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Abstract

In arid regions, harvesting floodwater can mitigate irrigation-induced ground-

water depletion by providing additional surface water and recharging aquifers.

We designed an experimental protocol to quantify these fluxes on a date farm

located along the Wadi Satt, whose flow originates from the Anti-Atlas Moun-

tains in south-eastern Morocco. Automatic barometric sensors were used to

monitor the water level in a 6500 m3 floodwater harvesting pond and in sur-

rounding boreholes. Six flood events occurred from 2021 to 2023. The pond

water balance indicated that most stored water is pumped for irrigation (56%

of harvested floodwater). More than 40% infiltrates at a rate of approximately

90 mm day�1, and the remainder evaporated. Analytical modelling of the pond

water table system showed that the radius of the piezometric mound resulting

from pond infiltration is less than 360 m. Groundwater recharge from the irri-

gated plot could be observed after two close floods that enabled continuous

pumping for several weeks, suggesting that in this specific context, over-

irrigation using surface water allows the aquifer to be recharged. The hydro-

logical effects of possible future expansion of these ponds at the watershed

scale should be analysed to assess possible negative impacts on downstream

water resources.

KEYWORD S

analytical modelling, floodwater harvesting pond, groundwater recharge, Moroccan oasis,
spate irrigation, water balance assessment

Résumé

Dans les régions arides, le captage des eaux de crues peut atténuer l'épuise-

ment des eaux souterraines induite par l'irrigation en fournissant des eaux de

surface supplémentaires et en rechargeant les aquifères. Nous avons conçu un

protocole expérimental pour quantifier ces flux sur une ferme de palmiers
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dattiers située le long de l'oued Satt, dont les écoulements proviennent de

l'Anti-Atlas au sud-est du Maroc. Des sondes barométriques automatiques à

enregistrement continu ont été utilisées pour suivre le niveau d'eau dans un

bassin de collecte des eaux de crues de 6500 m3 et dans les forages environ-

nants. Six crues se sont produites de 2021 à 2023. Le bilan hydrique du bassin

indique que la plus grande partie de l'eau stockée est pompée pour l'irrigation

(56% des eaux de crues captées). Plus de 40% s'infiltrent à un taux d'environ

90 mm jour�1, et le reste s'évapore. La modélisation analytique de la recharge

de la nappe a montré que le rayon du dôme piézométrique résultant de l'infil-

tration de l'eau stockée dans le bassin est inférieur à 360 mètres. La recharge

de la nappe sous la parcelle irriguée a été observée suite à deux crues succes-

sives ayant permis un pompage dans le bassin de stockage et une irrigation

continue pendant quelques semaines, révélant le rôle complémentaire de la

sur-irrigation dans ce dispositif de recharge. Les effets hydrologiques d'une

éventuelle multiplication de ces bassins de recharge à l'échelle du bassin ver-

sant devraient être analysés afin d'évaluer les effets négatifs possibles sur les

ressources en eau à l'aval.

MOT S CL É S

irrigation par les eaux de crue, recharge des aquifères, bassin de récolte des eaux de crue,
évaluation du bilan hydrique, modélisation analytique, oasis marocaine

1 | INTRODUCTION

Dryland agriculture relies on many ancestral irrigation
and rainwater-catching practices. In Morocco, a range of
these practices are used, including ‘Matfia’, ‘Jessours’,
‘Tabia’ and ‘Meskat’ (El Yadari et al., 2019; Koutous
et al., 2023; Sabir et al., 2010). These hydraulic structures
are increasingly being replaced by collinear dams and
large cisterns (Prinz, 1996). In Moroccan oases, khettaras
and spate irrigation are good examples of such practices
(Faiz & Ruf, 2010; Lightfoot, 1996). Since the 1980s, these
collective and sustainable irrigation practices have pro-
gressively been replaced by individual irrigation systems
that rely on wells and boreholes equipped with pumps
powered by diesel fuel or gas and, more recently, solar
energy (Dione, 2012). This rapid expansion is exerting
growing pressure on increasingly scarce groundwater
resources (Khardi et al., 2023), but some farmers are rep-
licating collective practices at the individual level. For
example, wadi floodwater is harvested in earthen farm
ponds to increase the supply of irrigation water and to
locally recharge the aquifer (Khardi et al., 2024).

Msume et al. (2022) inventoried several floodwater-
based irrigation systems: flood recession agriculture,
depression agriculture, spate irrigation, and inundation
canals and dugouts. The diffusion and adoption of these
practices in rural areas depend on affordability and

farmers' awareness, entrepreneurship and capital
(Msume et al., 2022). Godwin et al. (2022) evaluated the
feasibility of using farm-level infiltration galleries to
recharge groundwater. Arshad et al. (2014) developed a
method to evaluate the financial feasibility of managed
groundwater recharge, and in India, Soni et al. (2020)
evaluated the performance of farm recharge wells and
their impact on the quality of drinking water and the pos-
sibility of increasing the supply of irrigation water.

A variety of methods are available for quantifying
groundwater recharge, including lysimeter measure-
ments (Gee & Hillel, 1988; Xu & Chen, 2005), surface
and/or groundwater balance measurements (Boisson
et al., 2014; Kendy et al., 2003; Maréchal et al., 2006), esti-
mations via natural tracers (Wang et al., 2008; Zhu, 2000)
and inverse modelling (Hashemi et al., 2013).

One of the best known and most frequently cited
methods for evaluating groundwater recharge is the ana-
lytical solution provided by Hantush (1967), which has
been extensively evaluated and compared with numerical
modelling. Many authors (e.g. Carleton, 2010; Warner
et al., 1989) have demonstrated its high level of accuracy
in evaluating the growth and decay of groundwater
mounds below infiltration ponds (Finnemore, 1995;
Zomorodi, 2012).

As described by Khardi et al. (2024), the purpose
of harvesting floodwater using a farm pond may be
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twofold: (i) recharging groundwater and (ii) supplying
water for surface irrigation. However, the two objec-
tives may conflict. Recharging groundwater from a
pond requires conditions that favour infiltration,
whereas providing water for surface irrigation requires
minimizing infiltration and maximizing direct pumping
from the pond. The aim of our study was to under-
stand the potential complementarities between these
two purposes, that is, direct pumping from the
pond for surface irrigation and groundwater recharge.
To this end, we combined experimentation and
modelling. Water balances were derived from on-site
measurements of surface and groundwater levels
combined with farmer interviews to understand irriga-
tion practices. Analytical modelling was performed
to verify whether infiltration rates assessed from the
pond water balance could explain the piezometric vari-
ations in the water table, thus revealing groundwater
recharge.

2 | MATERIALS AND METHODS

2.1 | Study area

The farm we studied is located in the Drâa-Tafilalet
region of Morocco along the Wadi Satt, which has its
source in the Anti-Atlas Mountains. The irrigation

water used on the farm originates from wadi floods and
groundwater (Figure 1). Wadi flows intermittently in
the form of flash floods produced by rare but intense
rainfall events. The Satt watershed area upstream of the
farm extends more than approximately 790 km2. The
average annual rainfall is approximately 140 mm, with
a standard deviation of approximately 70 mm (Station
Ait Bouijane 1961–2018). As for the majority of farms
in the region, water pumped from the Quaternary allu-
vium and underlying fractured schist–quartzite aquifers
is the main permanent source of irrigation water. The
farm studied has two separate irrigation systems relying
on groundwater and floodwater. Groundwater is
pumped by solar energy, stored in a geomembrane
pond, pumped into a filter and pressurized to irrigate
date palms by drip irrigation. Nearby, another 6500 m3

earthen pond (Figure 2) stores part of the floodwater
diverted from the wadi. The average storage area is
3250 m2, and the average depth is 2 m. The floodwater
stored in the pond is pumped into a buried pipe system
equipped with five outlets on the ground surface. All of
these plants can be irrigated by gravity. Just after the
pond is filled with floodwater, the farmer irrigates with
floodwater exclusively, stopping drip irrigation from
groundwater. An old hand-dug artisanal well located
inside the pond was dug before the ponds' banks were
built, and some palm trees were planted in the middle
of the pond.

FIGURE 1 Location of the farm and groundwater monitoring probes.
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2.2 | Methods

2.2.1 | Monitoring devices and field
measurements

An experimental protocol was established to evaluate the
volumes of floodwater stored in the pond used either
directly to feed the irrigation system through pumping or
to recharge the water table. Water levels were monitored
with automatic barometric sensors installed in a 12-m
deep well located inside the pond itself (S1); in two bore-
holes located approximately 30 and 360 m from the pond
(S2 and S3); in the pond (S4); and in a well located
approximately 3 km upstream of the farm and 180 m
away from the wadi (S5) (Figure 1). Two boreholes, S2
and S3 (depth >80 m), were used to monitor the water
levels in the Ordovician quartzite and the shale aquifers.
S5 is far enough away not to be influenced by pond
recharge but rather to observe the effect of natural
recharge from the wadi (Figure 1). To estimate variations
in the water level in the absence of bias, an additional
sensor was left in the open air to measure the atmo-
spheric pressure, which was subsequently subtracted
from the pressure measured underwater. All the sensors
were set to record the absolute pressure at 10-min inter-
vals. The depth of the sensors in the wells and boreholes
was kept stable by means of fixed-length cables linked to
the ground surface. Measurements were taken manually
at different water level depths to validate the automatic
measurements. The coordinates (x, y, z) of the measure-
ment points were obtained from a topographic survey,
and the groundwater levels measured in boreholes S1, S2,
S3 and S5 were converted to piezometric levels
(i.e. metres above sea level). Floods 4 and 6 were not
recorded because sensors S3 and S4 were out of order.
Therefore, four floods out of the six that occurred over
the 2 years were fully studied; we did not conduct any
modelling for flood number 4 (see Figure 5) due to the

lack of water level data for the pond, and we did not
model the groundwater level in S3 for flood number
6 (Figure 5).

The volume and surface area of the pond were
assessed through a topographic survey that included
117 points located at the bottom of the pond and on its
banks. The coordinates (x, y, z) of the sampled points
were processed in GIS software to obtain the relation-
ships between the height, volume and surface area.
Daily rainfall and evapotranspiration data (ET0), esti-
mated using the Penman–Monteith method, were
obtained from the nearest meteorological station
located at Goulmima, 23 km to the north (31.68312;
4.95869).

2.2.2 | Pond water balance

The pond water balance accounts for both infiltration
and the pumped water volume. Its equation (Equation 1)
is solved for periods with no rainfall and no inflow from
the wadi. Such conditions prevail most of the year, as the
region has an arid climate. The destocking flows from
Equation (1) are shown in Figure 3.

Δhpond ¼ Itotalþ P
S
þEþETpalm ð1Þ

where Ipond is the infiltration flow from the bottom of the
pond (m), Iwell is the infiltration flow from the S1 well
(m), Itotal = Ipond + Iwell, P is the volume of water pumped
from the pond for farm irrigation (m3), S is the surface
area of the water in the pond (m2), Δhpond is the variation
in the level of the S4 water (h) in the pond (m), counted
as positive in the case of a decrease, E is the evaporation
from the pond (m), ETpalm is the evapotranspiration from
the palm trees planted in the pond (m).

FIGURE 2 The floodwater harvest

pond and the pump intake 1 day after

the flood that occurred on 9 March 2021.

4 KHARDI ET AL.
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The infiltration rate is determined by solving
Equation (1) for different periods of a few hours each,
which correspond to contrasting ranges of water levels.
These computation periods were selected based on three
criteria: (i) the last flood had occurred more than 1 day
previously to avoid delayed inflow into the pond,
(ii) during the night (i.e. between 6 pm and 6 am) in the
absence of pumping, and (iii) when the water level draw-
down was almost constant over time. The three condi-
tions were confirmed by checking the pond water level
time series (S4) at 10-min intervals. Over these computa-
tion periods, Equation (1) simplifies and results in
Equation (2):

Itotal ¼Δhbasin�E�ETpalm ð2Þ

E and ETpalm were each approximated by ET0, likely
resulting in overestimation, given that the palm trees in
the pond are planted sparsely (i.e. their crop coefficient is
lower than unity), while E and ET0 are comparable
(Khardi et al., 2024). According to Equation (2), this
overestimation leads to underestimation of Itotal, indicat-
ing that our results are conservative. Nevertheless, this
bias is negligible because Δh is one order of magnitude
greater than E and ETpalm over the computation
periods used.

The rates of infiltration into the well located in the
pond were computed using Equation (2) applied to S1
(with ETpalm = 0) for water levels lower than those
ensuring hydraulic connection with the pond, that is,
when the S1 and S4 time series diverged over a destock-
ing period.

The relationship between the pond water level (h)
and its total infiltration rate (Itotal) was modelled using
Equation (3):

Itotal ¼ a�hþb ð3Þ

where parameters a and b were determined by linear
regression for each destocking period following a flood.
The uncertainty intervals around the infiltration values
depend on those of E + ETpalm, which vary between
0 and 2 � ET0.

Pumped water (q = P/S [in m]) was derived from
Equations (1) and (3) and applied over periods (t) with
near constant decreases in water level, which usually last
several hours during the day. The start and end of these
periods were identified from the S4 time series by
visualizing break points in the curve slope (Δh/twith
pumping > Δh/twithout pumping). The uncertainty intervals of
the estimated q-values were assessed by including—or
not including—the transient time of slope changes result-
ing from system inertia.

he infiltrated and pumped water volumes were esti-
mated by multiplying Itotal and q, respectively, by the sur-
face area of the corresponding ponded water obtained
from the height–volume–surface (HVS) curve of the
pond. The uncertainty of the pumped volumes was calcu-
lated by adding the uncertainty of the infiltration to the
uncertainty of the wet surface area of the pond; notably,
the HVS curve is pseudolinearly related to the intervals
of the water balance calculations. The wetted area uncer-
tainty for a given water level h in the pond corresponds
to the wetted area of h ± 1 cm. The uncertainty in the

FIGURE 3 Conceptual sketch of the pond, its monitoring devices and destocking flows.
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pumped volume (i.e. difference between pmax and pmin) is
calculated as follows:

qmax ¼ Δh� Iþσð Þ �Smax ð4Þ

qmin ¼ Δh� Imax �σð Þ�Smin ð5Þ

where Imax is the overestimated infiltration flow from the
bottom of the pond (m), Smax is the wetted area in
the pond calculated using the HSV curve for a water level
of (h + σ) (m2), Smin is the wetted area in the pond calcu-
lated using the HSV curve for a water level of (h � σ)
(m2), σ = 1 � 10�2 m.

2.2.3 | Analytical modelling of recharge

The response of the water table to infiltration from the
pond and the well was simulated using an analytical
model developed by Dewandel et al. (2021) based on the
analytical solution of Hantush (1967). The model
assumes an infinite and homogeneous aquifer and a rect-
angular pond whose surface area is equivalent to the
mean ponded surface area obtained from the HVS curve
and the S4 time series. The model accounts for predeter-
mined parameters and calibrated parameters and con-
siders variable infiltration rates. The predetermined
parameters include the dimensions (length and width
[2xL;2yL]) of the rectangular pond (Figure 4), the location
and radius of the recharge well, the location of ground-
water level measurements relative to the pond, and the
thickness of the aquifer, which is 30 m according to
the Water Resources Division (1977). This thickness

represents the saturated Quaternary alluvium deposit
and the top of the fractured Ordovician aquifer. The cali-
bration parameters included both the hydraulic conduc-
tivity (K) and the storage coefficient (S) of the aquifer.

The input variables include the infiltration rates of
the pond and recharge well (Ipond + Iwell in Equation 1)
as a function of time and the quadratic head losses of the
recharge well. Based on records of the S5 probe indicat-
ing no response of the piezometric data to the wadi
floods, groundwater recharge from the wadi was assumed
to be negligible in the model. It is important to note that
the wetted surface of the pond decreases during the des-
tocking phase, whereas in the model, it remains constant.
Consequently, we first evaluated the possible bias caused
by the choice of a fixed rectangular pond in the model. A
sensitivity analysis was carried out based on the observa-
tions of floods 1 and 2 at point S2. First, the length-
to-width ratio was varied to assess the impact of changing
the shape of the pond (from a square pond to a rectangu-
lar one), and the modelled infiltration area was also var-
ied while respecting the principle of mass conservation.
For the first analysis, length-to-width ratios of 1, 2 and
3.5 were tested for an average flooded area of 3250 m2. In
the second analysis, areas of 2700, 4680 and 5790 m2

were tested. The principle of conservation of mass is
applied to the instantaneous volume of water infiltrated,
which itself is the product of the infiltration area and the
instantaneous infiltration rate.

The model was calibrated for all the recorded floods
by selecting the parameter values that corresponded to
the best visual match between the observed and simu-
lated piezometric levels at point S2. The visual adjust-
ment primarily concerned the rates of increase and

FIGURE 4 Conceptual sketch of

groundwater recharge from the pond.
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decrease and the maximum filling height. This calibra-
tion procedure was repeated at points S3 and S1.

In addition, another version of the model that
accounts for the infiltration of floodwater through the
wadi bed in the vicinity of the pond was tested to deter-
mine the possible influence of natural recharge on water
level fluctuations at point S2. Finally, the analytical
model used in the present study (Dewandel et al., 2021)
included a single pond from which infiltration occurred.
Recharge due to return flow from over-irrigation could
explain the difference between the observed and
modelled recharge from only one pond. Consequently, a
trial-and-error method was used to estimate potential
irrigation return flows below the root zone, which could
explain the piezometric rise observed at point S3. For that
purpose, we assumed that the infiltration flow below the
root zone only occurred in the irrigated plots and
occurred evenly. As several models were tested, only the
most significant results are reported here.

2.2.4 | Assessment of water stored in the soil
of the irrigated plot

We investigated the possibility of groundwater recharge
due to over-irrigation by assessing the water stored in the
soil of the entire irrigated zone. Given that infiltration
below the root zone depends on both soil and plant
parameters, the available water capacity of the soil was
approximated based on rooting depth and soil texture
(Bruand et al., 2004). The soil texture was obtained from
a soil map of the area (ORMVA-Tf, 1987), and the rooting
depth of the date palms was estimated following Sedra
(2003). The amount of water consumed by date palms
every day was obtained from Sabri et al. (2017) and El
Khoumsi (2017), whose study areas are located in the
Drâa-Tafilalet region. The total amount of water con-
sumed by the date palms was estimated in millimetres
from the product of the number of irrigated date palms,
the total volume of water consumed by the date palms
daily and the inverse of the area irrigated by floodwater.
Interviews with the farmers allowed us to understand the
irrigation calendar and interpret the variations in the S4
water level decreases, some of which were caused by
pumping.

3 | RESULTS AND DISCUSSION

3.1 | Water levels

During and immediately after each of the first four
floods, the water levels in the pond (S4) and in the well

inside the pond (S1) started to increase in the same way:
a sharp increase that lasted for several minutes, followed
by a decrease that lasted more than 47 h, after which the
two curves separated. A split occurred when the water
levels at points S1 and S4 reached 1014.5 m. Below this
water level, the level in S1 decreased much faster than
that in S4, suggesting that the well was hydraulically dis-
connected from the pond. Field observations revealed a
3-cm wide crack in the wall of the well at the height cor-
responding to the split between the S1 and S4 curves,
confirming that the recharge function of this old well was
accidental. Independent of its connection with the well,
the S4 curve exhibited a stair-step pattern caused by the
alternation of periods with pumping (the curve of S4 was
steeper during the day) and without pumping (the curve
of S4 was less steep at night). This pumping aims to irri-
gate the farm (Figures 3 and 5).

Although the piezometric profile measured in the S2
borehole corresponds to that of all pond fills, the maxi-
mum piezometric strength reached during each flood
decreased over time. This negative trend likely reflects a
similar trend in large-scale piezometry, but it could also
be due to the progressive silting of the pond, which
reduced the infiltration rate. The last two floods (nos.
5 and 6) were quite brief compared to the previous floods.
The piezometric activity in borehole S3 increased simul-
taneously following floods 1 and 2 only and then, despite
subsequent floods and piezometric reactions in S1 and
S2, continued to decrease gradually until the records
ended.

Drip irrigation has no observable effect on groundwa-
ter recharge. In fact, drip irrigation is used throughout
the year, but our records of the piezometric level show a
reaction from the aquifer only after flooding.

3.2 | Infiltration rates in the pond and
recharge flow from the well

The infiltrated flows from the recharge well did not
exceed 0.7 m3 h�1 or 17 m3 day�1. This flow rate is lower
than the infiltration rates in injection and recharge wells
around the world, which have recharge capacities rang-
ing from 1700 to 6000 m3 day�1 (Casanova et al., 2013).

The infiltration rates from the pond fluctuated
between 1 � 10�3 and 9 � 10�3 m h�1 (Appendix A).
When the maximum surface area of the pond (6400 m2)
was taken into account, the rate exceeded 100 m3 day�1.
Thus, only infiltration from the pond (excluding that
from the well) was considered in the following
calculations.

According to Dillon et al. (2019) and Wuilleumier
and Seguin (2008), typical infiltration rates for recharge

KHARDI ET AL. 7
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ponds fluctuate between 0.3 and 1 m day�1. The highest
rate of the pond used in the present study
(<0.21 m day�1) exhibited very low performance. This
suboptimality can be explained by the fact that the loca-
tion of the pond was determined by land access con-
straints rather than by geological conditions.

Figure A1 shows that, for a given flood, the rate of
infiltration is positively correlated with the level of water
in the pond, suggesting that a hydraulic process follows
Darcy's law. Accordingly, for a given water level, the
infiltration rate tends to decrease over successive floods
in response to the silting of the pond. The recurrent
removal of silt (which is used to fertilize the soil in the
palm grove) could explain the irregularities we observed
in this trend.

3.3 | Pond water balance

Figure 6 shows that evaporation and evapotranspiration
represented less than 3.8% of the floodwater harvested
over the study period. The infiltration volumes in
Figure 6 were obtained by including the infiltration rates
reported in Appendix A. The ratio of the infiltrated to
pumped volume of water per flood event tended
to decrease over time, from 1 : 1 for the first flood to 1 :
3 for the last one (Figure 6). This decrease was probably
due to two factors: (i) less water infiltrated due to silting,
and more water was pumped to irrigate the date palms;
(ii) the total volume of harvested floodwater decreased
over successive floods from 4724 m3 for the first flood to
2473 m3 for the last flood. Thus, the correspondingly
lower water levels in the pond reduced the rate of

infiltration. Maximizing irrigation when infiltration
diminishes helps reduce the loss of water from the pond
due to evaporation.

3.4 | Analytical modelling of
groundwater level

For our specific case study, analytical modelling was used
to understand the response of a complex and insuffi-
ciently documented aquifer. The application of this uni-
versal method on a local scale, particularly on a farm, is
useful.

Regarding the sensitivity test related to the choice of a
fixed rectangular pond area for the purpose of modelling,
we deduced that the errors linked to this choice are less
important than other errors not taken into account by
the model (e.g. estimating infiltration rate, silting and the
heterogeneity of the aquifer). On the one hand, the model
was recalibrated by increasing the storage coefficient
parameter by approximately 40% while maintaining the
same hydraulic conductivity for floods 1 and 2 for
the same length/width ratio variation. On the other
hand, almost no changes in hydraulic conductivity or
storage coefficient were needed in the sensitivity analysis
for ponds with varying surface areas in the 2700 and
4680 m2 areas. To calibrate the model to an area of
5790 m2, we reduced the storage coefficient by 20%.

Figure 7 shows the observed and simulated ground-
water levels at point S2. All the pond fills led to an
increase in the observed and modelled water levels. The
values of hydraulic conductivity K = 4.1 � 10�6 m s�1

and storage coefficient S = 3.5 � 10�3 led to the best

FIGURE 5 Graph of the water level in the pond and in the piezometers installed to monitor the groundwater level.
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match between the observed and simulated values for the
first and second floods (in which we assumed a model
infiltration area equivalent to the average area of the real
pond). These values are typical of unconfined fractured
aquifers (Dewandel et al., 2006; Lachassagne et al., 2021).

The third, fifth and sixth floods were modelled and
fitted using the values of hydraulic conductivity and stor-
age coefficient K = 2.2 � 10�6 m s�1, S = 8.5 � 10�3;
K = 3 � 10�6 m s�1; S = 5 � 10�2; and
K = 5 � 10�6 m s�1, S = 3 � 10�2, respectively. Floods
occurred at increasingly deeper piezometric levels, and
the aquifer took longer to respond to the inflow of water
resulting from infiltration (Figure 5). Since the model
does not account for the depth of the water table (infiltra-
tion is assumed to reach the saturated aquifer directly),

we needed to increase the storage coefficient and/or
reduce the modelling hydraulic conductivity to account
for the delayed response of the water table.

The K and S-values reveal a general decrease in diffu-
sivity (ν = T/S; T = BK with B: aquifer thickness) of the
modelled aquifer. In this context, the hydraulic conduc-
tivity values remain coherent, but the storage coefficients
are apparent values. In other words, the system takes
more time to react to infiltration from the pond, which is
modelled while decreasing ν. This delay can be explained
by the fact that the aquifer is deeper and the unsaturated
zone is consequently thicker. This could also be
explained by the fact that aquifer fracturing decreases
with depth and that part of the infiltrated water is not
intercepted in S2 (Guihéneuf et al., 2014).

FIGURE 6 Water balances (in m3) for the recorded floods.

FIGURE 7 Modelling of groundwater recharge in S2.
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At the start of the third and sixth flood events, we
observed a marked difference between the observed and
simulated groundwater levels. This difference may be
due to the estimated rate of infiltration (due to silting of
the bottom of the pond).

In the first and second floods, we observed a differ-
ence between the observed and simulated groundwater
levels during the emptying of the pond (from
t = 4000 min to t = 14,000 min and from t = 20,000 to
t = 30,000 min, respectively, for the first and second
floods). This difference can be explained by the delayed
drainage of the unsaturated zone due to irrigation, which
reaches the groundwater later and contributes to its
recharge.

As mentioned above, other modelling approaches
were used (data not shown), and the results showed that
considering the irrigation return flow from the irrigated
plots simultaneously with infiltration from the pond
could explain the difference between the modelled and
observed results. Finally, the model in which a wadi was
located next to the pond confirmed that the effect of infil-
tration from the wadi on the fluctuations at S2 was very
small.

At point S3, the same hydraulic conductivity and stor-
age coefficient values obtained from the calibration of S2
were applied by assuming that the structure of the aqui-
fer was homogeneous. However, the model was unable to
reproduce fluctuations in the water level resembling
those observed in S3. Other hydraulic conductivity and
storage coefficient values were tested but in vain. Addi-
tionally, the fluctuations observed at point S3 were not
related to the filling and emptying cycles of the pond
(Figure 5). Hence, a hydraulic disconnection between
points S2 and S3 can be inferred. A model with a no-flow
boundary was tested, and the results were confirmed
(data not shown). Over-irrigation may cause a return
flow of irrigation water to the aquifer near point S3,
which may explain the piezometric response after the
second flood. Thus, given the hydraulic disconnection,
the irrigation return flow at point S3 can be modelled
without considering infiltration from the pond.

3.5 | Assessment of water in the soil of
the irrigated plot

Based on an average rooting depth of 1–1.5 m and an
available water capacity of 1.5 mm cm�1, the soil water
capacity of the palm grove was estimated to be greater
than 150 mm. The quantity of water consumed by
the date palms daily is 2.2, 4.5 and 6.4 mm for the
months of February, September and June, respectively
(El Khoumsi, 2017). Table 1 summarizes the average
water supply by irrigation and the consumption of date
palms during flood irrigation episodes.

The trial-and-error method applied to the entire irri-
gated area showed that an infiltration flux between 2 and
3 mm day⁻¹ spread over a period of 8 days from the
beginning of the second flood could generate a response
in the water table similar to that observed at point S3
after the second flood. Table 1 shows that such a rate
could only have occurred during the first two floods. In
particular, during these first two floods, a difference
between the observations and the model based on infil-
tration from the pond was observed only when the pond
was emptied.

4 | CONCLUSION

The multiplication of wells and boreholes over recent
decades in the Draa-Tafilalet region and the consecutive
drawdown of piezometric levels have incentivized
farmers to revert to surface water collection for their
irrigation needs. From this perspective, managed ground-
water recharge aims to store flash floodwater that would
be lost by evaporation in this arid environment.

Our results have shown that the efficiency of rechar-
ging groundwater with harvested flood water is greatly
constrained by the heterogeneity of the aquifer combined
with land availability for the recharge pond.

However, locally deployed irrigation practices can
overcome these constraints. As the pond siltation reduces
both its storage capacity and permeability, more of the

TABLE 1 Water supply and demand by date palm for irrigation and potential return flow to groundwater.

Event
Flood irrigation
period (day)

Water supplied to the soil
by irrigation (mm)

Water consumed by the
date palms (mm)

Potential return
flow (mm)

Flood 1 (27 February 2021) 3 31 7 24

Flood 2 (9 March 2021) 8 49 27 22

Flood 3 (8 September 2021) 6 47 30 17

Flood 5 (27 February 2022) 3 21 7 14

Flood 6 (13 June 2022) 3 21 19 2

10 KHARDI ET AL.
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stored water is pumped for irrigation. This practice both
mitigates any potential increase in evaporation and, in
the case of successive floods enabling prolonged pumping
from the pond, contributes to groundwater recharge
through over-irrigation.

Although this study demonstrated the benefits of
floodwater harvesting for groundwater recharge in the
Drâa-Tafilalet region, it highlighted a constraint:
recharged groundwater may circulate outside of the areas
where its promoter is allowed to drill and pump. While
such an impediment could be anticipated by local hydro-
geological investigations, adopting a different paradigm
considering that recharged water is potentially beneficial
to a larger community at a wider geographic scale could
solve this issue. Acknowledging this, public institutions
could promote collectively managed groundwater
recharge projects likely to benefit a region rather than
specific individuals. However, regionalizing managed
groundwater recharge could significantly reduce floodwa-
ter reaching downstream users, thus calling for a water
management plan at the watershed level.
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APPENDIX A

FIGURE A1 The uncertainties related to the infiltration rates are represented by vertical bars. The horizontal bars represent the range

of water levels selected to calculate infiltration.
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