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ARTICLE INFO ABSTRACT

In the Sahel, nutrient-poor sandy soils are vulnerable to wind-driven erosion and can be further degraded if left
unprotected. As more than 60 % of the Sahelian population depends on rainfed agriculture, land degradation is a
primary concern. In the last 60 years, climatic and socio-economic factors have thoroughly modified the Sahelian
cropping systems. Understanding the interaction between land uses, agropastoral practices and wind erosion is

Dataset link: Evaluating the impact of different
agropastoral practices on wind erosion in
western Sahel (Original data)

Keywords: crucial.

Wind Erosion This study aims to estimate the effect of the main types of land uses and management that occurred in the
Sahel Senegalese groundnut basin in the last decades on potential wind erosion of soil at the field scale. In-situ mea-
Senegal surements of meteorological data, vegetation and horizontal fluxes of aeolian sediments were monitored on the
Land Uses land uses of a typical Sahelian landscape (groundnut plot, four fallows, four millet plots), each with contrasting
Agricultural practices and representative land managements, creating an unprecedented dataset in this region. We developed a

modeling approach combining vegetation models with a horizontal flux model, calibrated on the gathered data.
This modeling approach was able to reproduce existing measurements and is intended eventually to upscale
fluxes of aeolian sediment at the landscape to regional scales.

Measurements of horizontal fluxes of aeolian sediments ranged from 538.7 kg.m l.year ! on bare soil to
almost no flux on fallows. Simulations accurately represent the dynamics and order of magnitudes of erosive
events despite having a strong sensibility to the aerodynamic roughness length of the soil surface. The
comprehensive simulation of the impact of groundnut, millet (with and without residues) and fallows on po-
tential wind erosion highlights the impact of dry vegetation cover, especially weeds, after the rainy season.

1. Introduction more than 60 % of the population lives in rural areas and depends on
rainfed agriculture for subsistence and income (OECD, Sahel and West

In the last 60 years, cropping systems in the Sahel were altered due to Africa Club, 2014). For instance, in Burkina Faso, land used for rainfed
climatic and socio-economic factors (Lericollais, 1970; Badiane et al., agriculture grew from 15 percent of the country surface in 1975 to 39
2000; Brandt et al., 2014). This led in some places to a large expansion of percent in 2013 (Tappan et al., 2016). In Senegal, total agricultural land
croplands to the detriment of natural land covers, in an region where area remained stable in that period due to the expansion of croplands in
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central Senegal while northwestern croplands were abandoned (Pires,
2012; Tappan et al., 2016). The growing pressure on agricultural land
has been at the expense of fallowing areas, used to regenerate soil nu-
trients (Freeman, 1982; Buldgen et al., 1993), which drastically
decreased since 1960 (Masse et al., 2018).

These changes of land uses and practices have a direct effect on land
degradation through loss of natural areas (Nzabarinda et al., 2021) and
the lack of nutrient restoration through fallowing (Tschakert, 2004). On
top of affecting soil fertility or biodiversity (Zabel et al., 2019), inten-
sification and extension of croplands are also thought to play a role in
increasing the susceptibility of soil to wind erosion (Lee et al., 2012; Chi
et al., 2019), especially in drought prone environments (Leys et al.,
2001; Wiggs and Holmes, 2011; Lee and Gill, 2015). Indeed, wind
erosion occurs in area with unprotected, dry and loose soils, and
semi-arid agropastoral lands are especially vulnerable to wind erosion. It
causes fine and nutrients-enriched particles from the topsoil to be
transported to their immediate surrounding (creeping, saltation) or into
the atmosphere (suspension) (Sterk, 2003). Studies have shown that the
replacement of fallows by cropland increased wind erosion (Rajot, 2001;
Pierre et al., 2018), especially if no crop residues are left on field after
the harvest (Sterk, 2003; Abdourhamane Touré et al., 2011). The
resulting movement of matter and nutrients can generate local or
regional land degradation, especially when occurring in already nutrient
poor soils such as in arid and semi-arid areas (Mainguet and Chemin,
1991; Visser and Sterk, 2007; Doso Jnr, 2014).

Estimates have been made of soil displacement caused by saltation,
especially in central and eastern Sahel, ranging from net positive values
in fallows due to dust deposition (Rajot, 2001) to net losses of 25 to 50 t.
ha’l.y'1 in southwestern Niger fields (Bielders et al., 2000, 2001). Sterk
et al. (1996) quantified nutrient losses by wind in a millet field in
southwestern Niger. The content of carbon and nutrients (potassium,
nitrogen and phosphorus) lost in the displaced sediments was near the
necessary nutrient uptake of a millet field for a year, as a loss of 57.1 kg.
ha™! K, 79.6 kg.ha!C, 18.3 kg.ha !N and 6.1 kg.ha'P was estimated.
Wind erosion has been observed in drylands around the globe - in South
Africa, China, the USA, or Australia —, highlighting its role in soil
degradation (Lyles, 1975; Gillette and Hanson, 1989; Mctainsh et al.,
1990; Sterk et al., 2001; Nordstrom and Hotta, 2004; Li et al., 2007;
Wiggs and Holmes, 2011; Guo et al., 2014, Webb et al., 2017).

On top of being detrimental to soil productivity, the mineral dust
generated by these events can then have great impact on human health,
air pollution and local or global climate (Middleton, 2017; Kok et al.,
2023). While this is an important concern for population depending on
rainfed agriculture (Bielders et al., 2004), few studies are dedicated to
estimate and compare the effect of the main agropastoral practices (e.g.,
type of crops, fallowing, residue collection, grazing) on wind erosion in
the Sahel (Sterk et al., 1996; Rajot, 2001; Bielders et al., 2001; 2002;
Abdourhamane Touré et al., 2011, 2019).

To assess horizontal flux production caused by change in agro-
pastoral practices at larger scales — both temporal and spatial —, it is
necessary to rely on modeling wind erosion, especially in relation to land
use and management. While several studies proposed models for wind
erosion on cropland, often originally designed for US croplands
(Woodruff and Siddoway, 1965; Hagen, 1991), modeling the impact of
land use and management on wind erosion has only been attempted in
the Sahel in a small number of studies (Visser et al., 2005; Pierre et al.,
2014a; 2015; 2018), especially for pastoral areas and millet fields.

Thus, the objective of this study is first to estimate through in situ
measurements the effect of different representative agropastoral prac-
tices on flux generation at a plot level on the typical sandy soils of
Sahelian Senegal. Secondly, this study aims to develop a modeling
approach capable of reproducing the horizontal flux generation for land
uses of typical Sahelian landscapes. We present here a complete and
unique dataset of meteorological conditions, vegetation characteristics
and aeolian sediment fluxes for past (1950-1960) and modern agro-
pastoral practices in western Sahel (Senegalese groundnut basin). This
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dataset is used for the development and calibration of our modeling
approach, combining vegetation models designed for the Sahelian crops
and conditions, and a horizontal flux model, allowing the accurate
estimation of aeolian sediment fluxes at the plot level for several land
uses and management within the same framework. These characteristics
(Sahelian representativeness, bottom-up approach), as well as a dataset
encompassing a wide array of land uses and practices, represent an
advance in modelling wind erosion in the Sahel, which could contribute
to a better understanding of the anthropic role in soil degradation and
aeolian sediment flux generation in a critical area.

2. Material and methods
2.1. Study sites

The Sahel is defined by the north-south gradient of annual precipi-
tation ranging from 200 to 600 mm (Lebel and Ali, 2009). The rainy
season, which lasts from July to October, is critical for vegetation
development and determines the state of the soil cover for the following
dry season, when green vegetation turns into straw and litter. Sahelian
soils usually have a sandy-loam texture, with low organic matter content
and poor fertility (Sterk, 2003). During the long dry season, these soils
are often unprotected and can be strongly affected by wind erosion (e.g.,
Bielders et al., 2004). In central Sahel, the start of the monsoon (May-
June) is accompanied by strong winds due to mesoscale convective
systems (MCS) while the vegetation cover is at its lowest, generating
most of the annual wind-driven erosion (Bielders et al, 2004; Bergametti
et al., 2020). This is different in the western Sahel where in-situ obser-
vations showed that wind erosion occurs from February to June, and is
caused by winds just above the erosion threshold (Pierre et al., 2023).

The groundnut basin in Sahelian Senegal (14-16.5° in latitudes,
Fig. 1) concentrates most of Senegalese arable land, with a central
cereal-leguminous rotation system (millet and groundnut) accompanied
by several secondary crops (cowpea, maize) (Garambois et al., 2024,
Lericollais et al., 1999). From the Senegal river delta to the south of the
groundnut basin, homogenous landscapes of sandy flatlands dominate,
with scattered woody vegetation and few degraded forest patches
(Pélissier, 1966; Faye & Du, 2021). Soils in the groundnut basin are
usually divided into two broad categories —Dior and Deck- which are
respectively considered arenosols and fluvisols under the international
soil classification (IUSS Working Group WRB, 2015): Dior soils are
tropical ferruginous soils with a coarse sand texture and low amounts of
organic matter. These soils occupy most of the groundnut basin and
make for 70 % of cultivated soils around Bambey (Diallo et al., 2017;
Tschakert & Tappan, 2004). Deck soils, richer in clay content (5-10 %)
and often found in inter-dunal depression and shallows, these soils are
often more fertile due to higher organic matter and clay content. They
have a better structure and water holding capacity, making them less
vulnerable to wind erosion (Zobeck, 1991; Cissokho, 2011). We moni-
tored sites in the groundnut basin as testing grounds for investigating the
impact of historical Sahelian agricultural practices and their trajectory
at regional scale in the last 60 years on wind erosion. For 4 years, 9 plots
were instrumented (1 plot of groundnut for 2 years, 4 fallows for one
year, and 4 plots of millet for one year, each plot size being approxi-
mately 1 ha). For each, we monitored weather conditions, vegetation
growth, and horizontal flux of sediments. In order to allow the compa-
rability between observations made during different years, plots studied
during the same year were adjoining (see Appendix A.), ensuring similar
weather conditions, while inter annual comparison was made possible
by taking into account wind patterns, erosivity and rainfall (Appendix
B., Section 3.1.1.).

The groundnut and millet plots are located in Bambey
(14°43'16.84"N, 16°29'26.95"W), on the grounds of the Senegalese
Institute of Agricultural Research (ISRA/CNRA). The groundnut plot
(GNO) was monitored from February 2020 to January 2022. To estimate
maximum potential flux over unprotected soil and bare soil properties,
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Fig. 1. Left: Satellite image of Senegal. The Groundnut Basin (in yellow) and the Ferlo (in green) compose the Sahelian Senegal. The two study sites are located in the
Diourbel region of the groundnut basin (red dots). Satellite Image Credit: European Union, contains modified Copernicus Sentinel data 2025, processed with EO
Browser. Right: Drone photography of studied fallows (top) and millet plots (bottom). (Photo Credit: Jean-Louis Rajot).

the field was cleared and plowed in early 2020 (Fig. 2a), leaving a ho-
mogenous and smooth surface. Measurements from February 2020 to
June 2020 thus depict the response of bare soil to wind erosion.
Groundnut was cultivated during the rainy seasons of 2020 (Fig. 2 b, ¢)
and 2021. The millet plots comprise the plot previously used for
groundnut completed by three other adjacent plots. Millet (Souna va-
riety) was cultivated on the four plots (1.5 ha) from June 2023 to June
2024. The four millet plots were planned to differ in management in
order to reproduce regional and historical practices: M1 was manually
seeded and crop residues were left on the field after harvest (Fig. 2e, h),
M2 was seeded with the help of animal traction, and crop residues were
collected during the harvest (Fig. 2 f, i). M3 and M4 were respectively
the same as M1 and M2 but millet was intercropped with cowpea
(seeded between millet rows) on both of these plots, and cowpea was
fully harvested before the millet harvest (Fig. 1).

The fallows are located 10 km north of Bambey near the village of
Ndem (14°4825.95"N 16°289.42”0.). Four adjacent fallows were
monitored from July 2022 to June 2023 (Fig. 2 d, g). The four fallows
were chosen because they differ in age and cover type: F1 is a new fallow
with residues from the previous year’s millet crop, F2 is an older fallow
(>2 years) covered in part by Guiera senegalensis, a typical Sahelian
bush, F3 is a new fallow where groundnut and cowpea were cultivated
the year before, and F4 is an older fallow with a higher tree density.

All plots were instrumented with 5 two dimensional sonic ane-
mometers at 1.9, 1.5, 1, 0.6, and 0.2 m (WindSonic ™ Gill Instruments
Ltd), and temperature sensors (1.6, 1.2, 0.7, 0.4, 0.03 m) mounted on
the same mast placed downwind, and on each site a rain gauge (ARG100
Tipping Bucket, 0.2 mm precision, Campbell® Scientific company for
GNO, Environmental Measurements Ltd for other plots), a solar radiation
sensor (CMP11, Kipp and Zonen), and a saltiphone (Eijkelkamp, Spaan

and Van den Abeele, 1991) to measure sand grain impacts and identify
erosion events were placed. These data are measured every 10 s and
averaged (cumulated) at a 5-minute resolution for wind and solar ra-
diation (for precipitations and saltiphone). To measure wind-blown
sediments, 5 masts of 5 MWAC sand traps (Modified Wilson And
Cooke, Sterk and Raats, 1996), placed at 5, 10, 20, 40, and 80 cm on
each mast, were installed on all plots and were collected every two
weeks dried and weighed with 1 mg precision. To ensure the measure-
ment of only the sediments originating from the plots, on fallows 3 masts
of 5 MWAC were located downwind while two others were located on
the borders to capture ingoing sediment from neighboring plots. On
millet and groundnut plots, all 5 MWAC masts were located downwind
(ie., southwestern corner). On millet plots, grass strips were grown
around each plot to ensure that no outside flux of sediment is entering
the plot. Further details on the experimental setups are provided in
Appendix A. From the measurements of sediment mass at different
heights, horizontal flux was computed by fitting an exponential equation
as proposed by Fryrear and Saleh (1993).

On the groundnut plot vegetation was monitored with height, cover
(through photographs following the methodology described in Appen-
dix C), and biomass (destructive) measurements during the 2021 rainy
season while weed biomass measurements were taken during the dry
season. On fallows and millet plots, vegetation was monitored for the
whole year. Height measurements and photographs of vegetation cover
were done weekly along two diagonal transects for each plot, and
biomass classification and destructive weighing for 6 1x1m? (0.9+1.8 m?
on millet plots) random locations across each plot were done monthly
(every two weeks during the rainy season for millet plots). The size and
frequency of the sampling are described in Appendix C.

During the monitoring of the groundnut plot, 1.2 % of the data was
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Fig. 2. a-c) Pictures of the groundnut plot in February 2020 when the soil is almost bare, September 2020 during the cropping period and December 2020 after the
harvest when weeds occupy a large part of the plot. d-g) Pictures of the fallows from fallow F1 in September 2022 (d) and January 2023 (g). e,f,h,i) Pictures of millet
plots M1, M4 in September 2023 (e and f) and January 2023 (h and i) where residues are seen on M1.

lost due to solar-powered battery malfunctioning, mostly between 10
and 25 June 2020, 01 to 12 June 2021, and sporadically between 01 and
21 August 2021. Temperature sensors 1 (lowest sensor), 2 and 5 mal-
functioned for longer periods of time leading to the loss of respectively
20 %,10 % and 14 % of their data on different periods.

While the instruments were set up between the 5th and 14th of July
2022 on the fallows, the temperature sensors started operating between
the 20th and 21st of July. The higher temperature sensor on the millet
plot M4 was defective between the 19th and 27th of July 2023. No other
significant missing data is reported during the monitoring. Part of the
data of the groundnut plot was presented in Pierre et al. (2023). Com-
plementary meteorological data (wind speed, air temperature, relative
humidity, precipitation amount) from the INDAAF (International
Network to study Deposition and Atmospheric composition in AFrica)
station in Bambey (Marticorena et al., 2021) were used for gap-filling of
missing data.

Rainy season start and duration were established using methodology
from Sivakumar (1988) in which the onset of the rainy season is defined
as the date when at least 20 mm of rain has fallen in 3 consecutive days
and no dry spell longer than 7 days happens in the following 30 days,
and the end of the rainy season is defined as the date after September 1
after which no rain occurs during a period of 20 days. The mean annual
rainfall in Bambey was calculated using data collected by the CNRA of
Bambey at a daily timescale.

A grain size distribution analysis of the soil was made for the
groundnut plot (which became M4 in 2023). With a sand content close
to 95 %, they are typical Dior soils, found in most of the area (Table 1).
We selected plots with arenosols representative of most of the cultivated

Table 1
Grain size analysis of the GNO plot, median and standard of 16 1 m? soil surface
measurements.

Soil fraction Coarse Fine Coarse Fine Clay
sand sand loam loam

Median % 34.95 58 2.8 0.15 4.2

Standard 4.97 4.59 0.77 0.45 0.89

deviation

soils in Senegal’s groundnut basin, both for the millet and groundnut
plots (located in exactly the same place as the analyses) and for the
fallow land. The measurement sites are located on the same geomor-
phological unit: flattened quaternary dune tops, with care taken to avoid
areas corresponding to former interdune depressions. Hence, the results
of the grain size distribution analyses is used as the “reference” soil in
this study, meaning these values are used in our models for each
simulations.

2.2. Aerodynamic roughness length estimation method

The aerodynamic surface roughness z, is a key parameter to under-
stand and model the generation of horizontal flux, as it determines the
wind friction velocity and the threshold friction velocity, i.e. the inter-
action between the atmosphere and the soil surface.

In neutral atmospheric conditions, the wind profile is logarithmic
(Priestley, 1959):

u(z) = ”“T(f)ln (#(t)) for z>>2,(t) with u-(t) the wind friction velocity.
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It is then possible to estimate, in neutral conditions, the aerodynamic
roughness length and the wind friction velocity using only the measured
wind profile. In natural conditions, the atmosphere is neutral around
sunrise and sunset and is either stable or unstable during the rest of the
day, yielding to an estimate of a z( time series that relies on a restricted
number of values. Using the Similarity Theory from Monin and Obukhov
(1954), one describes the wind velocity u(z) in non-neutral conditions
as:

u(z) = u?

In <%> - ‘Pm(%) + ‘{‘m(ZL—O> } with L = Igg 2)

Where L is the Monin-Obukhov length (m), ¥m is a “stability function”,
m for momentum and h for temperature, 0 the potential temperature (K)
and 6- the temperature scale.

¥Ym and Wh depend on atmospheric conditions, which are deter-
mined by the stability parameter z/L, which is lower than 0 in unstable
conditions and greater than 0 in stable conditions. Following the itera-
tive fitting procedure developed by Frangi and Richards, 2000 and
adapted by Marticorena et al. (2006), the parameters u-, 2o, 0+ and L can
be determined, as well as Ri the Richardson number, which describes the
turbulence of the flow and is a function of the stability parameter:

o0
Ri = 8 Zloz 3)

' (6u/ az> 2

Where g is the acceleration of gravity (9.81 m.s2), T the absolute air
temperature (K). Low absolute Ri values correspond to conditions close
to neutrality.

We adapted the method from Marticorena et al. (2006) in order to
produce a 2, time serie containing only the best reliable z, estimates. By
defining neutrality thresholds on the Richardson number (|Ri|<0.005, |
Ri|<0.02, |Ri|<0.2) and a minimum density of 2, values for a given time
period (set at 30 values in 15 days), we devised a denoising method that
respects both the demand for reliable z, values (low |Ri| values) and
homogenous and dense 2, time series. 2, values are only kept in the time
serie if they fit the strongest Richardson threshold possible (|Ri|<0.005)
while also meeting the density criteria. The resulting time series repre-
sent an estimation of the aerodynamic roughness length zy at a 15 min
resolution.

2.3. Modeling approach

To allow for flux estimation in areas without precise in-situ mea-
surements, we combined vegetation development and horizontal flux
models calibrated on our dataset (Fig. 3).

Weather data (in-situ measurements, climate re-analysis or pro-
jections), soil features and agropastoral practices specificities, are used
as inputs to a vegetation model. A different vegetation growth model is
used for rangeland (Sahelian Transpiration Evaporation and Produc-
tivity model — STEP, Mougin et al., 1995) and cropland (Simulateur
mulTIdisciplinaire pour les Cultures Standard — STICS, Brisson et al.,
2003), both simulating vegetation biomass, height, and cover. These
outputs are then used to estimate the aerodynamic roughness length z,
a key parameter for aeolian horizontal flux modeling. Both the aero-
dynamic roughness length zy and the weather and soil data are inputs to
the horizontal flux model (Dust Production Model — DPM, Marticorena
and Bergametti, 1995). This approach was used in previous studies in
Niger and Mali for a narrower range of conditions and allowed for an
accurate simulation of the horizontal flux (Pierre et al., 2014a; 2015).

2.3.1. Vegetation models
The STEP model is designed to simulate the herbaceous vegetation
development and degradation in Sahelian soil and meteorological
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Weather data, initial soil features. land
management type

.

Vegetation Model

v

Vegetation Biomass and cover

Aerodynamic roughness length (z0) as a
function of biomass parametrization

!

z0 time sere

v

Wind erosion model -«
' ¢ Y
Horizontal flux
., =

Fig. 3. Diagram of the modeling approach. Gray boxes are inputs, light green
boxes are models and orange boxes are model outputs.

conditions. At a daily timescale, the STEP model describes the soil water
budget and vegetation growth based on the site meteorology (rainfall,
temperature, humidity, radiation, and wind speed) and characteristics
(soil texture and layer depth, grazing pressure, C3/C4 proportions). It
has shown a good ability to reproduce observed biomass in previous
studies (Tracol et al., 2006; Pierre et al., 2015; Mougin et al., 2019,
Agbohessou et al., 2023). The model consists of two submodels
describing 1) water budget and 2) vegetation growth and senescence.
Soil characteristics such as texture (percentage of clay and sand) are key
parameters in the model as they constraint available water for plant
development and act as proxy for soil fertility. During the dry season, the
dynamics of straws and litter biomass are calculated through the effect
of meteorological factors and trampling or ingestion by grazing animals
(Delon et al., 2015; Pierre et al., 2015; 2016). Soil productivity is
implicitly taken into account in the model through the maximum con-
version efficiency of absorbed radiation & (g/MJ). Finally, the STEP
model provides LAI (Leaf Area Index), dry matter biomass of green,
straws and litter, and the fraction of soil covered by vegetation at a daily
time step.

STICS is a dynamic soil-crop model working at a daily time-step. It is
based on several modules simulating processes such as crop growth,
yield formation, carbon, water and nitrogen transfer and balances
(Brisson et al., 2003). This model was chosen for its ability to simulate
different crops and practices, as well as its robustness in different cli-
mates: it was well suited to represent crops grown under tropical or
semi-arid climate and soil conditions, as demonstrated by its application
to sorghum-cowpea intercropping (Traoré et al., 2022), groundnut,
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millet (Sow et al., 2024) or rice (Ranaivoson et al., 2022).

The model requires inputs similar to STEP for weather and soil
conditions. The STICS model has a strong sensibility to soil texture and
nutrient content. It also requires field management information such as
sowing date, depth and density, fertilization, irrigation and additional
practices. Finally, plant parameters, specifying phenological stage du-
rations, leaf growth and harvested organs details are need. In this study,
we use a groundnut parametrization presented in Appendix D and millet
parametrization from Sow et al. (2024). Because STICS does not handle
plant degradation after harvest, an additional module was used for this
purpose (Appendix E).

2.3.2. Horizontal flux model

The DPM has been used to estimate horizontal flux of aeolian sedi-
ments from the soil at the plot scale in the Sahel in previous studies
(Pierre et al., 2014a; 2015, 2018). A brief description of its functioning is
given in this sub-section.

Wind erosion occurs when wind friction velocity on the soil exceeds a
threshold value. This threshold is a function of the state of the soil
surface and of the presence of non-erodible elements such as pebbles or
vegetation. The wind drag is partitioned between erodible and non-
erodible parts of the soil. This is taken into account through the aero-
dynamic roughness length z, in the DPM model. Once the threshold is
exceeded, the wind erosion is a power function of the wind friction
velocity.

The wind friction velocity threshold ux; is described as follows:

Uss

4
Jeir (20, Z05) @

Uy (ZO s %05) =

Where u-+ is the wind friction velocity threshold over bare soil, 2o (2os)
the aerodynamic roughness length of the surface (bare soil) and f, the
efficient fraction velocity ratio:

o (Z%O) 4 XP
feff(ZOxZOS) =1- S il -

’ Z0s 2
ln(f) 0s 0Os
0s

§ is the height of the Internal Boundary Layer, and a, X, and p were
determined as a = 0.7, X = 0.4 m, and p = 0.8 in previous studies for
vegetated surfaces with good agreement with observations (Elliot, 1958;
Darmenova et al., 2009; Pierre et al., 2014a). The horizontal flux G is
then described as:

if u(t) > up(t) :

on- i (18) -5

)2>, ©®)

else G(t) =0

And the wind friction velocity u-(t) defined in Eq.1

With z the wind measurement height, E is the erodible fraction ratio
(i.e., the soil proportion not covered by obstacles), p, the air density
(1.227%10° kg.m™3). E is taken from vegetation models daily outputs
and is adjusted based on weekly photo interpretation as the models tend
to underestimate soil cover with a constant bias. u(z) is the wind speed at
height z, k = 0.4 the Von Karman constant.

Values of zps and uy+ are linked to bare soil properties of the cropped
plot. We used measurements made between March and May 2020 on
GNO as it was representative of bare soil. zo; was estimated based on the
lowest median daily z, values of the plot, reaching values between
1.5¥10* and 3*10* m (20 time series estimation method is described in
section 2.2). These values are consistent with other methods of 2z
determination based on coarsest grain size diameter (Dcoarse)- Indeed, zos
can be estimated as a function of Deoarse as the following:
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20s = %(Marticorena and Bergametti, 1995; Laurent et al. 2006) or
Z0s = 2D‘§5’“ (Farrell and Sherman, 2006).

Based on the grain size distribution of the plot, 30 % of the soil is
made of coarse sand (Table 1), which can range from 0.2 to 2 mm in
diameter. This way, zo; range from 6.7%10° m to 1.3*10°* m.

U+ estimation was made using Abdourhamane Touré et al. (2011)
methodology, also used in Pierre et al. (2023). For each month, the u-
value for which the saltiphone had a 50 % chance of activation was
computed. The value corresponded to a monthly estimation of u;, and
uys+ if the soil is bare. We found uy+ values ranging from 0.20 m/s to 0.24
m/s, which is consistent with the value of 0.22 m/s for sandy bare soil in
Abdourhamane Touré et al. (2011).

For the following, we chose to set z; between 1.5*10* m and 310
m with steps of 0.5*10"* m and u,+ between 0.20 m/s and 0.24 m/s with
steps of 0.005 m/s to account for uncertainty in the bare soil surface
characteristics.

The horizontal flux G is in kg/m/s, which corresponds to the amount
of sediments crossing a 1-meter-wide and infinitely high vertical plane
perpendicular to the wind direction during that time period. For a 1 ha
field, 1 kg/m equals 0.1 t/ha losses assuming wind is perpendicular to a
100 m side of the field and that no sediment is entering the field.

To account for soil moisture, the simulated horizontal flux was
inhibited during rain events and during 12 h following the event, based
on previous studies relying on pluriannual observations from Central
Sahel (Bergametti et al., 2016).

To compare each land use/management, it is necessary to disen-
tangle the role of wind speed and the role of the soil surface cover. To do
so, a ratio Gpyp of the total horizontal flux generated during the erosive
season G to the associated cumulated Dust Uplift Potential (Marsham
et al., 2011; Pierre et al., 2023) has been devised.

G
" DUP(z)

*1000 (@]

Gpur(2)

Where DUP(z) = u(z)(1 + %)(1 - ’;‘((ZZ));

The DUP was calculated at z = 1.9 m and threshold wind speed u;(z) was
set at 5 m.s ! using the methodology described in Abdourhamane Touré
et al. (2019). The DUP is unaffected by vegetation cover, thus Gpyp al-
lows for comparison horizontal fluxes, regardless of the year of measure.

) for u > u;, and 0 otherwise.

3. Results
3.1. Field measurements

3.1.1. Meteorological measurements

Annual rainfall, start and length of rainy season, are shown in
Table 2. Compared to the 1999-2019 precipitations, three out of four
years are under the mean, 2021 and 2023 being the driest years (almost
60 mm —or 10 %- less than the mean), 2022 being the only study year
with rainfall larger than the mean. However, each year of the study is
either near (2023) or above the median rainy season duration. Though
annual rainfall is the key driver for crop production in the Sahel (Guan
et al., 2015), the duration of the rainy season and the onset of the rainy

Table 2
Rainfall summary for all sites and mean for 1999-2019 (Total annual rainfall,
rainy season duration and start).

Site (year) Annual rainfall Length of rainy Start of rainy

(mm) Season (days) Season
Bare soil (2020) 546 108 July 11
Groundnut (2021) 507.2 99 July 31
Fallows (2022) 649.6 120 July 20
Millet (2023) 506.6 86 August 11
Mean Bambey 562 87 July 24

(1999-2019)
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season seem to play a large part in crop yield formation (Zhang et al.,
2018). With a late onset of the rainy season and low annual rainfall, the
groundnut and millet plots were growing in degraded conditions in 2021
and 2023. Millet plots even needed to be resowed due to a dry spell after
early rains (Appendix B., figure B.2).

Fig. 4 presents the monthly average wind speed and direction at 1.9
m and precipitation on the groundnut, fallow (F1) and millet (M4) plots.
Wind followed three consecutive patterns each year. First, from
November to February, the harmattan blew from the north-northeast
(330-60°). Then, during spring and summer, winds from the northwest
region (330°) increased as their overall speed increased and other winds
decreased (65 % of winds coming from the 330° direction occurred
between February and June, 95 % of winds over 3.5 m/s coming from
the 330° direction occurred between February and June). Wind speed
reached a monthly average maximum value in April (3.3 m/s) while
most strong winds (>7.5 m/s) during the dry season were recorded in
February. Finally, at the start of the summer, wind speed got overall
milder during the rainy season (mean dry season: 2.5 m/s, mean rainy
season: 1.6 m/s) with the onset of the West African Monsoon as wind
began blowing from the southwest (240°). While mean wind speed de-
creases from the onset of the rainy season until its minimum in October
(0.8 m/s), this is also when convective events set the maximum recorded
wind speed. All instances of winds over 10 m/s were recorded between
June and August, most of the events happening in July. These strong
events, despite having the strongest erosive potential, were less frequent
than erosive winds from February to April and were less able to generate
a flux as they were accompanied by rains and the soil was often covered
by vegetation at this point. Recorded winds over fallows were lower
than on the fields but the intra-annual dynamic remained the same
(Appendix B., Figs. B3, B4).

3.1.2. Vegetation characteristics

Comparison of total sampled biomass for each type of crop/land
cover is shown in Fig. 5. Even on cropped plots where multiple weedings
occur, the weed biomass was not neglectable as it can reach over 50 g of
dry mass/m? on millet field. There is an offset between the start of the
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rainy season and the start of the growing period. Early rains before the
start of the rainy season can trigger the growth of weeds which are
removed through weedings during the early stage of cropping. Once the
crops reach maturity, weeds are not removed as crops are less affected
by competition.

Maximum biomass reached on average 140 gDM/m? on millet plots,
150 gDM/m? on fallows and 60 gDM/m? on the groundnut plot. On all
plots, the maximum biomass was reached before the end of the rainy
season (usually 70 to 80 days after the start of the rainy season). After
this peak, post-harvest weeds and millet residues slowly degraded over
the course of the dry season reaching biomass ranging from 5 gDM,/m?
for the dry season 2020 weeds to 29 gDM/m? for the millet crop residues
on M1. Degrading factors include trampling and grazing from animals,
as well as biotic (microorganisms) and climatic degradation. Weeds
degraded faster than crop residues such as millet stems.

3.1.3. Horizontal flux

Fig. 6 reports the recorded horizontal fluxes. 90 % of the horizontal
flux was generated between February and July. Because these mea-
surement were done at different times (from 2020 to 2024), direct
comparison of results between years is not possible, and taking into
account yearly wind erosivity is necessary. This was done in section 3.3,
and dust uplift potential (DUP) on all plots is available in Appendix B.
Yet, land uses produced very different order of magnitude of collected
horizontal flux, meaning that “first order” comparison remains possible
to asses the role of land uses. Difference between land management is
not affected by this issue as plots were adjoining.

Winds in the early erosive season (February to April) on GNO in 2020
were especially strong compared to winds on the same plot in 2021
(Appendix B.). After the 2020 harvest, the plot was left as is and some
weeds provided a small cover to the soil as they degraded over the dry
season. This combination of factors explains how the horizontal flux was
divided by more than 2 between 2020 (538.7 kg/m) and 2021 (194.3
kg/m) (Table 3).

Fallow vegetation is, by definition, not harvested and its degradation
is only influenced by weather and grazing livestock. Despite livestock
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Fig. 4. Monthly weather data from 4 years of records (Feb 2020-Jan 2022, June 2022-July 2024). Mean monthly precipitation are presented in blue bars, monthly
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Fig. 6. Recorded horizontal fluxes all plots.

grazing, the soil remained protected most of the year, and the horizontal
flux was non-negligible only at the very end of the dry season (sediments
collected on May 11, May 29, and June 20) (Fig. 6¢). Very low annual
amounts of sediments were collected on each fallow (<6.1 kg/m/yr;
Tab. 3). However, the collected samples suggest that the various char-
acteristics of fallows played a role in generating horizontal flux. The
older fallows (F2: Old fallow with bushes, F4: Old fallow with trees) and
the protected young fallow (F1: new fallow with millet residues) were
indeed less affected by wind erosion (F4: 1.8 kg/m, F2: 2.0 kg/m, F1:
2.0 kg/m; Tab. 3) than the new unprotected fallow (F3: 6.1 kg/m; Tab.

3).

Measurements of the horizontal flux on millet plots seem to further
confirm the role of millet residues on wind erosion mitigation
(Abdourhamane Touré et al., 2011; Pierre et al., 2018). Indeed, on millet
plots where residues were not collected (M1, M3), horizontal flux was 2
to 7 times lower than on millet plots with residue collection (M2, M4)
(Tab. 3). This phenomenon got stronger as weeds degraded on all fields
and the only soil protection remaining was prone millet stems during the
end of the dry season (Fig. 6d). On millet he yearly horizontal flux
ranged from 23.6 to 169.4 kg/m (Tab. 3), the main driver of difference
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Table 3

Annual recorded horizontal fluxes on each plot and number of measurements
with non-negligible sediment mass (15 days between each sample collection).
For fallows and millet measurements are from plot 1 to 4 going from left to right.

Site (year) Recorded horizontal flux (kg/m, Feb-July)

Bare soil (2020) 538.70 +/- 62.14
Groundnut 194.34 +/- 56.19
(2021)
Fallows (2022) 1.98+/-0.79 1.97 +/- 6.07 +/- 1.75 +/- 0.55
1.51 0.94
Millet (2023) 61.57 +/- 169.4 +/- 23.59 +/- 145.81 +/-
11.69 23.33 3.06 34.49

was the presence of crop residues on the plots.

3.1.4. Aerodynamic roughness length estimation

Using wind profile measurements on each plot, a denoised estima-
tion of aerodynamic roughness length was obtained at a 15 min time-
scale. To catch the smooth signal of the surface characteristics, the 2
time series was estimated through daily medians. Using this method, a
final 2 time series derived from observations was defined for each plots,
with an associated smoothed z,(t) time serie (30 days rolling median
centered on t) used for horizontal flux simulations (Fig. 7).

On all plots, 2y values increased during the growing period of the
vegetation, ranging from less than a millimeter at the end of June to
almost 10 cm in October, at the peak of the rainy season. During the
following dry season, the aerodynamic roughness length decreased as
the remaining vegetation degraded. Fallows (excepted F4) ware more
stable than cropped plots, with 2, values usually between few millime-
ters and few centimeters, while groundnut and millet plots can reach
much lower gzq values. 2o values obtained with this method are further
discussed in 4.3.

3.2. Modeling approach
Model calibration was achieved thanks to the field measurement. An

in-depth description of the model calibration is presented in Appendix F.
The main steps were as such:
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e Calibrate the vegetation models using vegetation measurements of
the plots. We used modulation of grazing pressure and soil fertility in
order to fit the observations. Overall, we were able to reach a strong
agreement between the model outputs and the vegetation biomass
measurements.

e Parametrization of the aerodynamic roughness length zg link with

vegetation characteristics. We combined existing relations

(Abdourhamane Touré et al., 2011; Pierre et al., 2015, 2018) with

observations of wind profiles in order to propose equations linking zq

with vegetation for each type of land use.

Creation of the z0 time series using vegetation model outputs for

each type of land use and land management.

3.3. Simulated horizontal flux

For horizontal flux simulations, two 2z, time series were used for each
plot to validate aerodynamic roughness length simulation against in-situ
estimations. 2y st Was estimated from wind profile as described in 3.1.4.
2o sim was derived from biomass simulations and z, parametrizations as
described in Appendix F.

Horizontal fluxes during erosive season (February — July) are re-
ported in Table 4 for sand traps observations and for simulations. Each
simulated flux is the mean of the simulations with all values of ux; (0.20
—0.24 m/s) and zgs (1.5*10°* - 3.010™* m). R? and RMSE are calculated
by comparing individual sand trap records with cumulated simulated
flux between two sand trap observations. For fallows and millet fields,
averaged results per land use are also presented to allow for comparison
between land uses and practices.

From February to July 2020, the recorded horizontal flux originated
from the bare surface and was representative of the response of a bare
soil to wind erosion (Fig. 8a). Both G(2y est) and G(zo sim) accurately
follow the dynamic of the recorded horizontal flux, with a large event at
the end of February 2020, and two erosive periods in April and in June
2020. Both simulations for the bare surface overestimates the annual
flux (G(zo esp): 653.38 +/- 121.49 kg/m, G(2o sim): 822.08 +/- 118.25
kg/m, recorded flux: 538.70 +/- 62.14 kg/m) while remaining in or
close to the range of the standard deviation. This is caused by an over-
estimation of some strong erosive events by the model (22 to 27
February 2020) and simulated yet not observed events in late July 2020
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Fig. 7. Observed z, time series for all plots. Dots are daily medians, lines are 30 days rolling medians.
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Table 4

Catena 260 (2025) 109433

Summary of observed and simulated fluxes for all plots, standard deviation on simulations is due to variation of u« and zys values. F, M res and M no res are
respectively the mean horizontal flux over the fallows, millet plots with residues and Millet plots without residues.

Name GNO GNO F1 F2 F3 F4 F M1 M2 M3 M4 M res M no res
(Baresoil) (Groundnut)
G(obs) 538.7 +/- 194.34 +/- 1.98 1.97 6.07 1.75 2.94 61.57 169.4 23.59 145.81 42.58 157.6
62.14 56.19 +/- +/- +/- +/- +/- +/- +/- +/- 3.06 +/- +/- +/-
0.79 1.51 0.94 0.55 2.08 11.69 23.33 34.49 26.85 16.67
G(20 est) 653.38 +/- 256.19 +/- 0+/- 13.3 0.35 94.95 27.15 14.46 261.73 415.36 422.72 214.91 342.23
121.49 81.91 1.09 +/- +/- +/- +/- +/- +/- +/- +/- +/- +/-
30.66  3.92 48.82 45.62 24.08 90.99 116.04 111.99 283.47 113.83
Glzosim) ~ 822.08 +/-  86.92 +/- 1.83 0.24 0.45 0.02 0.63 12.78 182.97 67.9+/-  250.01 40.34 216.49
118.25 34.48 +/- +/- +/- +/- +/- +/-13  4/- 43.14 +/- +/- +/-
2.66 0.45 0.73 0.09 0.81 75.93 98.35 38.97 47.41
R? (Zoestr 0.71 0.8 0 0.18 0.08 0.42 0.17 0.32 0.91 0.2 0.3 0.26 0.6
Obs)
R? 0.92 0.48 0.32 0.2 0.38 0.01 0.22 0.56 0.92 0.34 0.41 0.45 0.66
(Zosim
obs)
RMSE 35.83 10.42 0.33 4.51 0.92 17.85 5.9 5.19 16.97 54.55 51.08 29.86 34.02
(Zoesw
obs)
RMSE 35.44 14.14 0.25 0.29 0.9 0.3 0.43 4.88 7.04 9.36 24.24 7.11 15.63
Zosim
obs)
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Fig. 8. Simulated and observed horizontal fluxes on all plots. Axis on F2 and F4 have been adapted to display the simulated horizontal flux overestimation for zyops.

(after seeding) for 2y sim caused by the underestimation of early vege-
tation in the STICS model. Yet, the simulation using 2z, sim series per-
forms slightly better in terms of R? and RMSE (Table 4) than the one
using 2o est, probably because its smoother dynamics through time is
closer to the actual surface characteristics.

In 2021, the plot was representative of the aftermath of one year of
groundnut cropping. In accordance with the measured flux, the simu-
lated horizontal flux is lower than in 2020 (G(2p esp): 256.19 +/- 81.91
kg/m, G(20 sim): 86.92 +/- 34.48 kg/m, recorded flux: 194.34 +/- 56.19
kg/m) in similar proportions (G(2p est): — 61 % from 2020 to 2021, G(zo
sim): — 90 %, recorded flux: —64 %). The simulation with 2 ops performs
better before May 2021 as the flux generated using 2y sim is under-
estimated (Fig. 8b). However, horizontal flux recorded after May 2021

are accurately simulated by both series. Uncertainty on weed biomass
and parametrization between February and June 2021 may play a role in
the underestimation of the flux by 2¢ sim- The 2¢ sim time-serie provides a
similar RMSE as 2 (st despite having a worse R? score (R%; = 0.8, R2y, =
0.48). For both year and 2z, series, the model is rarely able to simulate
very low amounts of horizontal flux (<5 kg/m) as they may happen
between September and November.

On the fallows, very low amount of sediment was recorded (1.75 to
6.07 kg/m, Mean: 2.94 +/- 2.08 kg/m), and horizontal flux is mostly
generated after May when weed biomass has largely degraded (Fig. 8c to
8f).

Overall, annual horizontal flux simulations were low (G(2¢ est): 0.0 to
94.95 kg/m, Mean: 27.15 +/- 45.62 kg/m, G(2¢ sim): 0.2 to 1.83 kg/m,

10
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Mean: 0.63 +/- 0.81 kg/m).

Horizontal flux simulations using 2o st for fallows led to strong flux
overestimation on F2 and F4. On F2, it is mainly caused by a single event
on 13 February 2023 when wind speeds were oscillating around the
threshold velocity, due to the noisy 2 st time serie. On F4, the stark
decrease of 2 st values in 2023 due to a change of behavior in recorded
wind profiles amplifies the overestimation of horizontal flux. Indeed, the
measured wind profiles starts to differ from the other fallows after
February 2022, as the difference between wind speed measured at 1.9 m
and near the surface reduces, leading to a smaller 2y ¢st. The behavior
was consistent on all wind speed sensors for F4, excluding the possibility
of a sensor dysfunction. Corridor effect originating from tree position or
obstacles was investigated both on field and in measured data but no
conclusive explanation was found.

Despite these incidents, accurate simulations are obtained for F1, F2
and F3 after April 2023 with 2z ¢t (Fig. 8c to 8e).

Horizontal fluxes simulated with 2y g, Were not affected by this issue
and were in good agreement with recorded fluxes, albeit slightly
underestimated. Fluxes generated with 2y g, may also underline the
differences between fallows as F2 and F4 are the less generative ac-
cording to both observations and the simulated flux. The fluxes gener-
ated by 2 sim consistently had a lower RMSE than 2y e (respectively for
F1 to F4, estimations and simulations RMSE are: 0.33,4.51,0.92,17.85
and 0.25,0.29,0.9,0.3).

Observed sediment fluxes on millet plots can be distinguished be-
tween the plots with and without residues (Fig. 8g to 8j). On plots with
residues (M1 and M3), the mean total recorded flux was 42.58 +/-
26.85 kg/m from February to July 2024, while on plots where residues
were harvested (M2 and M4), the mean total recorded flux was 157.6
+/- 16.67 kg/m during the same period. The overall flux was mostly
generated between the end of February and early March and then from
April until June. Each of our simulations accurately represents the
temporal dynamic of wind erosion on the millet plots. All simulations
successfully model larger horizontal fluxes for plots without residues
(mean factor of increase for zg est: 1.6, mean factor of increase for 2y sim:
5.3, mean factor of increase for recorded fluxes: 3.7).

For millet plots without residues, fluxes are mostly accurately
modeled by each simulation (Mean fluxes for plots without residues G(zg
est): 342.23 +/-113.83 kg/m, G(2p sim): 216.49 +/- 47.41 kg/m) though
with a large uncertainty depending on zo, and us+ values. Horizontal flux
simulated with 2j 5 tends to be overestimated for both M2 and M4. For
horizontal flux generated with 2y gm, erosive events during the
February-March period are overestimated.

The February-March erosive event on M4 is strongly overestimated
in both simulations. Strong harmattan winds (40°, northeastern winds)
were blowing during this event and was coincidental to strong decrease
of 2o value for 2g obs.

For millet plots with residues, simulations are less accurate, either
because of flux underestimation for M1 (Recorded: 61.57 +/- 11.69 kg/
m, G(2g est): 14.46 +/- 24.08 kg/m, G(2¢ sim): 12.78+/- 13.0 kg/m) or
overestimation for M3 (Recorded: 23.59 +/- 3.06 kg/m, G(2p est):
415.36 +/-116.04 kg/m, G(20 sim): 67.9 +/- 43.14 kg/m). While for M1,
both simulated fluxes remain in the same order of magnitude as the
recorded flux, M3 is very strongly overestimated by the 2 (s serie and
by 2o sim in a lesser way.

Overall, our modelling approach is able to accurately simulate the
horizontal flux on all types of land uses and managements. Despite
simulations with low to no vegetations being generally more accurate
(R2 values are consistently higher for low vegetations simulations — GNO,
M no res -), we are able to reproduce both similar order of magnitudes
and erosive event in most cases, especially when using the z0 time series
originating from vegetation simulations.

Comparison between land uses and managements is available in
Table 5. Both observed and simulated fluxes rank land uses and man-
agements Gpyp from most “erosive” for a bare surface (2.45-3.73) to
least “erosive” for fallows (0.01-0.47). Millet plots without residues left
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Table 5
Gpyp comparison for observation and simulations.
Land use / Baresoil Groundnut  Millet Millet Fallows
Management: (without (with
residues) residues)
Gpup, sand trap 2.45 1.37 0.97 0.26 0.05
measures
Gpup, %0 est 2.97 1.81 2.10 1.32 0.47
Gpup; Zosim 3.73 0.61 1.32 0.24 0.01

on field have a Gpyp close to other residue-less crops such as groundnut,
while Gpyp for millet plots with residue collections are significantly
lower for all simulations. The value of Gpyp for 2g st is overestimated for
all cases, due to the difficulty of reliable z0 estimation from wind pro-
files. This however does not affect the overall ranking of land uses from
bare soil to fallows.

4. Discussion
4.1. Effect of land uses and land management on the horizontal flux

We found clear difference in generated horizontal flux for each type
of land use. The following land use classification in ascending order of
yearly horizontal flux was found: Fallows (2.96 +/- 1.91 kg/m) < Millet
(100.09 +/- 68.87 kg/m) < Groundnut (194.34 +/- 56.19 kg/m) < Bare
soil (538.70 +/- 62.14 kg/m).

These results are consistent with the literature as we expect cropland
to produce more horizontal flux than fallows, as already observed in
southwestern Niger (Rajot, 2001; Abdourhamane Touré et al., 2011,
2019). Absolute values of horizontal flux are significantly lower than
similar studies conducted in western Niger (209 to 601 kg/m/yr, Rajot,
2001; 269 to 619 kg/m/yr, Abdourhamane Touré et al., 2011) and
southeastern Niger (368 to 2902 kg/m/yr, Abdourhamane Touré et al.,
2019). This difference in horizontal flux intensity is caused by a differ-
ence in wind erosion seasonality, as a large additional part of the flux is
generated during the onset of the monsoon in Central and Eastern Sahel
with strong MCS winds. While dry season winds are similar in central
Sahel and Senegal, MCS winds are less intense over Senegal causing most
of the erosion to happen between January and May (Pierre et al., 2023).

Horizontal flux originating from bare soil was measured during the
dry season of 2020 and represents the maximum possible aeolian flux on
a plot. It is not representative of an actual land use as weeds will cover a
part of most cultivated plots during the dry season. However, plots
managed to have very little to no vegetation cover during the dry season
can be accurately represented by the bare soil, even for multiple year.
Indeed, while crusting due to rain is a possibility during the rainy season
(Casenave and Valentin, 1992), the crusts are quickly destroyed by
human trampling during the harvest and animal trampling in the dry
season. The deep sandy soils allow aeolian flux generation without
supply limitation, as no crust outcrop was observed, even at the end of
the dry season.

For groundnut crops, it is to our knowledge the first time horizontal
flux has been monitored and modeled in the Sahel, despite it being a
major crop in West Africa (Havinden, 1970). To our knowledge, only
two studies focus on the link between groundnut crops and wind erosion
outside of the Sahel, in India and South Africa (Santra et al., 2017; Vos
et al., 2022).

On fallows, larger amounts of sediment seem to be transported on
recent, unprotected (no litter cover from previous crop residues) fallows
(F3) compared to recent and protected (millet residues left on the
fallow) fallows (F1), older fallows with a heavy presence of bushes (F2)
or trees (F3). Because recorded fluxes were very low for all cases, it is
challenging to measure the impact of woody vegetation on the hori-
zontal flux. However, it seems that bush phenology allowed the
observed z, value to stay stable from October until January while it
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decreased on other fallows, as guiera senegalensis leaves stay green until
that period. This also played a role in the vegetation cover of the fallows
(not shown). Rangeland and fallow vegetation, especially dry vegeta-
tion, has been known to mitigate wind erosion in other semi-arid and
wind erosion prone areas such as Australia (Aubault et al., 2015), the
USA (Li et al., 2007) or Mongolia (Nandintsetseg and Shinoda, 2015).

Millet plots response to wind erosion is mostly affected by the
presence of millet residues, as the horizontal flux increased by a factor of
3.8 in the absence of millet residues. It has been shown that a low cover
of residue (around 100 kg.ha’l) is enough to reduce the horizontal flux
by a factor of 4 in western Niger, and that a quantity of around 800 kg.
ha™! of crop residues after harvest would be needed in order to remain
over the 100 kg.ha™! threshold at the end of the dry season
(Abdourhamane Touré et al., 2019) which is consistent with what our
study finds (Millet residues at the start of dry season range from 400 to
650 kg.ha !, they reach 170 to 270 kg.ha ! in mid-June 2024, while
weeds play a more marginal role, with less than 100 kg.ha™' after
February).

Other studies on the effect of removing millet residues showed that
residue harvesting led to increases of the horizontal flux ranging from a
factor of 1.5 to 4 in horizontal flux in Sahelian context (Sterk and Spaan,
1997; Abdourhamane Touré et al.,, 2011; Pierre et al., 2018). Soil
erodible fraction has also been shown to increase with crop residue
removal in the American Great Plains (Woodruff and Siddoway, 1965;
Skidmore et al., 1979; Nordstrom and Hotta, 2004; Osborne et al., 2014;
Blanco-Canqui and Wortmann, 2017; He et al., 2018) and China (Wang
et al., 2002; Jia et al., 2015).

An additional conclusion is that on top of millet residues, weeds play
a major role in mitigating soil erosion by increasing the surface aero-
dynamic roughness length during erosive months. After harvest, for both
groundnut or millet, the soil is still covered by a non-negligible amount
of weeds that degrade over the dry season. The role of weeds for wind
erosion mitigation in-between cropping periods has also been described
in Mendez and Buschiazzo (2015) for sunflower and corn crops in
Argentina.

Recorded horizontal flux on plots seeded using animal traction and
intercropped with cowpea (M3 and M4) was slightly lower than their
manually seeded without intercropping counterparts (respectively M1
and M2). Because of their development timing (harvested before the
main crop), intercrops do not seem to play a noticeable role on flux
generation, though they could play an adverse role to animal drawn
tillage which loosens the soil in the early rainy season. Differences in
observed horizontal flux appears to be correlated to produced biomass
left on the plot during dry season rather than to seeding or cropping
practices. In Central Sahel where erosive events take place at the onset of
the rainy season, tillage and seeding practices may play a more impor-
tant role.

Overall, our observation further highlights the role of dry vegetation
in between rainy seasons in mitigating wind erosion, making groundnut
cropping or millet residue harvesting the practices having the most
potential for horizontal flux generation, as they were the closest to the
maximum flux generation and it is the presence of dry season weed
biomass that distinguishes them from bare soil (Table. 5).

4.2. Modeling approach

For both zy time series approach, the simulated horizontal flux
correctly reproduced the distinction between each type of land use that
was measured.

Differences in-between fallows for simulated horizontal fluxes were
mostly caused by differences in simulated vegetation biomass, which
allowed the models to accurately reproduce the dynamics of horizontal
flux generation. Because the STEP model only reproduces herbaceous
vegetation, woody vegetation geometry (trees, shrubs) did not have a
direct effect on simulated flux generation. As measured and simulated
fluxes were close to none (less than 6 kg/m between February and July),
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relatively high uncertainty remains on the exact result.

For millet plots, the combination of STICS with a degradation mod-
ule and STEP led to a satisfying simulation of vegetation dynamic on all
plots. Maximum simulated 2, for all millet plots remain under 0.1 m and
over 10™*m, which is consistent with the literature (Bielders et al., 2004;
Abdourhamane Touré et al., 2011). The absence of residues on plots
increased the horizontal flux by a factor of 1.5 to 4.5 depending on the
simulation.

To our knowledge, it is the first time weeds developing during the
rainy season and left on field during the dry season are modeled
alongside the crops. We found that modelling this herbaceous cover is
necessary in order to reproduce accurately the soil roughness and
associated horizontal flux, which would otherwise be overestimated.

4.3. Remaining limitations

Some sources of plant stresses in STICS can be underestimated,
which may be the case for water stress, as soil water has been over-
estimated in other STICS simulations studies in semi-arid areas (Sow
et al., 2024). Some other sources of stress such as phosphorus or anoxia,
as well as weeds, pests and diseases are not yet simulated in STICS and
may lead to biomass overestimation which was the case for groundnut
simulation and in a lesser way for millet plots. The overestimation of
groundnut yields was further exacerbated by the crop failure experi-
enced on GNO in 2021 (Groundnut yield on GNO in 2021: 0.06 +/- 0.01
t/ha while reported groundnut yields in the peanut basin ranged from
0.4 to 1.5 t/ha, Malou et al., 2021; Sambou et al, 2022). For millet crops
simulation, the early development of the plant was poorly reproduced.
These parametrizations need refinement in order to be used for hori-
zontal flux simulations in areas where erosion can happen coincidentally
to the cropping season, such as central Sahel.

Another uncertainty remains in the estimated z, time series derived
from wind profile measures. While z, values and dynamic is consistent
with what is known of the plot surface for most cases, outliers such as F2,
F4 or M3 exhibit behavior that do not match with other observations
(biomass left on field, horizontal flux measurements).

It is not yet clear what affects the wind speed profiles, though wind
direction and obstacles may play a role. Even when z; time series
accurately reproduce the evolution of the plot surface, they remain noisy
and can lead to noticeable flux overestimation.

5. Conclusion

This study proposes a comprehensive dataset of horizontal flux
generation associated with each type of main land use and practices in
the Sahelian area of the groundnut basin of Senegal and a modelling
approach capable of accurately reproducing these land uses and man-
agements, as well as their effect of horizontal flux generation.

The presence of dry vegetation on the plot surface in between rainy
seasons is the main way to decrease wind erosion, Therefore, according
to our observations, land uses and management that removes most of the
plant biomass (groundnut cultivation, millet residue harvesting) after
harvest is the most erosive, while leaving crop residues or fallowing
almost completely mitigates aeolian flux generation. These observations
were reproduced using our modelling approach, with differences in land
use and management implemented in a vegetation model and the
resulting plant biomass determining surface roughness, a key element in
estimating horizontal flux generation. To our knowledge, this modelling
framework is the first one allowing for such a comprehensive repre-
sentation of Sahelian agropastoral practices in regards to wind erosion at
this scale. We also present the first study measuring and modeling wind
erosion on groundnut crops in the Sahel, despite it being a key West
African crop.

Another key result in our study is the role played by weeds in wind
erosion mitigation, reducing annual horizontal flux by a factor of 4 to 5
during the dry season for residue-less crops such as groundnut or millet
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after residue harvesting. It is thus necessary to model both crops and
developing weeds in future studies in order to have an accurate repre-
sentation of the soil cover and resulting horizontal flux.

With this modelling framework, next steps will consist in broadening
the scale of our study. First temporally, by recreating time series of the
impact of different agropastoral pathways of the Senegalese groundnut
basin on flux generation during the last 60 years and in the future. Then
spatially, by describing the horizontal flux generation at the landscape,
regional or national scale. Indeed, despite differences in wind season-
ality, our study area shows similarity with other Sahelian sites in Niger
(Bielders et al., 2000; Rajot et al., 2003; Abdourhamane Touré et al.,
2011), Mali (De Rosnay et al., 2009, Pierre et al., 2014b) or northern
Burkina Faso (Visser et al., 2005; Leenders et al., 2016) in terms of
climate and soil characteristics (sand content higher than 90 %, often
close to 95 %, or clay content lower than 5 %) as well as similar agri-
cultural practices. This would make it possible to use our modeling
framework right up to the Sahel scale. Then a major main challenge will
be the estimation of net soil loss at the regional scale by accounting for
the redistribution of aeolian sediment between sources and sink areas.

One remaining open question is that of long term landscape evolu-
tion caused by wind erosion. While the presented modelling approach
paves the way for future projections, particularly in terms of local soil
losses due to wind erosion, soil and nutrient budget at the plot scale are
necessary in order to estimate long term displacement of sediment and
their budget. Moreover, landscape changes are also dictated by changes
in land use and management, probably related to soil fertility changes,
but also to policy changes (government subsidies for agricultural
mechanizations or input, change in tenure laws) (Garambois et al.,
2024; Masse et al., 2018). Estimating future agropastoral management
trajectories in the Sahel further requires a fine understanding of its
agrarian systems and associated land management (Gangneron et al.,
2024). Further research should focus on these trajectories and their
impact on soil fertility.
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Sensors
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Fig. Al. Experimental setup on the GNO plot (2020-2021). Top: Annotated picture of the instruments used for measurements (Credit: Jean-Louis Rajot). Bottom:
Satellite image of the plot (21 Nov 2021, Credit: Airbus, 2025)

Fig. Al provides a description of the instruments and setup on the GNO plot. The mast supporting the anemometers and temperature sensors is what
we describe as the “Weather station” on following figures. For the other setups (Fallows, Millet plots), we set the rain gauge, saltiphone and radiation
sensor on only one plot each year as we assume that these measurements will be the same on all plots (excepted for the saltiphone count which depend
of the surface state of the plot).

Fig. A2 is a satellite image of the fallow plots. On each plot (divided by the dashed red line), the weather station is accompanied by 3 MWAC masts
while 2 other are located on the borders of the plots in order to monitor incoming sediments on each plots.
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Instruments
€ MWAC Masts
& Weather Station

i. . Fallow Plots

Fig. A2. Satellite image of the experimental setup of the Fallows (2022-2023). From top to bottom, left to right, fallows are F1,F2,F3 and F4. Rain gauge, saltiphone
and radiation sensor were placed on F1. (10 October 2022, Credit: Maxar) Technologies, 2025)

Fig. A3 describes the Millet plots. On each plot the weather station is accompanied by 5 MWAC. Grass strips are located between each plot to
prevent sediments from entering each plots. These grass strips are at least 10 m wide and were devised by letting weeds develop freely around the
plots. The weeds reach 20 cm at the end of the rainy season and degrades over the dry season. The grass strips proved to be efficient in trapping
sediments entering and exiting the plots, as shown in Fig. A3.b, the lighter part of the strips are accumulated aeolian sediments.

On each plots, MWAC masts were positioned downwind, in order to measure sediments coming only from the plot (e.g. Fig. A.3.b). This was
possible as winds generating most of the aeolian flux take place between February and July.During this period, the wind direction is contained in the
330-60° directions (Fig. 3 and Appendix B, figure B3).
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Instruments

€ MWAC Masts

€ Weather Station
{1 Millet Plots

(®)

Fig. A3. Experimental setup on the Millet plots (2023-2024). a) Satellite image of the plots, from top to bottom M4,M3,M2 and M1. Rain gauge, saltiphone and
radiation sensor were placed on M4. (12 March 2025, the plots remained instrumented in the same way, Credit: Airbus, 2025). b) Drone photography of M2
highlighting the instrumental setup as well as the role of grass strips in trapping aeolian sediments.
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Appendix B. . Meteorological data

The INDAAF weather station in Bambey is located less than 2 km away (14°42'N, 16°28'0) from the experiment site in Bambey. This station
provides among other rainfall, temperature and wind measurements at 6 m (Marticorena et al., 2021). INDAAF temperature and wind speed time
series are provided in figure B1 for the complete duration of the study. Fig. B2 compares rainfalls time series provided by the INDAAF weather station
with on field measurements. Similar patterns and quantities of rainfalls are recorded on the field and by the INDAAF station, and difference in annual
precipitation can be either attributed to different sampling dates (the instrumentation of the plots can begin after the first rains, hence the missing
events), except for the fallow plots which were located in Ndem, 10 km north of the other plots and of the INDAAF station. The dry spells (over 20 days
with less than 20 mm of rain), which have a major role on crop yields (Fall et al., 2021), were consistents between the fields measurements and the
INDAAF station.

INDAAF (Bambey Station)
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Fig. B1. Monthly mean temperature and wind speed at 6 m, INDAAF weather station, Bambey.
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Fig. B2. Daily rainfalls from 2020 to 2023. Top panel: INDAAF recordings, area shaded in red correspond to dry spell periods. Bottom panel: On field measurements,
the blue and yellow lines are daily rainfalls in Bambey, while the orange line is daily rainfall in Ndem, 10 km away from Bambey and the INDAAF station.
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Wind directions between February and July (2020-2024)
All Winds Saltiphone count > 500/5min
North North
330° 30° 330° 3o0°

300° 60° 300° 60°
West East West East
Al winds
I Fallow winds (2023
240° 120° 240° 120°
210° 150° 210° 150°
South South

Fig. B3. Wind directions recorded between February (included) and July (excluded, 2020 to 2024. Left panel displays all winds measurements in blue, measure-
ments for F1 (2023) in orange. Right panel displays wind directions coincidental to strong saltiphone measurements.

Fig. B3 displays the main wind directions between February and July, when most of the erosive events take place. Main “erosive” directions are
identified by selecting wind direction coincidental to a strong saltiphone measurements (>500 saltiphone counts in 5 mins). The 330°, 30° and 60°
directions seem to generate the most flux, while overall, most recorded winds originate from 330°. As almost no horizontal flux was recorded on the
fallows, it was not possible to display the “erosive” directions on these plots.However, fallows exhibit the same distribution of wind directions during
this period.

In order to estimate the differences in meteorological conditions between the fallow site in Ndem and the other plots in Bambey. We compared
fallows rainfall with INDAAF rainfalls (figure B4, left panel) and the wind speed anomaly of fallows (compared to on field measurements in Bambey)
with July 2022-June 2023 INDAAF anomaly (figure B4, right panel). Despite being located north of the Bambey site, rains measured on the fallow site
are significantly greater than the ones recorded by the INDAAF station (Fallows: 649.6 mm, INDAAF: 540 mm). The difference seems to have been
caused by several strong events in July and August happening in Ndem but not in Bambey, the overall dynamic of rainfalls remain however similar
between the two sites.

Wind speeds measured on the fallow sites were significantly lower than the ones measured at the same time of year on other plots (Fig. B4, right
panel). This is most likely due to the geographic location of the site as INDAAF measurements don’t exhibit the same drop in average wind speed from
July 2022 to June 2023. This may have been caused by the higher density of trees on the fallow site, creating obstacle and decreasing the wind speed,
event at 1.9 m (See appendix A, figure A2).

Weekly Wind Speed Anomaly (July 2022 to June 2023)
Weekly rainfalls knomglg is calculated against measurements from July to June, 2020,2021,2023
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Fig. B4. Fallow site (Ndem) and Bambey meteorological conditions comparison. Left panel: Weekly rainfalls on F1 (Ndem) and the INDAAF station (Bambey) from
July to November 2022. Righ panel: Wind speed anomaly (Weekly wind speed — average wind speed during this week)/ average wind speed during this week for
fallows (average is calculated with measurements on GNO and millet plots) and for the INDAAF station (average is calculated with 2020 to 2024 data, excluding data
from July 2022 to June 2023).
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Fig. B5. Dust uplift potential on all studied plots. The erosive period (EP) was defined as the time period between February 1st and July 1st, when most of the
horizontal flux generation takes place.

Appendix C. . Vegetation measurements details

Table C1
Vegetation measurements details
Plot Frequency of non- Sampling Sampling category  Frequency of Sampling Sampling categories Max mean
destructive size destructive sampling size total
sampling (rainy season/dry biomass (kg/
season) ha)
Groundnut 18 measures 1m2*8 Height 15 measures between aug 1 m2 * 8 Groundnut (roots, stems, leaves, 678
(2021) between aug and and nov 2021, 9 measures flowers, pods)Total herbaceous
nov 2021 for of weed biomass during vegetation
groundnut dry season
Fallows Weekly 2*1.5m2*25  Height, cover Monthly 1m2*5 Millet residues (from the 811
(2022) for each plot (photography), previous year), green
trampling herbaceous vegetation, dry

herbaceous standing vegetation,
dry herbaceous litter

Millet Weekly 1.8%0.9 m2 * Height, cover Every two weeks / 1.8%0.9 m2 Millet (leaves, stems, cobs), 2040
(2023) 28 for each (photography), monthly *6 cowpea (leaves, stems, pods),
plot trampling weeds (green, dry), residues

Appendix D. . Groundnut parametrization

STICS’ groundnut parametrization is a parametrization of the short-cycle Fleur 11 variety (90-100 days) which is representative of other short-
cycle varieties that are mainly used in the groundnut basin. The calibration is based on a set of 65 experiments (35 for calibration et 30 for evalu-
ation) on 3 sites (Bambey, Nioro, Niakhar) in the groundnut basin and multiple years and types of practices.

The model already proved to be able to simulate legume’s nitrogen fixation (Falconnier et al., 2019, Traoré et al., 2022) and a prototype of
groundnut parametrization in STICS based on the calibration of other models (Ricome et al., 2017, Naab et al. 2004) and experimental measures in
Senegal (Agbohessou et al., 2022) was the base used for the calibration. Following the methodology described in Falconnier et al., 2019, calibration
was made through literature review, parameter determination from experimental data and optimization (manual calibration). Finally, 37 parameters
were fixed (9 through literature review, 3 from field measurements and 25 from manual calibration), describing plant phenology, biomass devel-
opment, yield formation, and nitrogen fixation and uptake.

Measurements of LAI, aboveground and fruit biomass, and soil water content were made to evaluate to calibrate and evaluate the parametrization.

During this calibration stage, the model showed an overestimation of aboveground biomass when observed biomass is low, yet agreed with the
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overall dynamic of the observations. nRMSE values for aboveground and fruit biomass ranged respectively from 39.5 to 45 % and 38.3 to 51 %. High
nRMSE values were also found for LAI simulations, the discrepancy can be caused by the assumption that LAI stops growing after the start of leaf
senescence. Biomass is not impacted by stress during flowering, which does not match the observations and leads to biomass overestimation in water-
stressed conditions. This calibration led nonetheless to a satisfying agreement between observed and simulated parameters, as well as an accurate
representation of the plant phenology.

Appendix E. . Dry module for STICS

While the STEP model provides an accurate simulation of degrading herbaceous vegetation, the STICS model handles the crop from sowing to
harvest. To model the degradation of millet residues left on the plot, a dry vegetation submodel is added to STICS, based on the addition of the same
submodel on the SARRAH model (Pierre et al., 2015). The dry vegetation submodel describes the decay of standing millet residues caused by herbivory
and climatic factors (decomposition, abrasion). It also deals with the transformation of standing vegetation into litter caused by wind and trampling.
Finally, litter decay is also modeled through herbivory, burying through trampling and decomposition.

Because this submodel treats differently stem biomass from leaves biomass and STICS does not accurately separate the two, the final aboveground
biomass minus the harvested organs is manually separated into two compartments:

Bisanding leaves (t = 0) = (Bapoveground (t = harvest) — By (t = harvest)) *percleaves (E.1)

Bitandingstems (t = 0) = (Babovegrouna(t = harvest) — B (t = harvest))* (1 — percleaves) (E.2)

Where percleaves = 0.4, based on observations at harvest for millet.
Then the degradation is handled through differential equations described in Pierre et al., 2015:

sttanding,leaves

dt = - (Kdegmd,up + Ktmmpling + Kingest) *Bsmnding.leaves (EB)
% = - (Kdegmd.up + Ktrampling) *Bsmnding‘stems (E 4)
% = Ktmmpling*Bsmnding.leavex - Kdegrad.lit*Blittehleaves (ES)
dBlitz%m = Ktrampling*Bstanding,stems - Kdegrad.lit *Blitter.stemx (E6)

Where Kgegradp = 0.001 d-1 is the degradation from physical and abiotic factors for standing vegetation, Kiqmpiing = 0.003 * livestock d-1, the livestock
is expressed in Tropical Livestock Unit per km2 or TLU/km2, Kjngess = 0.005*livestock d-1 and Kgegraqsir = 0.011 d-1. The coefficients are derived from
field studies (Schlecht and Hiernaux, 2001; Hiernaux and Ayantunde, 2004; Kergoat et al., 2015), STEP model degradation values (Delon et al., 2015),
and coefficient of litter degradation taken from Abdourhamane Touré et al. (2011).

Appendix F. . Model calibration
F.1. Biomass simulation

For the GNO plot simulation, the output from the crop model STICS shows a strong overestimation (Fig. 8) of the aboveground biomass as it reaches
over 300 gDM/m? for each simulated year, while the maximum observed biomass for year 2021 was less than 100 gDM/m? at best. This difference is
explained by STICS difficulty to simulate highly water and nutrient stressed growing conditions, as was the case in this experiment. However, the
phenology of the groundnut was accurately simulated, as fructification and maturity predicted and observed dates were close (fructification was
predicted on September 19 and observed between September 11 and September 20, maturity was predicted on November 10, right before the actual
harvest on November 16).

Weeds on the field were simulated using the STEP model (Fig. F.1.) and the final biomass was weighted according to the effective area that could be
covered by weeds during the cropping season. We use a RMSE minimizing optimization method to first set the value of the conversion efficiency
parameter ¢, and then the value of the grazing pressure, in TLU/km? (Tropical Livestock Unit per km?) which affects the degradation of the plot
vegetation. The final values were 3.6 g/MJ for & and 5 TLU/km?. This grazing pressure is on the lower range of Sahelian estimations but is consistent
with animal presence over low fertility areas (Turner and Hiernaux 2002; Pierre et al., 2015; Audouin et al., 2017).

Table F1
STEP Model parameter calibration for each fallow.
Fallow ¢ (g/MJ) TLU/km?
F1 2.98 10
F2 3.19 5
F3 2.90 10
F4 3.20 5

Following the same method as described for GNO weeds, in-
dividual calibration was made for each fallow, results are
shown in Table F.1.. ¢ is consistent with what is known of each
fallow (F2 and F4 are older fallows, presumed to be more
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fertile). Estimated maximum value of grazing pressure for each
plot through biomass optimization was between 5 and 10 TLU/
km?. The output of the STEP model after calibration is in very
good agreement with observed biomass (Fig. F.1.), especially
for standing (green and dry) biomass. Litter biomass is slightly
underestimated during the beginning of the dry season (from
October to February). The degradation dynamics and propor-
tion between lying and standing biomass is accurately
simulated.

Table F2
STICS and STEP model parameter calibration for millet plots.
Millet field ¢ (STEP) TLU/km? (STEP) TLU/km> (dry module) Nitrate modulation (STICS)
M1 3.89 25 2 22 %
M2 3.51 20 No dry module 2%
M3 3.61 10 3 0%
M4 2.80 10 No dry module 0%

For each millet plot, vegetation was simulated through the STICS model for millet development and the STEP model for weed development and
degradation (Same as fallows and GNO).The dry millet degradation module was added to STICS for M1 and M3 where millet residues were left on field.
For M2 and M4, nearly all residues were collected and the only simulated cover after harvest is weeds.

While the values of grazing pressure are in the expected range of values and are consistent with each other (from 10 to 25 TLU/km?), the grazing
pressure on M1 (25 TLU/km?2) is higher than other values and the estimated grazing pressure for millet degradation with the dry module (Table F.2.).
This might be caused by the stark decrease of weed vegetation on M1 compared to other millet plots, which can also be caused by non-animal factor
such as human interaction. Regarding millet, the STICS model was calibrated through the modulation of the nitrogen content of the plots to estimate
soil fertility. The baseline was established with default STICS soil nitrogen content (NO3 ranging from 15 to 20 kg/ha and NH,4 ranging from 4 to 10 kg/
ha depending on soil depth, which is the required N amount for millet culture, Bationo and Ntare, 2000; Kidron et al., 2009) and was modulated to
better fit our observations. Heavy nitrogen stress was necessary to accurately reproduce the observed biomass, which is consistent with soil mea-
surements made on the plot in 2021, and overall the low input agriculture of Senegal, especially in the study area.
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Fig. F1. Top Panel: Groundnut and weeds biomass on plot GNO. R? is calculated on the total vegetation biomass. Left: Weed biomass on fallows, standing vegetation
is green and litter is brown, Right: Millet (green) and weed (brown) biomass on millet plots. Observations are represented with standard deviations (squares),
simulations are represented with a line. R? is calculated on the total vegetation biomass.

Though maximal millet biomass is accurately simulated by STICS, the simulated millet growth is very early in comparison to our observations.
However, this model bias will not affect wind erosion simulation as almost no horizontal flux is generated during the period of the year in this part of
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the Sahel.
F.2. Aerodynamic roughness parametrization
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Fig. F2. z( parametrization for fallows (left) and millet plots (right). R? is calculated between all zo estimations and the median observed value of zg in a 30-day
window around the estimations.
For each type of land cover, we use a parametrization linking aerodynamic roughness length z, to a vegetation variable.

For herbaceous vegetation growing on fallows and for weeds on crops, we adapted a previous parametrization from Pierre et al. (2015) designed
for rangeland in Central Mali by regressing 2z, values against monthly observations of vegetation aerial mass. The updated equation is the following:

2o = 0.0003*Bianding +0.00015* By, (F.1)

with the biomass B expressed in g.m™2.

For 41 measures, equation (F.1). gave a R? of 0.65 on our fallow dataset. z, parametrizations based on biomass observations are presented in
Fig. F.2.
Similarly, by fitting the biomass measurements of groundnut against the z, observations, the following equation is obtained:

2o = 5.1%10 **Byroundgnue + %os (R2 = 0.76, n = 15) (F.2)

At the beginning of the growing season, multiple weedings occurred to eliminate the development of competing herbaceous vegetation. Weeds,
however, still developed in the later months of the rainy season (September — October) and provided the only soil cover after groundnut harvest. At
the beginning of the dry season of 2020, around 40 % of the field was still partially occupied by weeds. It is then necessary to consider them when
simulating the z, time series outside the groundnut growing season. The relation between weed biomass and aerodynamic roughness length (Eq.
(F.1).) is the same as the one used on fallows. When using the relationship on the observed weed biomass on the groundnut field during the 2020-2021
dry season, we obtain R? = 0.98, for n = 7. The overall parametrization is a maximum between the groundnut and weed parametrization, it scores an
R? of 0.81 for n = 24 (Fig. F.3).
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Fig. F3. z; parametrization compared to observations for GNO. z, estimations for groundnut and weeds biomass are respectively derived from equations 8 and 7. R?
is calculated between all z estimations and the mean observed value of z; in a 30-day window around the estimations.

Millet parametrizations were proposed in previous studies, linking roughness either to millet height (Pierre et al., 2015) or biomass (Pierre et al.,
2018).

Biomass-based parametrization proved to be more efficient in estimating z, values because biomass is better correlated to cover density than
height. However, the relationship between biomass and roughness changes before and after the harvest when the millet stems degrade and fall,
affecting the value z; because of changes in geometry of vegetation cover rather than in its biomass. Also, the development of weeds during and after
cropping plays a non-negligible role in roughness (Bielders et al., 2004).

Before harvest, the logarithm of millet biomasses after the exclusion of outlier masses was regressed against the average z, value (7-day average
centered on measured date).

20 = 7.1%107**In(Bier) + 2.15%1072 (F.3)

Where B, is the total aerial millet biomass.
After the harvest, the 2y parametrization takes into account millet residues biomass and herbaceous biomass.

20 = 4.4*107°*Bier +4.7*107**B,,00q5 + 0.001 (F.4)

Where B,..qs is the total aerial weed biomass.

Table F3
Summary of z parametrizations for each type of modeled vegetation. All relations are empirical. Biomass units is in g.m~%
Land Used vegetation variable z¢ estimation method Equations
cover
Groundnut  Groundnut aboveground biomass Maximum between function of groundnut biomass 2o = 5.1%10"**Bgroundnue + %0s%0 = 0.0003*Byanging +
(agb), herbaceous agb (standing, and function of weed biomass. 0.00015*Bgr(adapted from Pierre et al. (2015))
litter)
Fallows Herbaceous agb (standing, litter) Function of weed biomass 20 = 0.0003*Byanding + 0.00015*Byyer(adapted from Pierre et al.
(2015))
Millet Millet agb, herbaceous agb (standing  Before harvest, maximum between function of millet ~ Before harvest: zy = 7.1*10~3*In(Bygier) + 2.15%1072
litter) aboveground biomass and function soil residues
cover After harvest: zo = 4.4%1075*Ber +4.7*10~4*B, 045 +0.001

After harvest, maximum between function of millet 5/ — 0.0012in (fev) +0.0013 (Abdourhamane Touré et al., 2011)
and herbaceous biomass and function of soil residues

cover

Litter cover also affects the roughness zj and is considered through the equation proposed in Abdourhamane Touré et al. (2011):

2o = 0.0012 « In(f,,) + 0.0013 (F.5)

with f, the fraction of soil surface covered by vegetation.

The final 2, value is the maximum between the relevant regressed relation (before or after harvest) and the impact of litter cover, following the
methodology described in Pierre et al. (2018).

Finally, the R? values from this overall parametrization ranged from 0.72 to 0.95, for an overall 0.73 on all plots (n = 56). The correlation between
observed z, values and estimated ones from biomass measurements excludes values calculated in September and October as 2, observations were too
scarce during this period to be reliable. A summary of all z, parametrization is presented in Table F.3.

E.3. Simulated aerodynamic roughness length
Using the parametrization from section F.2. and biomass simulation, we modeled an aerodynamic roughness length time-serie 2o, for the
groundnut plot, fallows, and millet plots. Correlation and RMSE between observed and simulated z, values are reported in Table F.4.

For the groundnut plot (GNO), from February to July 2020, the value of 2 is set to 2o, to account for field clearing. After this date, z is set to the
maximum of the z, derived from groundnut and the one derived from weeds biomass. From sowing to harvest, the groundnut cover is the main driver
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of 29, and overestimation of groundnut biomass thus also leads to an overestimation of zy around vegetation maximum (2o max 2020 = 36 cm, 2y max
2021 = 26 cm). After harvest, 2, is derived from the weeds biomass and a better agreement is found between observed and simulated z, values
(Fig. F.4.) The degradation of weeds over time allows for a good description of the decline in 2, values from harvest to beginning of the next rainy
season. Overall, this parametrization gives satisfying results (R?> = 0.6, n = 392), especially between January and June 2021 when most of the

horizontal flux was generated.

Table F4

Correlation between observed and simulated zg,
Plot GNO F1 F2 F3 F4 M1 M2 M3 M4
n 392 237 215 210 206 177 205 201 179
R? 0.6 0.88 0.75 0.85 0.86 0.61 0.8 0.58 0.67
RMSE 0.061 0.011 0.007 0.004 0.008 0.009 0.008 0.012 0.009
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Fig. F4. {z0 simulation and daily estimations} Aerodynamic roughness length simulations (red line) and daily estimations (grey crosses) for GNO (top), fallows (left)
and millet plots (right).

A strong agreement between observed and simulated 2, values has been found for fallows with R? ranging from 0.75 (n = 215) to 0.88 (n = 237).
From July to October, the increase of z is explained by vegetation growth. During the dry season, 2z is influenced by the decrease of herbaceous
biomass and the transformation of standing dry biomass into litter.

For the millet plots, the 2, time-series derived from biomass value are in good agreement with observed 2, with R? values ranging from 0.58 (n =
201) to 0.8 (n = 205). Millet growth drives the 2, increase from July to October on all plots. After harvest on plots with residue collection (M2 and M4),
2o’s decrease results from weed biomass degradation. 2z, decreases on M1 and M3 where residues left on field are a combination of millet stems and
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weed biomass degradation. On both plot, weeds are the main driver of aerodynamic roughness evolution until the middle of the dry season (January)
and as weeds continue degrading, millet residues take a more preponderant role. Litter-caused roughness rarely surpasses biomass-caused roughness

in our simulations.

Data availabilityi.

Evaluating the impact of different agropastoral practices on wind
erosion in western Sahel (Original data) (Mendeley Data)
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