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Abstract. The Sahel, the semi-arid fringe south of the Sahara, experienced severe meteorological droughts in the ’70s-’80s.

Since these droughts, watersheds in the Central Sahel have experienced an increase in the annual runoff coefficient (annual

runoff normalized by annual precipitation). We hypothesize that these increases correspond to regime shifts. To investigate

the timing of these regime shifts, we introduce a lumped model that represents feedbacks between soil, water and vegetation

at the watershed scale and the annual time step. This model relies on runoff coefficient as a constraint for the state variable5

and precipitation as unique external forcing. Four watersheds (Gorouol, Dargol, Nakanbé and Sirba), with pluri-decennial

observations (’50s-2010s), are modeled. For each watershed, one million parameterizations of this model are sampled and run,

and an ensemble of one thousand best parameterizations is selected based on observed runoff coefficients. Our results show

that this model can reproduce the trend of runoff coefficients. For all watersheds, almost all selected parameterizations from

the ensemble are bistable, and can be utilized to define two alternative runoff coefficient regimes: a low and a high regime.10

Most ensemble members undergo regime shifts: simulated runoff coefficients belong to the low regime in 1965 and to the high

regime in 2014. Finally, we find that the year of the regime shift, defined as the first year with more than 50% of ensemble

members in the high regime, was 1968, 1976, 1977, 1987 for the Gorouol, Dargol, Nakanbé and Sirba watershed, respectively.

This article proposes several simple ideas toward improving the modelling and characterization of hydrological regime shifts.

1 Introduction15

Complex dynamical systems (ecosystems, climate system) can experience shifts to a contrasting regime (Scheffer et al., 2001).

Such regime shifts correspond to the transition from an attraction basin to an alternative attraction basin. Regime shifts occur

when a tipping point is crossed, i.e. a critical value beyond which a system switches to the alternative basin, often abruptly
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and/or irreversibly (IPCC, 2023). In the literature, tipping points often denote critical thresholds of the external condition of

the dynamical system (Armstrong McKay et al., 2022). However, we note that a tipping point can also refer to a critical level20

of noise in the state space or a critical rate of change in the external condition (Lenton, 2011; Ashwin et al., 2012).

In hydrological science, better accounting for regime shifts remains a challenge (Blöschl et al., 2019; van Hateren et al.,

2023) that could lead to a new paradigm: accounting for non-stationary changes (Milly et al., 2008) and also for potential

abrupt and/or irreversible changes (Fowler et al., 2022a). Some approaches rely solely on data to emphasize multiple lines of

evidence that could be related to a regime shift (Zipper et al., 2022; Fowler et al., 2022b; Rahimi et al., 2023; Goswami et al.,25

2024). In particular, several studies highlight a shift of watersheds toward lower streamflow during drought due to shifts in the

relationships between surface water and groundwater (Saft et al., 2015; Peterson et al., 2021; Fowler et al., 2022a; Liu et al.,

2023). Other approaches combine existing data with a dynamical model to analyze potential regime shifts: Wendling et al.

(2019) modeled in the Northern Mali a shift from a high-vegetation/low-runoff regime to a low-vegetation/high-runoff regime,

while Dijkstra et al. (2019) used an idealized model to show that a shift from a low to a high sediment concentration regime30

may occur in the Ems River assuming low river discharge and increasing channel depth. Spatial models of dryland vegetation

have also been used to study eco-hydrological regime shifts (Van Nes and Scheffer, 2005; Mayor et al., 2019; Kéfi et al., 2024).

This study focuses on the Sahelian hydrological paradox (Mahe et al., 2005; Descroix et al., 2009). In the Central Sahel (Mali,

Burkina Faso, Niger), annual runoff coefficients (annual runoff normalized by annual precipitation) of watersheds increased

during the major meteorological droughts in the ’70s-’80s and surprisingly kept increasing after them. This paradox is attributed35

to the hydrological effect of land clearing (Leblanc et al., 2008; Favreau et al., 2009) which favors soil crusting and thus

Hortonian surface runoff (Horton, 1933), the dominant runoff generation process in the region (Casenave and Valentin, 1992).

In the northernmost areas where rainfed agriculture is not possible, the paradox is attributed to drought-induced vegetation

dieback (Hiernaux et al., 2009; Gardelle et al., 2010; Gal et al., 2017).

In this study, for every watershed, we assume that this Sahelian hydrological paradox corresponds to a hydrological regime40

shift from a low to a high runoff coefficient regime, and ask: when did the shift between these two regimes occur ?

Answering this question requires a dynamical model that can account for a hydrological regime shift of Sahelian watersheds.

However, to our knowledge, such a model does not yet exist. To fill this gap, we build on previous work in ecological modelling

(van Nes et al., 2014; Wendling et al., 2019) to develop a lumped dynamical model that can simulate these regime shifts. This

model simulates annual runoff coefficient at the watershed scale and the annual time step, using annual precipitation as unique45

external forcing. This interpretable model incorporates feedbacks between vegetation dynamics and runoff generation. For four

Sahelian watersheds, it is calibrated with an ensemble approach, using observations of precipitation and runoff coefficients.

Furthermore, to answer our question, we have to be able to quantitatively identify a regime shift. Regime shifts are often

conceptualized with state values that remain equal to attractors, i.e. values asymptotically reached by the dynamical model (see

Figure 2 of Scheffer et al., 2001). However, in our study, the model displays transient dynamics (Hastings et al., 2018; Feudel,50

2023), where state values are sometimes far from attractors. In this context, we propose to quantitatively identify a regime shift

based on a definition of regimes that involves splitting the state space into two regimes: a low and a high regime.

2

https://doi.org/10.5194/egusphere-2025-1965
Preprint. Discussion started: 13 May 2025
c© Author(s) 2025. CC BY 4.0 License.



This paper is organized as follows. Section 2 presents our data. Section 3 develops our methodology. Results, discussions

and conclusions are introduced in Sects. 4, 5 and 6, respectively.

2 Data55

2.1 Sahelian watersheds

The four considered watersheds (Gorouol, Dargol, Sirba, Nakanbé), located in central Sahel (Fig. 1), are selected on the

basis of their pluri-decennial observations. The first three are tributaries of the Niger River, and the last one feeds the Volta

River. The climate of this semi-arid region is governed by the West African monsoon (Redelsperger et al., 2006; Lafore et al.,

2011). Seasonal precipitation is provided by mesoscale convective systems between June and September. Intermittent rivers are60

supplied by surface runoff generated on hillslope during rainstorms. The study area is essentially rural: the north is dominated

by natural pastures grazed by cattle, while the south contains a mosaic of savannahs and fields (rainfed and fallow), where

scattered shrub and tree species persist (Tucker et al., 2023).

Nakanbé (Wayen)
Dargol (Kakassi)
Sirba (Garbe Kourou)
Gorouol (Alconghi)
inactive part

Figure 1. Location of the study area in Sub-Saharan Africa, and map of the four watersheds. The grey lines are the country borders. The

large dots show the watershed outlet. The names of corresponding streamflow stations are in brackets in the legend. The upper Gorouol basin

was inactive between the 1950s and the 2010s and does not contribute to the streamflow. Only the active sub-basin is considered.
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2.2 Annual precipitation

Annual precipitation over each watershed are computed using the approach proposed by Panthou et al. (2018). First, for each65

gauge station of the watershed, annual precipitation series are obtained by summing daily precipitation for each year. Then,

annual precipitation means and anomalies are both interpolated using two kriging methods. Finally, annual precipitation of the

watershed is computed as the sum of these two interpolated fields (means and anomalies) averaged spatially over the watershed.

Figure 2a presents annual precipitation over four watersheds for the period 1956-2014. Past annual precipitation can be

grouped in three main periods: wet during the ’50s-’60s, followed by severe droughts which ended up in the mid-’90s, and70

recently a strong inter-annual variability where annual precipitation roughly equals the mean of the whole period.

2.3 Annual runoff coefficient

The annual runoff coefficient K (-), ranging between 0 and 1, is equal to the annual watershed outflow V (m3) per unit of

watershed area A (m2), normalized by the annual precipitation P (mm): K = V
A×P . Annual watershed outflow V (m3) is

calculated from the mean daily discharge Q (m3 s−1), in a hydrological year, starting on the first of March. For the Nakanbe75

watershed, we use discharges corrected for the effect of dams built in recent decades (Gbohoui et al., 2021). For the three

other watersheds, discharges are merged from several robust databases: SIEREM (Boyer et al., 2006) and ADHI (Tramblay

et al., 2021). We exclude years with more than 13 days of missing consecutive daily discharge values during the wet season

(June-September). Otherwise, missing values are set to zero in the dry season, and linearly interpolated in the wet season. A

sensitivity study (not shown) confirms that this interpolation has a limited effect on the mean annual discharge (bias < 10%).80

Figure 2b presents the annual runoff coefficient series for each watershed. All watersheds have experienced a similar evolu-

tion toward higher annual runoff coefficients although the Northern watersheds display higher coefficients.
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Figure 2. Observations of (left) annual precipitation and (right) annual runoff coefficient for the four watersheds between 1956 and 2014.
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3 Methodology

All physical variables are defined at watershed scale and at annual time step, e.g. precipitation refers to annual precipitation of

the watershed. Moreover, variables are denoted with uppercase letters, whereas parameters are written with lowercase letters.85

3.1 Dynamical model

We develop a lumped dynamical model that simulates the runoff coefficient K of a watershed. This parsimonious model has a

single external forcing, the precipitation P (mm), and a single state variable, the water holding strength S (-). S ranges from 0

to 1. The higher is S, the lower is K. In the model, S represents all physical mechanisms that hold water including low runoff

connectivity, closed basins that retain water, or soil infiltration properties due to developed vegetation cover.90

The proposed dynamical model is an extension at the watershed scale of a previous hillslope scale model (Wendling et al.,

2019), inspired by ecological modelling (van Nes et al., 2014). Indeed, given the dominant role of vegetation in the Sahelian

paradox, variations in S are assumed to be similar to those of a vegetation cover. In the model, S increases and decreases as a

function of I (mm), an indicator of wetness representing the potential water for the vegetation, i.e. precipitation minus runoff.

Changes in the water holding strength S are modulated by a feedback loop (Fig. 3). S impacts directly the proportion of95

outflow water K, that indirectly affects the indicator of wetness I , which finally drives the growth and decays of S. Mathemat-

ically, changes in S are prescribed using a differential equation, where the time derivative dS
dt is denoted as Ṡ. The computation

of Ṡ can be decomposed into three steps (Eq. 1, Eq. 2, Eq. 3), schematically represented in Figure 3, and detailed below.

Strength to 
hold water 

St (-)

Runoff 
coefficient 

Kt (-)

Precipitation 
Pt (mm)

Indicator of 
wetness 
It (mm)

Derivative of 
the strength to 

hold water   
Ṡt (-)

Strength to 
hold water  
St+1 (-)

Runoff 
coefficient 

K (-)

Indicator of 
wetness 
I (mm)

Solver

External 
condition

Hydrological 
variables

State of the 
dynamical 

model

Strength to 
hold water 

S (-)

Conceptual illustration of the feedback loop

Figure 3. At every time t, the derivative of the water holding strength Ṡt is computed in three steps: i) the runoff coefficient Kt is derived

from the water holding strength S and the precipitation P (Eq. 1), ii) the indicator of wetness It is determined by the runoff coefficient Kt

and the precipitation Pt (Eq. 2), iii) the derivative Ṡt is calculated with the water holding strength St and the indicator of wetness It (Eq. 3).
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First, we assume that the runoff coefficient K is a function of the water holding strength S and the precipitation P :

K = f × kmax ·
(

P a

P a + Ca

)b

with C = cmin + S× (cmax− cmin) (1)100

where C (mm) is the water holding capacity; a (-), b (-), f (-), kmax (-), cmin (mm), cmax (mm) are positive parameters

(Table 1). The runoff coefficient K is maximized when precipitation is extremely higher than the water holding capacity

(P ≫ C), i.e. when S is close to 0. Inversely, the runoff coefficient K is close to zero if C ≫ P , i.e. when S is close to 1.

In the second step, the indicator of wetness I (mm) is derived from the precipitation P and the runoff coefficient K:

I = P ·
(

1− K

f

)
(2)105

Finally, we further assume that the derivative of the water holding strength Ṡ can be calculated from S and I:

Ṡ =

(1)︷ ︸︸ ︷
rg ·

I

I + ig
·S · (1−S)−

(2)︷ ︸︸ ︷
rd ·

id
I + id

·S +

(3)︷ ︸︸ ︷
µ · (1−S) (3)

where rg (year−1), ig (mm), rd (year−1), id (mm) and µ (year−1) are positive parameters. Equation 3 contains a growth

term (1) and a decay term (2), whose rates (rg and rd) are modulated by I . The balance between these terms depends on S

and I , and determines the sign of the derivative of S, hence its variation. The third term of Eq. 3 is small and only prevents the110

unrealistic convergence to S = 0. It can be interpreted as the representation of physical processes that spontaneously increase

the water holding strength such as sand deposits by the wind, and vegetation growth due to seeds imported.

3.2 Model calibration

For each watershed, the calibration of the dynamical model is performed using observed precipitations and runoff coefficients.

Formally, let θ = {kmax, a, b, cmin, cmax, cg , cg , cd, id, µ, f} denote a parameterization of the dynamical model, i.e. a set of115

parameters for the equations (Eq. 1, Eq. 2, Eq. 3). Calibrating a single optimal parameterization θ∗ can be prone to equifinality,

i.e. when different parameterization lead to similar results (Beven, 2006). This is one of the reasons why, for each watershed,

we calibrate an ensemble of parameterizations. Following (Wendling et al., 2019), this ensemble is built in four steps:

1. 106 parameterizations are sampled from a Latin hypercube sampling, using a uniform distribution over a large range of

parameter values (Table 1). These ranges were adjusted through preliminary tests.120

2. For each parameterization the trajectory of simulated water holding strength S is solved numerically, with a wrapper of

the Fortran solver from ODEPACK Hindmarsh (1983), using observed precipitations as a forcing.

3. For each parameterization, the trajectory of simulated runoff coefficient K is inferred from S using Eq. 1.

6

https://doi.org/10.5194/egusphere-2025-1965
Preprint. Discussion started: 13 May 2025
c© Author(s) 2025. CC BY 4.0 License.



4. The calibrated ensemble Θ∗ is defined as the set of 1000 best parameterizations, Θ∗ = {θ(1), ...,θ(1000)}. The selection

of best parameterizations is based on the root mean squared error between observed and simulated runoff coefficients.125

Parameter Description Unit Value/Range

rg Growth rate y−1 [0.2, 2.0]

rd Decay rate y−1 [0.5, 5]

ig Half-saturation constant for growth mm [150, 700]

id Half-decay constant for decay mm [10, 200]

µ Minimum growth rate y−1 [2e-3, 5e-3]

cmin Minimum value of water holding capacity mm [0, 140]

cmax Maximum value of water holding capacity mm [600, 800]

kmax Maximum runoff coefficient - 0.9

a Shape parameter (steepness) - 1.5

b Scale parameter (inflection point) - 8.0

f Land fraction contributing to the discharge outlet - [0.1, 1]
Table 1. Parameters of the dynamical model: name, description, unit and value or range of values.

3.3 Bistable parameterizations

For each parameterization θ of the ensemble Θ∗, we compute its bifurcation diagram (Fig. 4). This diagram is a graph that

associates each forcing value with the corresponding attractors of the dynamical model, i.e. the stable equilibrium states asymp-

totically reached by the model. Here, the attractors are calculated as the final value of S after a 10000-year simulation with

a series of constant precipitation values between 1 and 2000 mm. Each simulation is initialized with two different states130

(S = 0.01 and S = 0.99), which can lead to the same attractor (monostability) or to two different attractors (bistability). We

define that a parameterization θ is i) monostable if it has a single attractor for every precipitation value between 1 and 2000

mm ii) bistable if it has two attractors for at least one precipitation value.

Figure 4 illustrates the bifurcation diagram for a monostable and a bistable parameterization θ. In particular, Figure 4 (b)

shows a bifurcation diagram containing a precipitation range with two attractors (roughly between 700 and 1500 mm). For135

any precipitation in this range, two S values can be reached asymptotically depending on the initial state value. We denote as

lower and upper branch the lines formed by the lower and upper attractors, respectively. Sometimes, as exemplified in Figure

4 (b), there exists a range of values S between the lower and upper branches of the attractors. These state values may converge

asymptotically toward either the upper or lower branch depending on the forcing precipitation value P .

Otherwise, the reason why we calculate attractors until 2000 mm, i.e. roughly two times the maximum observed precipitation140

(Sect. 2.2), is to assess what is the maximum precipitation value where the lower branch of attractors ends.
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Figure 4. Bifurcation diagram of a (a) monostable (b) bistable parameterization θ for precipitation P between 1 mm and 2000 mm. Runoff

coefficient regimes are defined for bistable parameterizations. The separation of the two regimes is the value♢S , which is the mean between

the highest attractor of the lower branch ▲S and the lowest attractor of the upper branch ▼S . Associated precipitation values are ▲P and ▼P

3.4 Regime shift

Regimes and regime shifts are often conceptualized with state values that remain equal to attractors (Scheffer et al., 2001).

However, many systems have transient dynamics, where state values remain far from attractors (Hastings et al., 2018). In

these cases, regimes and regime shifts can be determined using quasi-static simulations, where the external forcing is changed145

infinitely slowly so that state values remain close to their attractors (Hankel and Tziperman, 2023). In our case study, due

to the important variability of the external forcing (precipitation) such simulations are irrelevant. Thus, we propose a simple

definition of regimes that separates in two regions the bifurcation diagram. Specifically, for each bistable parameterization θ,

we define two regimes (the "Low runoff coefficient regime" and the "High runoff coefficient regime") as follows:

Regime(S|θ) =





"High runoff coefficient regime", i.e. with low water holding strength, if S <♢S = ▼S+▲S

2

"Low runoff coefficient regime", i.e. with high water holding strength, if S ≥♢S = ▼S+▲S

2

(4)150

where, for a given bistable parameterization θ, ▲S and ▼S are the water holding strength for the highest attractor of the

lower branch and for the lowest attractor of the upper branch, respectively (Fig. 4). In our results, for each year t, we analyze

the percentage of ensemble members in the "High runoff coefficient regime". It is defined as the percentage of parameterization

θ in the ensemble Θ∗ such that Regime(S(t)|θ) is the "High runoff coefficient regime".
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4 Results155

4.1 Model calibration

For each watershed, we study the ensemble Θ∗ of 1000 parameterizations obtained with the calibration. In Figure 5, we depict

the ensemble of simulated runoff coefficients (Fig. 5 a,b) and water holding strength (Fig. 5 c, d). The starting year of the

trajectories differs between each watershed as the initial state value S is computed with the first observed runoff coefficient and

Eq. 1. The Sirba and the Dargol watersheds are initialized in 1956 and 1957, respectively (Fig. 5 a, c), whereas the Gorouol160

and the Nakanbé watersheds are initialized in 1961 and 1965, respectively (Fig. 5 b, d).

In Figure 5, we observe that until 2014 the four watersheds have increasing trends of runoff coefficients (and decreasing

trends of water holding strength, consistently with Eq. 1). This confirms that this simple dynamical model can reproduce the

first-order dynamics (the trend) of the observed runoff coefficient. We note that the ensemble mean water holding strength

reaches a plateau around the year 1990 for the Gorouol watershed, and around the year 2000 for the Dargol watershed.165
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Figure 5. Trajectories of the (a,b) runoff coefficient and the corresponding (c,d) water holding strength for the four watersheds over the

period 1956-2014. The colored line emphasizes the ensemble mean, the colored shaded area highlights the range between quantile 5% and

quantile 95% of the ensemble. In the Figure (a,b) colored dots designate the runoff coefficient observations, as shown in Fig. 2.
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4.2 Bistable parameterizations

Bistable parameterizations represent 90% of ensemble members for the watershed Nakanbé and 100% for the three other

watersheds. In Figure 6, for these bistable parameterizations, we illustrate the repartition of ▼ = (▼P ,▼S) the lowest attractor

of the upper branch and ▲ = (▲P ,▲S) the highest attractor of the lower branch. ▼P and ▲P are bifurcation-induced tipping

points, i.e. where small changes in annual precipitation can cause a shift to the alternative regime. In general, we find that the170

repartition of ▼P , a tipping point for the shift to the high runoff coefficient regime, is less spread than the distribution of ▲P , a

tipping point for the inverse transition. This is likely because this inverse transition (the decrease of runoff coefficient) was not

observed, and thus ▲P can hardly be constrained. Lastly, we note that the drier the watershed (see the box plots in Figure 6),

the more shifted toward small precipitation values is the distribution of ▼P .
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Figure 6. Repartition of ▼ the lowest attractor of the upper branch (in black), and ▲ the highest attractor of the lower branch (in the color of

the watershed). For each watershed, lowest and highest attractors of every bistable parameterization of the calibrated ensemble are shown.

We also illustrate a box plot (minimum, quantile 0.25, median, quantile 0.75, maximum) of annual precipitation for the period 1965-2014.
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4.3 Regime shift175

We analyze regime shifts between 1965 and 2014, in order to include all watersheds (Nakanbé is initialized in 1965).

In Figure 7, we illustrate the percentage of ensemble members in the "High runoff coefficient regime" (Eq. 4) from 1965

to 2014. In 1965, no ensemble members with bistable parameterizations are in the "High runoff coefficient regime" for the

Dargol, Sirba, and Nakanbé watersheds (all ensemble members are in the "Low runoff coefficient regime"). For the Gorouol

watershed, 40% of the ensemble members are already in the "High runoff coefficient regime" in 1965. In 2014, more than 85%180

of ensemble members are in a "High runoff coefficient regime" for all watersheds. Thus, most ensemble members undergo

regime shifts: most simulated runoff coefficients belong to the low regime in 1965 and to the high regime in 2014.

To analyze the timing of the regime shift, we define the year of the shift as the first year when strictly more than 50%

of ensemble members are in the "High runoff coefficient regime". This regime shift occurred in 1968, 1976, 1977, 1987 for

the Gorouol, Dargol, Nakanbé and Sirba watershed, respectively (Figure 7). Then, based on Figure 7, we can also analyze185

the uncertainty in the regime shift timing, i.e. if all ensemble members are shifting to the "High runoff coefficient regime"

altogether or progressively. For Dargol and Nakanbé, the percentage of ensemble members in this regime goes from 0% to

80% in approximately 15 years, while the same increase takes roughly 30 years for the Sirba watershed.
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Figure 7. Percentage of ensemble members in the "High runoff coefficient regime" between 1965 and 2014.
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5 Discussion

The estimated timing of the regime shift depends on several choices such as i) the arbitrary threshold of 50% ensemble members190

in the "High runoff coefficient regime" to identify a regime shift ii) the proposed definition of separation for the low and high

regime, including the choice to calculate attractors until 2000 mm iii) the design of the dynamical model including the choice of

external forcing. Indeed, this dynamical model was developed to represent the regime shift as simply as possible. This model,

with annual precipitation as unique external forcing, suffices to reproduce a regime shift of runoff coefficients. It has a single

forcing, because such models are suited to simulate regime shifts and compute attractors (Scheffer and Carpenter, 2003).195

However, adapting our approach to account for several external forcings could improve its realism (at the expense of making

calibration more difficult). For instance, in the region, runoff coefficient is known to also largely depends on the precipitation

intensity and on the hydrological properties of the watershed, which are impacted by anthropogenic land use changes (Séguis

et al., 2004; Descroix et al., 2018; Gbohoui et al., 2021; Yonaba et al., 2021, 2023; Bennour et al., 2023). Furthermore, the

dynamical model does not account for the varying influence of temperature on evapotranspiration. All in all, this choice of a200

single external forcing might explain why the model underestimate the interannual variability of the runoff coefficient (Figure

5), with many observed values outside the range between the quantile 5% and the quantile 95% of the ensemble. However,

this limitation does not affect the conclusion of the work, as the model aimed at identifying the timing of regime shift and

not precisely reproducing observations. Moreover, despite its simplicity, our results show that it can reproduce the multi-year

runoff trend from the annual precipitation alone.205

For the Gorouol watershed, we find that the regime shift was around 1968. This result is surprising because before the

droughts of the ’70s-’80s this watershed did not endure years with a large deficit of annual precipitation, which could have

triggered the shift (Figure 2). The main explanation to this timing of regime shift comes from the fact that in 1965 already

40% of ensemble members are, just after their initialization in 1961, in the "High runoff coefficient regime". Each simulated

trajectory of the ensemble largely depends on its initial state value S, computed with the first observed runoff coefficient and210

Eq. 1. Another possibility is that the proposed dynamical model, using only annual precipitation as external forcing, is not

adapted to this watershed.

For the Nakanbé watershed, 10% of selected ensemble members are monostable parameterizations, i.e. parametrizations

without tipping points. This result suggests that the proposed model is flexible enough to simulate changes in runoff coefficients

with or without tipping points. In practice, the single branch of attractors of monostable parameterizations either cover a range215

of low S values (Fig. 4), or a range containing both low and high S values. In these monostable cases, the increase of simulated

runoff coefficients is not induced by a regime shift (abrupt and/or irreversible), but follows the reversible changes in the

external forcing (abrupt or not abrupt). To sum up, in our results, the dynamics of simulated runoff coefficients are almost

always induced by a regime shift, except in a minority of cases (10% of ensemble members for the Nakanbé watershed) for

which the hydrological changes are reversibly adjusted to changes in precipitation.220
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6 Conclusions

In this article, we assume that the Sahelian paradox (increase in the annual runoff coefficient of Sahelian watersheds during the

droughts in the ’70s-’80s and after them) is a hydrological regime shift from a low runoff coefficient regime to a high regime,

and ask: when did these regime shifts occur ? For the Gorouol, Dargol, Nakanbé and Sirba watershed, our results show that

Sahelian watersheds shifted during the droughts of the ’70s-’80s, with the exception of the Gorouol watershed which may have225

shifted before. These results depend on several design choices of our two key methodological contributions: the dynamical

model and the definition of regimes. Next we summarize these contributions and their potential extensions.

First, we develop a lumped dynamical model driven by precipitation that represents the runoff coefficient of a watershed.

This simple model accounts for feedback analogous to the growth and death of vegetation patches. Our results show that

the proposed model can reproduce the trend of runoff coefficients, and simulate regime shifts. This model only requires pre-230

cipitation and runoff data. It could be used on other semi-arid regions, where runoff is mainly due to Horton overland flow,

to contribute to the documentation of hydrological regime shifts. Furthermore, a large part of this model is physically inter-

pretable, which is a desirable property for robust extrapolation. Indeed, we could rely on this dynamical model and climate

projections to identify watersheds that are likely to experience a regime shift in the future. New model developments would be

needed to account for the expected intensification of climatic and anthropogenic pressures on drylands (Wang et al., 2022).235

Then, we also propose a novel definition of regimes for bistable parameterizations of the dynamical model. This definition

makes it possible to identify regime shifts in the context of transient dynamics, where state values remain far from attractors

because the model is too slow to adjust to fast changes in the external forcing, Such quantitative definition of regimes could

pave the way to design attribution study for regime shifts, i.e. to assess whether past regime shifts have been made more or less

likely by some specific causes, such as anthropogenic emissions.240

In the future, the existence of regime shifts in hydrosystems could have direct implications for the adaptation to extreme

hydrological events (flood, drought), as well as for water resources management and planning. Indeed, regime shift can lead

to unexpected consequences as shown by the Sahelian paradox. In this context, our article proposes two simple contributions

toward improving the modelling and characterization of hydrological regime shifts.
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