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Abstract In the southern Mediterranean many rivers are characterized by an alternation of long dry periods
interrupted by short floods. In this context, understanding the catchment's hydrological behaviour, especially
during flood generation is essential to quantifying pollutant fluxes. This situation is observed in all the Maghreb
countries, of which the famous city of Fez is a perfect illustration. The hydrological behaviour of Oued Fez was
assessed through a coupled approach based on field observations and modelling. The analysis of rainfall-nmoff
events showed that flood generation is mostly caused by urban runoff over the large impervious zones of the
city of Fez. A mathematical model based on the unit hydrograph method was used to synthesize the
hydrological behaviour ofOued Fez. The model's two parameters were estimated by trial and error. The results
indicated that a single set of parameters can accurately reproduce most of the observed flood events.
Key words rainfall- runoff; intermittent rivers; Nash cascade; Oued Fez; Morocco

INTRODUCTION

Intermittent riv ers have a spec ific hydrological beh aviour resulting in long drought periods
interru pted by floods of high intensity and short duration. Thi s beh aviour influences wat er qu alit y
dyn ami cs, as during low flow periods pollutant s acc umulate in the river bed and are flushed away
by the first floods (Walling et al., 2003). The se rivers often constitute the onl y avai lable water
resource in semi-arid countries and hen ce are vulnerable to diffuse and point source pollution.

Some research programmes hav e investigated the hydrological and pollution tran sfer
mech anisms of inte rmittent riv ers located on the northern sho res of the Mediterranean Sea.
However, little information is available on their southern counterparts and in the absence of
hydrological data, efficient wat er management schemes cannot be es tablished , Ou ed Fez, an
intermittent river located in central Morocco, is a perfect illustration of thi s situation. The river
flow s through the city of Fez , the third biggest ci ty in the country, wh ere in the absence of
was tewate r treatment plants, all effluent s spill into the watercourse. The river' s contamination has
been established sinc e the mid -1990s (Hmama et aI., 1993) . However, to thi s date its hydrological
funct ioning remains poorl y documented.

The main objective of this wo rk is to giv e a first ass ess ment of the hyd rological behaviour of
the Oued Fez river through a coupled approach based on new field observ at ions and modelling of
the flood event s recorded during the 2008 -2009 hydrologi cal year. Thi s paper serves as a general
introduction to the companion paper on the water qu alit y dynami cs of Oued Fez .

MATERIALS AND METHODS

The study site

Oued Fez is the main water bod y crossing the city of Fez in Morocco. It is a tributary of the Se bou
River , the biggest river system in Morocco, with a catchment of 40000 km 2 (Fig. I). The river
flow s in an easterly direction from the springs of "Ras el Ma" in the upp er Seb ou (elevation =
420 m.a. s.l) th rough the Fez Medina and into the Sebou 4 km downstr eam of the city of Fez
(elev ation = 210 m.a .s.!) . Its main course has a length of 33 km and its catchment are a is reported
to be 615 krrr'.
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Fig. 1 The Oued Fez catchme nt.

2S

N

A
10 KtlonW1~

! I

Oued Fez is located on two groundwa ter systems: ( I) A deep triassic aqu ifer used for the
water supply of Fez, (2) the shallow unconfined Saiss aquifer mostly used by the private sector.
Both aquifers are over-exploited and falling piezometric levels have been reported for both (ABI-IS
et al., 2005).

Oued Fez is an urban catchment as > I0% of its area lies within the city of Fez . Fez's medina
(old city) is densely popul ated and is the city's craft centre. Fez represents 40% of the total water
quality impact on Oued Sebou (ABI-IS, 2006) : all of Fez ' s sewag e (200 000 m3 per day in 2004;
Koukk al et aI., 2004) is flushed directly into nearby watercourses .

The catchment has a cont inental semi-arid climate with cold winters and hot summers. The
mean monthly temperature recorded at the ABHS station over the 1978- 2008 period is 16.8°C and
is similar to the values calculated at Fez airport for 1961- 2003 (ABHS et al., 2005). Precipit ation
data recorded at ABHS station shows a high inter- and intra-annu al var iation of rainfall , a feature
typical of semi-arid climates.

High variations are also observed for the potential evapotranspiration data (PET) recorded at
Fez-Saiss airport for 1980- 2003 using the Colorado sunken pan method. PET can reach 163 mm
durin g July and drop to 25 mm in January (ABHS et al., 2005). The high PET combin ed with low
or null precipitation yie lds water stress throughout the summer months.

EXPERIMENTAL SETTING

Since September 2008 a gauging station has been installed at the outlet of Oued Fez, upstream of
the National Electrici ty Office 's water intake (Fig. I). Water level measurements are recorded at
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5-mi n intervals by a pressure-transducer and conv erted to discha rge through a rating curve. The
station is operated by the IRD- FST team of resea rchers. Rain fall data is ava ilable for this
catchment through a tipping-bu cket raingauge installed on the FST roof by the University ' s
Physics department. Until February 2009, data was recorded at 12-min intervals. Currently only
hourly rainfall data is ava ilable. An additional rain fall gauge has been installed on the catchment in
spring 20 IO.

The rainfall and runo ff data collected on the catc hment to this date is used to attain a first
assessment of the main hydrological processes on the Oued Fez catchment and to model it.

HYDROLOGICAL MOD ELLI NG

The rainfa ll- runo ff events were modell ed using the Nash casca de model (Nas h, 1957) in which the
catchment is represe nted by a series of identical linear reservoirs having the same storage constant
k (equatio n ( I)) . /t can be considere d as a particular form of the un it hydrograph expresse d as:

1 ( t J"-I .:
h(t ) =-k(-N---I-)! k e k

Q(t) = t; (t) .h(t)

where Q, flow depth [L.T l
] ; h, unit pulse function [-] ; Pe, excess rainfall [L.T 1

] ; N, number of
reservoirs [-); k, storage constant [T]; t, time [T].

In this app licatio n parameters Nand k are ca librated by trial-and- error and, for simplicity, only
intege r values are considered for parameter "N' . In this instance I' = (N- I)! corresponds to the
gamma probability density function (Chow et al., 1988) and its values can be determined directly.
Paramet er k is allowed to vary in the range [I ; 40] and parameter N in the range [2; 20] .

The calibration criter ia are the well known Nash & Sutcliffe ( 1970) efficiency measure (NSE)
and the sum of squares (SSQ) .

N

SSQ = 2)Qsim- Qobs f
1=1

(3)

(4)

where Qsim and Qobs refer to simulated and observed flow depth values .
Excess rainfall is calculated by hydro graph separation using the straight line method (Hew lett

& Hibbert, 1964 in Chow et aI., 1988).

RESULTS

Figure 2 presents the rainfall data recorded by the FST raingauge during the 2008-2009
hydrological year. By comparison with previous decades, 2008-2009 appea rs to be an extreme ly
wet year, with an annual rainfall of 842 mm and monthly rainfall values that are sys tematically
higher than the long term averages. 2008-2009 is an exceptional hydrological year in terms of the
numb er of rainfall occurrence days, but not in terms of daily rainfall values. Two distinct rainfall
periods can be observed. The first corresponds to the autumn-winter per iod , with relative ly high
rainfall values over consecutive days while the second corresponds to the spring showe rs with
spora dic spells of lower intensity.
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Fig. 2 Daily discharge and rainfall values recorded during the 2008-2009 hydrological year.

The catchment' s response to the rainfall spells seems to be in the order of hours rather than days,
as each rainfall peak has a corres ponding spike on the hydrograph (Fig . 2). The analysis of the
hydrograph 's shape indicates a high flow period in the river starting in November 2008 and ending
in May 2009 when the mean daily discharge settles down to its initial value of I m3

S· I,

corresponding to the average base flow value. The general bell-like shape of the hydrograph durin g
the high flow period suggests higher groundwater and subsurface flow contribution. Furthermore , the
urban nature of the catchment and the resulting water abstractio ns can be clearly seen during June­
July when part of the river water is diverted to feed a hydroelectric power plant.

For a better understandin g of the rainfa ll- runoff relationship, the individual flood events were
analysed. Given the urban nature of the catchment , in order to discriminate between "normal" flow
variations and floods, only events where rainfall was cont inuous and the 12-min discharge values
doubled within three consecuti ve time steps were considered. 34 rainfall-runoff eve nts were
recorded on the catchment from September 2008 to August 2009 (Table I). The minimal time
between the end of a flood eve nt and the beginning of a new one is set to 6 h to ensure the
independency of flood events.

A scatter-plot of the rainfall-runoff relation ship for this catchment is presented in Fig. 3 and
shows a linear relation ship betwee n the recorded rainfall and runoff depth s. A linea r regression
was used to express runoff depth in terms of rainfall. Acco rding to Boyd et a!. (1993) the slope of
the regression line represents the fraction of the catchment which is cont ributing to runoff; in th is
instance the percentage corresponds to a 7.2-km2 area . Contrary to what can be observed on
natural Mediterranean catchments (Chahini an et a!., 2005), the eve nts having the greatest runoff
depth values are those that have the highest rainfall amounts (Fig . 3). This is a classical feature for
urban catchme nts where high runoff coe fficients are recorded (Boyd et a!., 1993; Rodr iguez et a!.,
2003) . Thus no rainfall loss was considered during the modelling phase. The Medi terrane an
charac teristics of the catchm ent are visible in the wide span of duration s (260- 2 I45 min), rainfall
values (4.4-40 mm) and intensities (2-12 mm/h).

Beca use of a change in the rainfall acquisition time step, only the first 25 eve nts were
modelled, 13 of which were randomly selecte d for ca libration and 12 for validation (Table 2). The
results of the calibration procedur e using the two selected criteria (NS E and SSQ) showe d the
couple k = 17 and N = 5 to be the best match. The validation phase confirmed the choice of the
parameters: the NSE criterion varies from 0.67 to 0.97 for 12 ca libra tion events. Thus, 16 events
have a NSE > 0.75 (Table 2).
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Table 1 Main characteristics of the rainfall-runoff events recorded dur ing the 2008-2009 hydrological year
(for event s with an asterix (*) only hourl y rainfall data is avai lab le).

Beginning of the Duration Time to Max9 Runoff Rainfall Maxi mu m hourlr rainfall
even t (min) peak (min) (m3.s' ) Vo lume (rrr') (mm) intensity (mm h' )

10/09/2008 590 65 11.95 566 11 4.8 4.0
10/10/2008 765 425 16. 11 168850 26.8 12.4
10/2 1/2008 795 85 13.84 155740 32.2 1.8
10/22/2008 1035 570 13. 19 207920 23 .8 5.2
10/23/2008 625 130 7.24 47 126 5.6 2.8
10/28/2008 760 110 5.88 69046 10.2 3.6
11/0 1/2008 1420 830 6.62 124190 20 .2 2.6
11/25/2008 1570 225 8.40 222220 33.4 5.4
11/26 /2008 260 105 5.88 18329 4.4 3.6
11/29/2008 1160 595 5.32 80 177 10.2 2.4
11/30/200 8 840 160 14.73 138030 16.2 6.2
12/01/2008 1515 1005 13.19 3 10980 33 .8 6.2
12/04/2008 605 41 5 6.17 42579 6.4 1.8
12/09/2008 1295 550 12.15 151260 17.6 3.4
12/12/2008 575 3 15 9.09 63211 7.6 2.6
12/ 14/200 8 1580 305 14.73 284460 34 .0 6.6
12/28/2008 500 90 8.23 53887 6.0 2.6
12/31/2008 1155 600 9.09 150950 26.0 3.4
0 1/02/2009 530 150 8.06 56980 8.6 3.2
0 1/03/2009 945 825 13.62 106280 25.2 6.4
0 1/20/2009 965 600 15.41 246090 33.8 4 .8
01/25 /2009 10 10 625 11.15 75081 10.4 2.2
02/02/2009 1380 670 12.77 20 1360 22.2 4.6
02/06/2009 1090 320 8.57 118650 15.4 2.2
02/07/2009 1655 310 16. 11 357950 40.2 4.8
02/27/2009 * 600 400 14.06 56393 14.2 6.0
02/28/2009 * 600 215 6.93 40325 10.0 2.6
03/02/2009 * 660 2 15 13.62 115840 18.6 7.0
03/03/2009 * 360 195 14.28 4 1432 5.2 2.0
03/05 /2009 * 2 145 115 12.35 133380 14.8 3.4
03/28/2009 * 420 175 14.50 116680 18.8 6.4
04/26/2009 * 660 315 6.47 7 1530 12.0 4 .6
06/ 16/2009 * 360 135 6.77 23579 8.2 3.8
06/19/2009 * 360 145 8.92 24 122 5.8 4.0
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Fig. 3 Rainfall- runoff relationship for the studied eve nts .
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Table 2 Mode lling results .

Event date Calibration Collec tive calib ration N = 5; Individual calibration results
(C) or k =17min
Validation Nash criterion (%) SSQ crite rion k (min) N Nash criterion (%)
(V)

10/09/2008 C 0.55 118.32 19 3 0.85
10/10/2008 V 0.77 268.94 36 3 0.93
10/2 1/2008 C - 1.17 2836.86 40 4 0.41
10/22/2008 V 0.90 115.96 26 4 0.92
10/2312008 C 0.95 9.28 17 5 0.95
10/28/2008 V 0.80 45.3 36 2 0.88
11/0 1/2008 C 0.81 44.55 37 3 0.90
11/25/2008 V 0.68 217.6 1 37 3 0.76
11/26/2008 C 0.04 39.87 3 1 4 0.66
11/29/2008 V 0.81 33.53 40 2 0.82
11/30/2008 C 0.94 55.06 19 4 0.95
12/01/2008 V 0.69 298.91 26 3 0.73
12/04/2008 C 0.75 19.64 28 4 0.81
12/09/2008 V 0.67 406.94 30 3 0.68
12/12/2008 C 0.31 996.76 2 5 0.45
12/14/2008 V 0.74 308.02 30 3 0.76
12/28/2008 C - 0.3 2743.11 I 2 0.47
12/31/2008 V 0.75 395.11 17 5 0.75
01/02/2009 C 0.98 36.46 19 4 0.98
01/03/2009 V 0.77 80 1.22 18 20 0.87
01/2012009 C 0.94 300.81 23 4 0.94
01/2512009 V 0.97 59.65 18 4 0.98
02/0212009 C 0.77 440.85 3 1 3 0.78
02/06/2009 V 0.97 53.80 23 4 0.97
020/7/2009 C 0.78 456.97 21 4 0.80
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An individ ual calibration test was undertaken to sec whether the results could be further
improve d. The results indicate no drastic improvement , despite wider var iations ranges for the
calibrated parameters, especia lly for parameter k. The model output being more sensitive to N than
to k, this finding is not surprising. When comparing the results of the two calibration procedures, it
can be seen that the decrease in one parameter is compensated by an increase in another, as is
commonly observed when model parameters are not independent.

An attempt was made to investigate the possible links between the event charac teristics and
modelling results. However, no conclusive results were found . Among the problematic events,
those having short duration and small rainfall values seem to be worse than others. However, other
short duration events have been modelled successfully (Nash = 0.94). The best explanation most
likely lies in the spatial variability of rainfall and the distance (about 5 km) between the rainfa ll
gauge and the streamflow gauging station. Th is leads to a false estimation of the rainfall amount or
start time, leading to erroneous simulations (Fig. 4(b)). However, the NSE criterion alone is not
sufficient to fully describe the goodness of fit of simula tions. Figure 4 illustrates this case,
although the NSE criter ia are diffe rent, both hydrographs are equally well simulated.

DISCUSSIO N AND CO NCLUSION

The results obtained during the first year of the study highlight the particularities of Oued Fez's
hydrologica l behaviour. Our studies so far have focused on the urban part of the catchment whose
impact on the pollution of Oued Sebou has been established for a long time (Khamar et al., 2000;
Koukkal et aI., 2004) .

The analysis of the rainfall-runoff events has shown a linear relationship between runoff and
rainfall, as usually observe d on urban catchments (Boyd et al., 1993). In term s of modell ing, we
observe d that contrary to most event-based modell ing results on non-urb an semi-arid catchments
(Ma neta et al., 2007), a single set of parameters is able to accurately reproduce all flood events.
However, the calibrated parameter values are dependent on the time-step used . Thus, when using
hourly data, the same set of parameters yields relatively poorer results.

Ove r the years, many attempts have been made to link the parameters of the unit-h ydrograph­
Nash cascade to the catchment's morphological characteristics (Beve n, 2002). Various values have
been reported for paramet er N in the literature: for small flat urban catchments parameter N may
be equal to I (Van der Kloet et al., 1977), for a small forested catchment with steep slopes, it is
reported to vary between 0.95 and 4.75 (Aguirre et al., 2005) while on a 37.2 km2 mountainous
catchment (Nourani et al., 2009) it ranges between 1.75 and 4.5. The calibrated values of
parameter N are in accordance with those reported in the literature. The value of parameter k,
which is thought to be related to a catchment 's response time (Chow et al., 1998) and to depend on
land-use, is within the range reported in the above-mentioned studies.

The results presented in this study should be considered as prelimin ary. Indeed, one of the
most important aspects of Mediterranean rainfall events is their high spatial variability. Currently,
this feature is not taken into acco unt in our work because of the lack of spatial rainfall and runoff
data. Thus, future work will focus on the spatial variability of flows and their representation in a
distributed model.
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