the Fez wastewater treatment plant was built in 2014 and, until its construction, the combined sewer outflows as well as the
stormwater outflows poured directly into the river. Since 2017, the situation has changed and the higher velocity values may be due to
these changes.

Despite measures taken to overcome the risk of overparameterisation, the latter may partly explain the relatively lower perfor-
mance of the Reservoir3-LR model as compared to SCS-LR, as the number of calibrated parameters for the first model was 5 against 4
for the second one. The use of more calibrated parameters may increase the hydrological modelling uncertainty (Her et al., 2019) and
explain the drop in performance during the validation phase (Arsenault et al., 2018). Unfortunately, we did not have access to
additional discharge data to calibrate the models spatially and, given the layout of the river network, i.e. unstable cross-sections,
canalised inaccessible underground reaches, and the high exposure of the material to theft in some sectors, we could not imple-
ment additional intermediate gauging stations.

This study showed that the tested models’ performance was higher when rainfall information is provided from multiple rain
gauges, which suggests that an additional knowledge of spatial rainfall variability has the potential to improve the models’ perfor-
mance. Pechlivanidis et al. (2009) reached similar conclusions and noted that the reproduction of flood events could be affected if the
spatial variability of rainfall is not well represented. Arnaud et al. (2002) also reported similar results in Mexico City, as did Emmanuel
et al. (2015) on the Gardon d’Anduze catchment (Southern France) or Ochoa-Rodriguez et al. (2015) on catchments located in
Belgium, France, the Netherlands and the UK. Albeit using urban drainage models, Gires et al. (2012) and Bruni et al. (2015) also
highlighted the sensitivity of the model outputs to the spatial variability of rainfall. The optimal coverage needed for the Oued Fez
catchment is an open question, as implementing rain gauges in the western part of the catchment is not feasible at present due to the
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presence of sensitive installations.

Considering the results of the calibration and validation phases at either hourly or 5-minute time steps, it is clear that using the
modified drainage network, i.e. forcing drainage directions along the road network and using production classes according to the
urbanisation level, ensures better performance than when using the natural drainage network. Additionally, SCS-LR seems to perform
better than Reservoir3-LR. This is true in calibration and validation and at both time steps. Thus, even a minimal representation of the
urban nature of the catchment, through modified drainage directions and production classes based on the degree of urbanisation,
seems to yield better results. This solution was implemented because we did not have access to a map of the stormwater network, and
the approach proved to be effective and well adapted to the complex configuration of the Oued Fez catchment. It might be useful
elsewhere as well. However, when working on water quality, a separate representation of the stormwater and wastewater networks
might be necessary, as flow and in-situ environmental conditions induce bio-chemical transformations that impact solute and
particular pollutant fluxes (Chebbo and Gromaire, 2004; Andrés-Doménech et al., 2018). In some West African cities, e.g. Bamako and
Ouagadougou, where open-air channels are used for stormwater, field surveys may be carried out to get their geometrical and hy-
draulic characteristics. In cities like Fez, where the vast majority of these networks are underground, alternative solutions relying on
geophysical methods and probabilistic methods may be needed (Bilal et al., 2018).

Using the simple formulation of the lag and route model without interactive cells also has its limitations. The first is that using
independent cells would not allow the calculation of discharge values at sub-catchment or street level. This would make the use of such
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models limited in urban flooding and inundation studies. However, it is also true that using a simple formulation that relies only on
distance makes the transfer function less sensitive to errors on slope values, a common problem in flat environments.

In this application, we used a fully gridded model. If the model’s structure had been based on hydrological units and river network
segments such as in SWAT (Arnold and Fohrer, 2005) or ModSpa (Moussa et al., 2007), the drainage network’s layout would have
varied based on the upstream drained area threshold. In our configuration, the network is already “dense” since all the cells are taken
into account when calculating the discharge. An alternative would have been to use higher resolution maps where the river network is
more densely represented to correct the drainage directions, but such maps were not available for Oued Fez. In addition, many portions
of the catchment are “urban stream deserts” (Napieralski et al., 2015), i.e., areas where surface stream channels are not visible because
they have been buried or covered by urban development and as such would likely not be reported on maps. This is a major concern for
urban catchments as it contributes to the difficulty in defining the hydrographic network.

5. Conclusion

This study has presented an attempt at drainage network representation for distributed hydrological modelling on urban catch-
ments where the layout of the stormwater network is not available. A case study is presented on the Oued Fez catchment using two
hydrological models of the ATHYS platform in event-based mode at hourly and 5-minute time steps. Original discharge data recorded
at one streamflow gauge and rainfall data recorded at 1-4 rain gauges, depending on the study period, are used to calibrate and
validate the selected models. Our findings show that the approach adopted to take into account the urban configuration of the Oued
Fez catchment by modifying the drainage directions and by differentiating runoff production according to urbanisation improves the
performance of the hydrological models. In addition, comparison of the models in terms of performance shows that the SCS-LR model
reproduces the flood hydrographs better than the Reservoir3-LR model regardless of the drainage network and the time step used,
although a slight degradation of the models’ performance is noted for the sub-hourly time step.

Our results show that when a map of the stormwater network is not available, modellers might use the road network as a proxy to
simulate flow at the catchment outlet. However, for water quality studies, this approach might be too limited as in-situ transformations
would not be accounted for and contaminant flux calculations would be impacted. Thus, an accurate representation of the stormwater
and wastewater networks is still necessary.

By using a fully gridded model where all the cells are used for flow routing, the river network’s layout does not vary based on the
upstream drained area threshold and thus the modelling results are not impacted by this feature. However, they are prone to un-
certainties related to the difficulty in delineating the hydrographic network of urban catchments, which are sometimes buried or
covered by urban development.

In addition, using the simple formulation of the lag and route model without interactive cells does not allow discharge calculations
at sub-catchment or street level. This would make the use of such models too limited for urban flooding and inundation studies.
However, since a simple formulation relies only on the distance to the outlet, it is less sensitive to errors in slope values, a common
problem in flat environments. Nevertheless, additional discharge data would be necessary to calibrate the models spatially and to
identify the hydrological processes that may need to be accounted for in more specific conceptual models.
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