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A B S T R A C T

This research investigated the effects of Land Use Land Cover Change (LULCC) over the Sokoto Rima River Basin
(SRRB) using a setup of Weather Research and Forecasting (WRF) atmospheric model to generate the parameters
to force WRF hydrological (WRF-Hydro) model which comprises of a parent domain at 12km horizontal reso-
lution with an updated MODIS Land Use (LU) data and the nested domain at 4km resolution which focuses on the
SRRB. The calibration of the model was done by modifying the infiltration and the Manning's roughness pa-
rameters. WRF-Hydro model was used to run simulations with the control LU and five different LU scenarios
generated for Urban (Ur), Grassland (Gr), Savanna (Sa), Forest (Fr) and Barren (Ba). For the period analysed,
simulation with Gr scenario increased streamflow in all the forecast points, while the Sa decreases it. A strong
correlation was noted between the input precipitation and streamflow for all LU scenarios, and a significant
Specific Discharge to Rainfall (SDR) for Ur, Fr and Ba scenarios. There was an increase in streamflow in the dry
period due to afforestation and a decrease due to deforestation. Areas where grasslands were converted into
savanna showed a little increase in evapotranspiration ET. There was more ET for the Sa scenario than the Gr
scenario in the wet period, while there was more ET in the dry period for Gr scenario than it is for the Sa scenario.
The study has shown that ET is a major factor to changes in streamflow due to LU changes over the basin. The
sensitivity of the model to LULCC is reasonable, but more research is recommended to compare results with
different hydrological model popularly used for LULCC impact studies.
1. Introduction

Land Use Land Cover Change (LULCC) is a vital attribute in the runoff
procedure, which has an effect on erosion, interception, infiltration and
evapotranspiration (Alemayehu, 2015). Land Use (LU) change could
interrupt the hydrological cycle by means of increasing the water yield,
causing a reduction or at times completely removing the low flow (Per-
eira 1989; Croke et al., 2004). The decrease in water recycling and
evapotranspiration as a result of changes in Land Use Land Cover (LULC)
could trigger a feedbackmechanism in which the consequence is reduced
rainfall (Savenije 1995). Alterations in the attributes of land surface in-
fluences the surface water balance (Pitman, 2003).

Regarding the hydrologic implication of LULCC, according to Shuster
et al. (2005) and Zhou and Wang (2008), Impervious Surface Area (ISA)
(I.C. Achugbu).
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of an urban settlement is often used to study the environmental impact of
urbanization. The expansion of the ISA affects a series of hydrologic
processes as it reduces infiltration and baseflow, increases peak flow and
runoff, and raises the accumulation of sediment (Zhou 2014) and thereby
leading to some environmental problems namely flooding, erosion,
sedimentation, higher air temperatures, alteration in the habitat, and
reduction in the population of fishes.

LULCC and its related consequences are recognised to influence the
hydrology of the basin (Foley et al., 2005; Ohana-Levi et al., 2015; Kumar
et al., 2018, Patil and Nataraja 2020; Thiha et al., 2020; Khoi et al., 2021
e.t.c.). Researchers like Lal (1997) and Ngana (2002) have stated that the
impact of vegetation cover in improving the capacity of basins, moisture
conservation and water yield increase cannot be disregarded. This is
because it can alter the hydrological flow regime of the river catchments.
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Exchange of heat in the space separating land and the atmosphere could
be affected by loss of wetlands, which can considerably adjust evapo-
transpiration and runoff (Bartzen et al., 2010). Also, the changing of
wetlands to agricultural lands can likewise lead to alterations in
composition and role of vegetation layer that further affects the energy
fluxes in climate system (Carrington et al., 2001). Furthermore, the
transformation of wetlands to urban construction areas enlarges the
watertight surfaces like houses, parking grounds, and highways which
permits no infiltration, hence will turn all the water that drops on them
into run-off, and thus influence regional water cycling (Li et al., 2018).
According to Zheng et al. (2008), changes in land use types in a catch-
ment could have a considerable effect on the streamflow/discharge and
its response to storms.

Using various modeling techniques overWest Africa, researchers such
as Aduah et al. (2017); Li et al. (2007) and Akpoti et al. (2016) have all
emphasized that deforestation results into an increase in runoff overWest
Africa using Agricultural Catchments Research Unit (ACRU) model,
SWAT model and Integrated Biosphere Simulator (IBIS) respectively. Li
et al. (2007) also affirmed that when land cover change exceeds some
thresholds, the water yield was increased substantially. Zhou (2014)
emphasized that although much progress has been made in the study of
hydrologic impact of LULCC, there are still numerous uncertainties and
even controversies. There are uncertainties from data sources, LULCC
quantification, and hydrologic modeling in the evaluation. The hydro-
logic impact of LULCC may vary with study area, climate condition, ge-
ography, and spatial scale, and it is also dependent on the temporal scale
analyzed. All of these factors make the evaluation of the hydrologic
impact of LULCC more challenging and never-ending.

The study area, Sokoto Rima River Basin (SRRB), is extremely
suceptible to the alterations that affects hydrological processes, which
have led to the reduction of water in the available reservoirs. Because of
the semi-arid nature of most parts of the catchment, it suffered heavily
during the 1970's and the 80's Sahelian drought. The catchment is also
being confronted with high erosion due to high rainfall between July and
September each year, which also worsens the LULCC of the catchment.
Unceasing LULCC has the potential to affect the water balance of a
Figure 1. Position of SRRB in West Africa, also showing the Streamflow Order, the
points). The legend parameters value is same as in Appendix 1.
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catchment by altering the size and order of the constituents of stream-
flow. However, the study of LULCC impacts on streamflow has been one
area that is sparsely carried out in West Africa. This could be because of
the sparseness of hydrometeorological data of good standard over the
region (Jones et al., 2015). So, as the practice of agriculture also entails
deforestation, the question is how would change in land cover affect the
flow over the basin that is already faced with perpetual drought? Another
important question is that what will be the future situation if deforesta-
tion is not checked, and if afforestation is greatly practiced? The exis-
tence of a basin especially in a Sudano-Sahelian environment is sure to
increase livelihood, assure food security, reduce hunger, improve pro-
duction and provide job for the people around and beyond. Nevertheless,
the evaluation of the prevailing and possible LULCC on streamflow in the
basin is quite compulsory for LU design. This is an essential condition for
a viable water resources management, hence the need for this research
over the basin.

The aim of this research is to simulate the response of streamflow to
alterations in LULCC scenarios in the SRRB. Many researchers have
worked on the effects of LULCC on different river catchment areas in the
Niger basin and in West Africa within and outside Nigeria using different
tools and approaches like remote sensing, statistical and modeling tools,
but none have either used the WRF-Hydro model, or incorporated a
satellite data into the model. In regards to calibration, processes
involved, usage and complexity, models could be different from each
other. Actually, there is no one-size-fits-all model for all applications
(Merritt et al., 2003). Hence, the choice of a specific model is aimed at
getting adequate solution to a particular problem. However, this research
uses the WRF and WRF-Hydro model to simulate the impact of LULCC on
streamflow over the SRRB in West Africa.

2. Data and methodology

2.1. Study area

The SRRB is a semi-arid basin, which lies in the Sudano-Sahelian zone
of West Africa with mostly Savanna vegetation and marked with a
basin mask and the location of the three Forecast Points (the purple-coloured
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separate dry and wet season. The complete SRRB lies between latitudes
10�N and 16�N with northern extension to Niger and longitudes 3�E and
9�E and covering an area over 100,000 square kilometres and bodering
with Benin Republic on the southwest. The SRRB covers Zamfara, Sokoto,
Kebbi and Katsina states in Nigeria to the East, and is bounded to the
Southeast by Niger State in Nigeria. Two major dams, which include the
Goronyo and Bakolori dams, were situated in the basin mainly for water
supply, irrigation and other agricultural purposes. However, there are
about 12 other Dams and tangible diversions located within the basin.
These have the tendency to reduce the flow downstream as Armitage and
Petts (1992) stressed that river abstraction reduces the volume of
discharge that as a response could change the width, depth, velocity
pattern and shear stresses within the river channel.

According to Ekpoh and Ekpeyong (2011), average annual tempera-
ture for Sokoto is 34.5�C, even though dry season temperatures may
exceed 40�C in some years around February and April within the region.
The daily minimum temperature may be lower than 18�C during the
harmattan season. According to Abdullahi et al., (2014), the basin is
characterized with high evaporation, which could be about 80mm in July
and around 210mm in April to May. April to May is the period with
highest evaporation and also the hottest months. In April, Relative Hu-
midity (RH) is close to 19%, and gets to about 64% in August. Rainfall in
the basin is seasonal. Sokoto has an average annual rainfall of 629mm
(Ekoh 2020). The rainy season usually commences fromMay or June and
could last till September or early October based on the yearly rainfall
pattern, so nearly all the rain falls within May and September. Also, the
northern part is dominantly shrubby and thorny vegetation known for
the Sahel region of West Africa. The area under study is a sub basin in the
SRRB which is situated amid 11�300N and 15�N and 5�E and 9�100E
(Figure 1), covering an area of about 65,000 square kilometres. It covers
Sokoto, Zamfara, Katsina, small part of Jigawa and Kano. The reason for
selecting a smaller domain was due to the high computational cost of
running WRF-Hydro simulations over such a very huge domain. In
addition, building the routing grids using the WRF-Hydro Geographic
Information System (GIS) pre-processing tools was also difficult for a
larger domain. The basin masks show the area drained to each Forecast
Figure 2. Various LULCC scenarios utilized for the Simulations over the SRRB (a) 2
Parameters: Evergreen broadleaf forests 2, Open shrublands 7, Savannas 9, Grassla
Cropland/Natural vegetation mosaics 14, and Barren 16.
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Point (FP), which includes Sokoto, Goronyo and Bakolori. Both Goronyo
and Bakolori drained into the Sokot FP.

The dominant LU parameters in the basin (based on the 2012 LU data
obtained from MCD12Q1 data) includes Grasslands occupying about
22.18% of the area, Croplands occupying about 50.12% of the area,
Urban and built-up lands occupying about 0.63% of the area, Cropland/
Natural vegetation Mosaics occupying about 26.54% of the area and
Barren lands covers 0.51% of the area.

2.2. Data

2.2.1. Observed data
The all-important in-situ streamflow data available is located at the

Goronyo dam, which is the in-flow to the dam. The data is available since
the inception of the dam, but due to inconsistency and loss of records,
only 2012 to 2013 were made available. Although, promises were made
by the dam management to release more recent streamflow data in the
future, but we have to make use of what was made available.

2.2.2. Land Use Land Cover data
The default LU in WRF model is the Moderate Resolution Imaging

Spectroradiometer (MODIS) data, which is based on the 2001 data
archive, and is yet to be updated for West Africa. This research therefore
integrated an updated collection 6 (C6) MODIS Land Cover Type Product
(MCD12Q1) into the model. The MCD12Q1 made available a yearly
global LU map of 500m spatial resolution from 2001 until the present
date. The land cover classification based on the International Geosphere-
Biosphere Programme (IGBP) (Loveland and Belward 1997; Belward
et al., 1999) of MCD12Q1 MODIS land use data was selected for the
research.

The accuracy assessment of the MCD12Q1 data revealed that C6
product has an all-inclusive accuracy of 73.6%. Also, the number of
bogus LC change has been considerably reduced in C6 in comparison
with C5 (16% in C6 and 11.4% in C5) (Sulla-Menashe et al., 2019).
Reason for the choice of IGBP land cover classification in this research is
because of its near match with the default LU data in WRF. The name of
012 control, (b) Urban, (c) Savanna (d) Grassland (e) Forest (f) Barren. Legend
nds 10, Permanent wetlands 11, Croplands 12, Urban and built-up lands 13,



Table 1. The percentage coverage of each LU variable with regards to the pixel counts for each scenario over SRRB.

LU Parameters Code Ct Ur Sa Gr Fr Ba

Evergreen Broadleaf Forests 2 0.000 0.000 0.000 0.000 98.859 0.000

Open Shrublands 7 0.011 0.011 0.011 0.000 0.000 0.000

Savannas 9 0.000 0.000 22.180 0.011 0.000 0.000

Grasslands 10 22.180 22.180 0.000 98.849 0.000 0.000

Wetlands 11 0.001 0.000 0.001 0.001 0.001 0.001

Croplands 12 50.126 0.000 50.126 0.000 0.000 0.000

Urban Lands 13 0.630 50.757 0.630 0.630 0.630 0.630

Cropland/Natural Vegetation Mosaics 14 26.543 26.543 26.543 0.000 0.000 0.000

Barren 16 0.510 0.510 0.510 0.510 0.510 99.369

*Ct, Ur, Sa, Gr, Fr and Ba are the LULCC scenarios for SRRB, i.e., Control, Urban, Savanna, Grassland, Forest and Barren, respectively.
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the IGBP LU parameter, the assigned value of the name, and the
description of the components, which the parameter names are made up
of, are presented in Appendix 1. Some of the parameters in some instance
could not fill up the size of the pixel due to its lower resolution, and hence
were mixed with other parameters.

2.2.3. Generation of the LULCC scenarios
The granule of MODIS MCD12Q1 data that covers the basin was

downloaded from the MODIS website https://searchearthdatanasagov/.
The data are in sinusoidal projection, hence was, resampled and repro-
jected to WRF projection. In order to study the response of streamflow to
different land cover scenarios in the Sokoto Rima River Basin (SRRB),
five various LC scenarios were created; Urban (Ur), Grassland (Gr),
Savanna (Sa), Forest (Fr) and Barren (Ba) as shown in Figure 2. The
LULCC scenarios were developed by changing some LU parameters into
another as follows: for Ur scenario, all croplands were converted into
Urban and Built-up Lands; for Sa, Grasslands was changed into Savannas;
for Gr, croplands and Cropland/Natural Vegetation Mosaics were con-
verted into Grasslands, after that, Open shrublands was converted into
Savannas; for Fr, Open Shrublands, Grasslands, Croplands and Cropland/
Natural Vegetation Mosaics were all converted into evergreen broadleaf
forests; for Ba, open shrublands, Grasslands, Croplands and Cropland/
Natural Vegetation Mosaics were all converted to Barren lands.
Figure 3. Terrain of WRF domain for the WRF-Hydro Simulations; (a) do1 is the main
(b) the nested domain at high resolution of 4 km.
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The Gr scenario was conceived in that most a time during the dry
season, part of the area is usually razed by fire, which at times could be
deliberate in order to have a fresh growth of grasses when rain comes. As
Savanna is grassland with scattered individual trees, the Sa was conceived
in order to see how the inclusion/planting of trees to grasslands could
impact the streamflow over the basin. In the studies from LULCC impacts,
uncertainties resulting from observed data, the parameterization process,
and the conceptual model cannot be rulled out (Aboelnour et al., 2020).
Hence, to be sure and clearly recognize the effect of urbanization, affor-
estation and deforestation on the basin, and that the effects can be truly
and distinctly simulated, this necessitates the hypothesizing of extreme
LULCC that could be legibly sensitive to the changes from the model other
than a naturally or feasibly occurring condition. Hence, the reason for the
inclusion of some perhaps unrealistic extreme LULCC scenarios (i.e., the
Ur, Fr and Ba) as it also gives room to study and have a comprehensible
explanation of the processes through which LULCC affects streamflow.
However, our discussion is mostly based on the Sa and Gr scenarios.

Table 1 presents the percentage coverage of each LU variable with
regards to the pixel counts for the Control (Ct) and each land use Scenario
over the basin. Version 5.0 of the WRF-Hydro modelling system (Gochis
et al., 2018) forced with WRFV3.9.1.1 outputs was employed to simulate
the response of streamflow to different land cover scenarios over the
Sokoto Rima River Basin (SRRB).
domain at 12 km and do2 is the nested domain for WRF-Hydro Simulations, and

https://searchearthdatanasagov/


Table 2. WRF physics parameterisations used.

Physics Schemes Selected parameterisation options Reference

Cumulus
Parameterisation

New Tiedtke scheme Zhang et al. (2011)

Longwave Radiation New version of Rappid Radiative
Transfer Model (RRTMG)

Iacono et al. (2008)

Microphysics WRF Single-Moment 6-class (WSM6) Hong and Lim
(2006)

Planetary Boundary
layer

Mellow-Yamada Nakanishi and Niino
Level 25 (MYNN25)

Nakanishi and
Niino (2006)

Shortwave Radiation New version of Rappid Radiative
Transfer Model (RRTMG)

Iacono et al. (2008)

Land Surface Noah-Multi Physics (Noah-MP) Niu et al. (2011)
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2.3. Atmospheric and hydrological modelling system

2.3.1. WRF atmospheric model and WRF-hydrological model (WRF-hydro)
WRF atmospheric model has been extensively used among re-

searchers and is suitable for use in diverse scales, ranging from one or two
to thousands of kilometers. WRF hydrological model (WRF-Hydro) was
developed to improve the delineation of the hydrological processes over
land. Version 5.0 was used in this research. Kannan et al. (2019) iden-
tified some of the challenges to large-scale hydrologic model calibration
which includes the accessibility of reliable quality data, consideration of
several reservoirs present in a sub-basin, poor representation of elevation
and slopes in highland areas, description of the carrying capacity of river
channels, exclusion of some section of the basin because of administra-
tive boundary problems, poor replication of irrigation return flows,
insufficient description of vegetation cover and soil types, poor repre-
sentation of groundwater and surface abstractions, and inadequate rep-
resentation of water releases between rivers. The baseflow into the
stream network in the model is described with the use of a bucket model
(Naabil et al., 2017). However, due to a high level of river abstractions
and diversions through several dams upstream of the forecast points in
this study, the observed streamflow data was drastically reduced and far
lower than the simulation. Nevertheless, in order to get the model cali-
brated, the bucket model was switched off owing to insuficient knowl-
edge of the channel attributes, as the model could not account for the
high abstraction and diversions going on in the basin. However, for the
LULCC experiments, the baseflow was switched on in order to avoid any
form of uncertainties that could arise from that.

2.3.2. Set up of WRF and WRF-hydro model
The setup of the atmospheric model (WRF) to generate the parame-

ters to force the hydrological model (WRF-Hydro) as shown in Figure 3,
comprises of a parent domain (Figure 3a) configured at a horizontal
resolutoin of 12 km and the nested domain (Figure 3b) at 4 km. The
boundary conditions were taken from the 6 hourly ERA-Interim rean-
alysis data, with 0.75� resolution (Dee et al., 2011) and the initial soil
data i.e., sea surface temperature, soil moisture and temperature, were
taken from the National Centers for Environmental Protection (NCEP)
Final Analysis (FNL) 6 hourly data. Hence, the boundary conditions were
being updated 6 hourly.

Since we were able to have the observed data for only 2012 and
2013, the model was calibrated for 2012, after which the model was
ran for 2011–2013, using the whole of 2011 as the spin-up time to
allow the model adapt to the sensitivity of catchment conditions.
However, due to inadequate observation data and computational cost
of running WRF and WRF-Hydro models, we had to limit our studies
within the time scale (2012–2013) for the assessment of the impact of
LULCC on streamflows over the geographical area. Validation was
done for 2013, and same year was analysed. Noah-MP LSM was used
with other physics combination based on some preparatory tests,
5

which is also in agreement with the results of Gbode et al. (2018) as
shown in Table 2.

Researchers like Sertel et al. (2011), Wen et al. (2012) and Case et al.
(2012) have changed the land use data in WRF by intergrating satellite
data for a more updated LU data to enhance the models outputs as aslo
carried out in this study. The default land use data in WRF model was
substituted with the 2012 MODIS land use data which is updated and
more realistic in order to have a comparable control simulation with the
experiments, and an improved WRF model output for the hydrological
simulations.

Considering the fact that the horizontal resolution of the nested
domain is 4 km, which falls within the convective permitting scale, in
which the cumulus activities would be resolved, cumulus scheme was
therefore switched off for the nested domain.

2.3.3. WRF-hydro model calibration
The model calibration and validation was carried out based on the

discharge at Goronyo FP out of the three FPs. According to Naabil et al.
(2017), calibration information from a separate basin of indistinguish-
able geographical features could be used as a basis in the calibration
process. This however justifies the use of the model for other FPs based
on the calibration for Goronyo FP in this study.

There are two important steps usually taken into consideration in the
calibration processes. Firstly, the REFKDT parameter which is the
parameter for infiltration partitioning, the RETDEPRTFAC i.e., the sur-
face retention depth, and the SLOPE that governs deep drainage. Sec-
ondly, the roughness parameter (Manning's roughness, MannN) that
controls the shape of the hydrograph. However, there were factors like
insufficient data on channel geometric along with measured data that
limits the automatic calibration of these parameters, which necessitate
the use of manual calibration.

Hence, the model calibration was centered on the channel's infiltra-
tion factor (REFKDT) and MannN coefficient. The REFKDT is a tunable
parameter that considerably controls the surface infiltration, and
consequently the partitioning of runoff (Ma et al., 2021). Increasing the
value of REFKDT decreases the surface run off and vice versa. So, the
default values of the other parameters that were not calibrated were used
as a result of the limitations earlier mentioned. Although, depending on
the experience of the researchers, the manual method of calibration
could give a more appropriate result (Yin et al., 2020). As the REFKDT
and MannN parameters are predefined tabulated values and are conse-
quently symbolised as global values for the entire model domain, this
method makes it feasible to modify the model to match with the amount
and rhythm of the observed flow (Yucel et al., 2015). Tested values of
REFKDT during calibration were 3, 1.5, 1.0, 0.7, 0.6, and 0.5.

2.3.4. Assessment of WRF-hydro calibration
The optimum streamflow estimates during calibration were assessed

using statistical measures e.g., Percentage Bias (PBias), Pearson's corre-
lation coefficient (r) and Nash-Sutcliffe efficiency index (NSE). The
equations for computing the listed statistical approaches are described
below;

PBIAS¼
XN
t¼1

ðqt
y � qt

xÞ�
XN
t¼1

qt
x X 100 (1)

NSE¼1�
XN
t¼1

ðqt
y � qt

xÞ2 �
XN
t¼1

ðqt
x � qmeanÞ2 (2)

r¼ nðP xyÞ � ðP xÞðP yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

x2 � ðP xÞ2nP y2 � ðP yÞ2
q (3)

where q is the streamflow, x is the observed, and y is the model value.



Table 3. Model performance with different parameters for Goronyo FP.

REFKDT 3.0 (Def.) REFKDT 1.5 REFKDT 1.0 REFKDT 0.7 REFKDT 0.6 REFKDT 0.5

Pearson Correlation (r) 0.87 0.54 0.90 0.90 0.91 0.91

Nash-Sutcliffe (NSE) 0.35 0.13 0.78 0.78 0.74 0.60

P-bias -64.40 -60.48 -14.34 -7.42 31.98 53.39
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The PBIAS measures the average propensity of the simulated value to
either be larger or smaller than the observed value. Positive values show
that the model bias is toward overestimation, whereas negative values
are an indication of underestimation (Gupta et al., 2009). The NSE gives
the relative size of the residual variance (called “noise”) to the variance
of the flows (“information”) (Nash and Sutcliffe 1970). The value of NSE
ranges from negative infinity to 1.0. Values that fall between 0.0 and 1.0
are taken as satisfactory. The Pearson's Correlation (r) measures the
similarity in the spatial or temporal patterns between two datasets. Also,
the ratios of Specific Discharge to Rainfall (SDR) as in Eq. (4) were
calculated.

SDR¼ Specific discharge
Rainfall

(4)

As shown by Burbank et al. (2012) and Guzha et al. (2018), a high
SDR is an indication that a high fraction of rainfall in the basin is con-
verted into stream discharge while a smaller amount is retained in the
soil profile, and vice verca.

3. Results and discussion

3.1. Model calibration and validation

Based on different REFKDT values, the performance of the streamflow
calibration is summarized in Table 3. Simulations with REFKDT 1.0, 0.7,
0.6 and 0.5 all gave a good estimate compared to the observed flow as
shown in Figure 4, but in other to have the best, all the statistics were
considered for the best selection. The REFKDT 0.5 has a good correlation
but with a high bias and low NSE value which made the other three (i.e.,
REFKDT 1.0, 0.7 and 0.6) to be more preferable. Among the best three
Figure 4. Streamflow calibra
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calibration parameters, the REFKDT 0.7 was chosen for the WRF-Hydro
simulations because of its low bias as compared to others as all the
best three has good correlation and good NSE value. From Figure 5, the
calibrated model satisfactorily captured the maximum peak streamflow
with regards to the observed monthly streamflow at the Goronyo station.

Figure 6 shows the temporal variations in streamflow and precipita-
tion for the entire basin. The plot clearly indicates the seasonal rainfall
patterns (high during the JAS period, low or none during the DJF period),
and the streamflow consequently follows the same pattern. However, the
onset of the precipitation does not result in runoff owing to infiltration
and channel characteristics, which can be viewed from the streamflow
peak that transpired about three weeks after the peak rainfall. This shows
about three weeks lag period amidst the hyetograph and the hydrograph.

3.2. Analysis of the effects of LULCC scenarios

In order to study the impact of LULCC on streamflow,WRF-Hydro was
run with five different LULCC scenarios and result of the differences
between the outputs from each scenario and the control run was ana-
lysed. The model (WRF-Hydro) have not been practically applied for
LULCC impact studies on hydrological parameters, hence it is necessary
to examine its applicability with a scenario that could bring very obvious
changes to have a clearer description of the processes by which land use
change could affect streamflow over the basin. This and other afore-
mentioned reasons necessitated the generation of the Ur, Fr and the Ba
scenarios. The conversion of all Permanent Wetlands (Pw) and Croplands
(Cr) into Builtup lands (Ub) increased the streamflow by 59.21% in
Sokoto, 104.15% in Goronyo and 117.08% in Bakolori. The complete
conversion of all the Land Cover Parameters (LCPs) (excluding barren,
Built-up lands and permanent wetlands) into Evergreen Broadleaf Forests
(i.e., Fr scenario) decreased the streamflow by 31.47% in Sokoto, 35.12%
tion test for Goronyo FP.



Figure 5. Validation of streamflow.
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in Goronyo, and 35.92% in Bakolori while the simulation with the Ba
scenario increased streamflow by 15.01% in Sokoto, 15.43% in Goronyo
and 10.67% in Bakolori.

Figure 7 shows the daily differences between the streamflow from the
control and each of the extreme LULCC scenarios for all the FPs. The
pattern of change for all the FPs were almost the same in all the FPs with
obvious changes in the monsoon season (i.e., June–September when we
have high flows) and the least changes in the dry season. The built up
scenario has very high increase in streamflow for all the FPs. Further-
more, the Ur scenario caused the highest increase in all the period. This
could not be far from the fact that urban built-up lands has less infilter-
ation capacity by creating impervious surface, removes vegetation and
consequently removes transpiration as also shown in Figure 8b. This is in
line with the work of Zhou (2014) which emphasized that increasing
peak flow has been generally taken as the major hydrologic implication
Figure 6. Variation of precipitation and stre
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of urbanization. Also, almost all the upstream areas of Bakolori were
converted into built up lands, and this could explain why we have much
more higher percentage of increase in streamflow in this FP.

The effect of forest cover changes on mean streamflow is satisfactorily
understood and data all over the world have revealed that increasing the
forest cover of a catchment results into a decrease in the total volume of
flow (Brown et al., 2013). Also, the rate of transpiration is generally
different for various vegetation covers, as forested areas normally transpire
at higher rates than shrubs and cultivated areas, hence could lead to a
decreased streamflow. This could be confirmed from Figure 8, which
shows a decrease in Evapotranspiration ET in all the period for the Ur and
Ba scenarios with a subsequent increase in streamflow (Figure 7c) for
Sokoto FP. However, the Fr scenario depicted an increase in ET (Figure 8)
with a corresponding decrease in streamflow (Figure 7c) for Sokoto FP.
Further analysis of the ET also clearly revealed that the contribution of
amflow over the entire basin (Sokoto).



Figure 7. Daily Difference between the Control Streamflow and the extreme LULCC scenarios for (a) Bakolori, (b) Goronyo and (c) Sokoto Forecast Points.
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transpiration to ET is quite higher for the Fr scenario than others. Also, as
shown in Figure 8b, Fr scenario has a quite higher increase in transpiration
than the other extreme scenarios because the deep roots can suck up more
moisture from the soil; also deciduous forest has a larger leaf area for
transpiration (Guo et al., 2008; Achugbu et al., 2021). Therefore, decrease
in streamflow was due to intensified evapotranspiration for the afforested
scenario as compared to the deforested scenario. This is in line with the
Getahun and Van Lanen (2015) who revealed that 100% deforested
extreme scenario showed higher streamflow and a decreased ET (Achugbu
et al., 2021), while the 100% afforested scenario showed the opposite. Li
8

et al. (2007) also revealed that overgrazing has a substantial impact on the
water yield, as their result shows an increase ranging from 33% to 91% in
streamflow increase for a 100% overgrazing scenario.
3.3. Comparison of the simulations from the LULCC scenarios

From Figure 9a-c, the mean of the control streamflow in Bakolori,
Goronyo and Sokoto were closer to that of Sa and Gr but very far from
that of Ur and Fr scenario. Also, the minimum and maximum flow was
highest for the Bu and lowest for the Fr in all the forecast points. To



Figure 8. Daily Difference between the control streamflow and the extreme LULCC scenarios for Sokoto forecast point-controlled basin (i.e., the entire basin).
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further compare the means of the simulations, a paired two-sample t-test
was conducted. For Bakolori, the difference between the mean of the
control and Ur, Sa, Fr and Ba were significant at 95% confidence level
while that of Gr was not. For Goronyo, the difference between the mean
of the control and Ur, Gr, Fr and Ba were significant at 95% confidence
level while that of Sa was not. However, all the land use scenarios showed
significant changes in streamflow at 95% confidence level for Sokoto, the
entire basin.

Figure 9 reveals the minimum, maximum, mean and range values of
the streamflow for all the FPs and ET for the entire basin. From Figure 9c
and d, the comparison between simulated streamflow and the corre-
sponding ET for the entire basin shows that there was a high evapo-
transpiration with the presence of forests than the control simulation,
while the Ba scenario has the least ET. The reduction in ET for Ba when
compared with the Ur could be attributed to the fact that there was more
vegetation in the Ur scenario than for Ba.

From Table 4, the correlation between the input precipitation and the
streamflow output for each LU scenario over the SRRB basin were strong
with the urban having the strongest. Also, all the correlations were sig-
nificant at level of p< 0.05 with the built up mostly significant. Themean
9

SDR values for the LU scenarios in the SRRB with the corresponding p-
value from the paired two-sample t-test between the control SDR and
each land use scenario revealed that the Sa and Gr showed no statistically
significant difference from the control SDR. However, a statistically
significant different SDR was observed amidst the control and Ur, Fr and
Ba scenarios. The mean SDR in the Ur scenario is the highest (49.2, p ¼
0.017) while the Fr has the lowest (14.6, p ¼ 0.05).

3.4. Further analysis of Gr and Sa scenarios

Simulation with the Gr scenario have been shown to increase
streamflow by about 1.33% in Sokoto, 1.62% in Goronyo and 0.23% in
Bakolori for the entire year. The conversion of open shrublands into
Savannas, croplands and cropland/natural vegetation mosaics into
grasslands, results into increased vegetation coverage. This led to
intensifying soil water storage and increasing the infilteration of rainfall
into the basin, and by this means, increases the streamflow. Figure 10
also shows the monthly percentage change as the dry months generally
show high percentage of decrease in streamflow. The scenario has the
basin covered with about 98.8% grassland, which has very shallow roots



Figure 9. Streamflow for (a) Bakolori, (b) Goronyo and (c) Sokoto forecast points, and (d) Evapotranspiration for Sokoto basin.
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and could be flooded during the monsoon season when there is heavy
rainfall. This decreases the groundwater recharge and thereby increases
the surface flow (Chakilu and Moges 2017; Gyamfi et al., 2017), and
however decreases the surface flow in other months as the grasses wither
as seen in Figure 10.

From the daily difference between the simulated streamflow from
each LULCC scenario and the control simulation for the three forecast
points (Figure 11), between July and October, the grassland scenario
generally increased the streamflow. Researchers such as Dias et al.
(2015), Neill et al. (2013), Panday et al. (2015), Souza-Filho et al. (2016)
and Bekele et al. (2021) have all demonstrated that deforestation could
Table 4. Pearson correlation between the input precipitation and the streamflow out
SRRB basin.

Control Urban

Correlation coefficient 0.79** 0.90**

Mean SDR 22.00 49.20**

*, significant at a level of p < 0.05; **, significant at a level of p < 0.01.
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lead to an increase in streamflow. Also, regards the differences during the
wet (June–October) and dry (November–May) period over the basin,
there was an increase in streamflow in the wet period and a decrease in
the dry period for all the forecast points. Researchers like Kuchment
(2008), Ogden et al. (2013), Liu et al. (2015), Guzha et al. (2018),
Gebremicael et al. (2019), Kassie et al. (2019), Negese (2021) and Aredo
et al. (2021) have all confirmed there is a reduction in streamflow during
the dry season due to deforestation.

The conversion of grasslands into savannas (Sa) however, decreased
streamflow by 0.09% in Sokoto, increased it in Goronyo by 0.01% and
then increases in Bakolori by 0.24%. Cuo (2016), Zhang et al. (2017) and
put, and the Specific Discharge to Rainfall ratios from each LU scenario over the

Grassland Savanna Forest Barren

0.78** 0.79** 0.60* 0.84**

21.82 22.11 14.60** 25.09*



Figure 10. Monthly percentage change of in each Forecast Point for 2013 in the SRRB. Solid lines show the Gr scenarios, while the dashed lines show the Sr scenarios
for each forecast point.
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Takata and Hanasaki (2020) have demonstrated that afforestation has
the capacity to decrease annual streamflow. The fact that the LCPs are not
evenly distributed over the entire SRRB could be a good reason for the
different response of the FPs to conversion from grasslands into savanna.
According to Teuling et al. (2019), changes that take place at the
sub-catchment level are many a times obscured by conflicting effect in
other parts of the catchment. July to October is the period we generally
have green grasses over the basin, after which they wither off.

It could also be seen from Figure 11 that the daily difference in
streamflow increased from January until the end of May when it started
decreasing. The decrease continued and became higher at the peak of the
monsoon period in August, and then started increasing around the end of
August, and continued throughout the remaining period of the year.
Almost the same situation occurred in all the forecast points with just
little variation, which could be attributed to the size/area of each basin,
uneven LU parameters covering each basin/sub-basin and others. This
shows that the size/area of the basin understudy is also a factor to be
considered for a LULCC impact studies as basins with different sizes with
same characteristics could have the tendency to behave differently, as
seen in Sokoto (the largest), Goronyo and Bakolori (the smallest).

Researchers like Hurkmans et al. (2009), Wangpimool et al. (2013),
have all confirmed that afforestation could cause an increase in dry
season streamflow. Hundecha and Bardossy (2004) also deduced that an
increase of peak and total runoff volume is the consequence of amplified
land degradation and deforestation, which eventually decreases the
availability of water, increases flood occurrence, and affects water
quality (Gashaw et al., 2019; Aredehey et al., 2020). This analysis also
showed that there was an increase in streamflow in the dry period for the
Sa scenario while there was a decrease in the Gr scenario.

Figure 12 depicts the spatial distribution of the change in average ET
due to LULCC for the Sa and Gr scenarios for the year. This is necessary to
also explain how each FP was affected based on the level of LULCC that
occurred as shown in Fig. 2c and d. It could be seen (from Figure 12a)
that the areas with no alterations in LU parameter (as seen in Figure 2c)
showed almost zero difference in evapotranspiration. This can also
confirm that the sensitivity of the model to changes in LULCC could be
reasonable. Also, the areas where grasslands were converted into
savanna showed a little increase in evapotranspiration. The grasslands
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(dominated by herbaceous annuals with height less than 2m) were
converted to savanna (which has about 10–30% tree coverage with
greater than 2m height canopy coverage). The savanna has more deep
rooted vegetation than the grasses, which has made it to have the ability
to suck up more moisture from the soil. Therefore, decrease in stream-
flow could partly be due to the increase in ET for the Sa scenario in
comparison with the Gr scenario. It also shows that afforestation could
increase annual ET. This is compatible with the conclusion of Cuo (2016)
and Zhang et al. (2017).

Strong correlation coefficients exist between the input precipitation
and the output ET from each LU scenario over the entire basin wich is
also significant for Ct, Sa and Gr (Huntington and Bilmire 2014). Re-
searchers such as Nosetto et al. (2012), Warburton et al. (2012), Yira
et al. (2016), Chemura et al. (2020) have stated that processes such as
evapotranspiration, infiltration and percolation may change due to al-
terations of land cover type that can modify the water balance of a
catchment. Evapotranspiration is a major component of the hydrologic
process, at times nearly matching precipitation in the basin water bal-
ance, in which under a given climatic conditions, is mostly influenced by
land cover (Schilling et al., 2008). With the same precipitation condi-
tions, decline in ET gave rise to an increase in streamflow, while
increased ET could cause a decrease (Hurkmans et al., 2009; Qin et al.,
2017). Also, exchanging natural vegetation with pasture and cropland
could be liable to the reduction of ET (Oliveira et al., 2014; Spera et al.,
2016), which could be a pathway to streamflow increase (Brown et al.,
2005). According to Guo et al. (2008), decrease in streamflow in forest
area could be associated with increased water loss by evapotranspiration
when compared with agricultural land.

However, the temporal daily ET difference between the control
streamflow and the extreme LULCC scenarios for the entire basin (as
shown in Figure 13a) revealed that the increase (decrease) in evapo-
transpiration due to LULCC is not linear with the afforestation (defor-
estation) scenario for the Sokoto FP. There was more ET for the PA
scenario than the Gr scenario in the wet period, while there was more ET
in the dry period for Gr than it is for the Sa scenario. In order to see some
factors behind this, Figure 13b and c shows that bulk of the ET for the Sa
scenario in the wet period came as a result of increased transpiration,
while that of the Gr is mainly due to higher surface evaporation. It also



Figure 11. Daily Difference between the Control Streamflow and each Sa and Gr scenario for (a) Bakolori, (b) Goronyo and (c) Sokoto Forecast Points.
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shows an increase in ET during the dry period when we have a decrease
in streamflow for the Gr scenario, and a decrease in ET during the dry
period when there was an increase in streamflow. Furthermore, there is a
decrease in ET during the wet period when we have an increase in
streamflow for the Gr scenario, and an increase in ET during the same
period when we also have a decrease in streamflow. From Figure 13b,
12
changes in transpiration were more obvious for both the wet and dry
period with almost the same pattern of change with the ET, and this could
mean that it has more influence than evaporation over the basin.

The partitioning of net radiation into Latent Heat (LH) and Sensible
Heat (SH) fluxes can determine how wet the soil would be (Achugbu
et al., 2020). This splitting up of surface energy critically depends on the



Figure 12. Spatial distribution of the difference between the control ET and (a) Sa and (b) Gr scenarios in mm/day.
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moisture content of the soil (Klein et al., 2016). From Figure 13d, the Gr
scenario shows clear impact of deforestation on the basin as there was an
increase in LH during the dry period and a decrease during the wet
period. This also reveals that more energy was partitioned into latent
heat in the basin as a result of deforestation which could lead to more
evapotranspiration during the dry season, and hence could worsen the
problem of limited water prevailing in the basin especially during this
period. The reduced LH in the wet period could be attributed to the fact
Figure 13. Daily Difference between the Control and each Sa and
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that soil moisture plays a vital role in the partitioning of the surface
energy. Figure 13e reveals that the Gr scenario averagely decreased the
SH throughout the period. Furthermore, the Sa scenario caused a clear
decrease in LH during the dry period, and an increase in SH throughout
the period. This has the tendency to increase the surface temperature,
increase evapotranspiration and cloud development, and leading to more
precipitation and increased flow. However, other factors like advection
and atmospheric circulation are strong factors that could also be at work.
Gr scenario for Sokoto Forecast Point (i.e the entire basin).
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Nevertheless, hydrologic response to land disturbance is highly
nonlinear and variable, and is frequently influenced by a lot of abiotic
and biotic factors, which includes climate, soils, vegetation characteris-
tics and management practices (Sun et al., 2008). Therefore, there is a
need for a long-term fields monitoring in order to better understand the
basin's response to LULCC, as this will also help in getting a better cali-
bration of the model. This demonstrates also that this kind of research is
basin specific, although other factors like soil characteristics, atmo-
spheric and some other hydrometeorological parameters which were not
considered in this research could be at work. Also, uncertainties as
regards the model set up and parameterisation combinations are strong
factors that cannot be over-emphasised in LULCC impact studies. Hence,
future work would be to run the simulation with several combination of
land surface and boundary layer schemes in order to reduce uncertainties
arising from that.

In general, streamflow was decreased due to afforestation during the
wet season, which is a sign that the risk of river overflowing its bank
would be reduced. This also indicates a reduction in the risk of flood
occurrences in the basin as most flood events in the basin were as a result
of river overflowing its bank at the peak of monsoon season.

4. Conclusion

In studying the response of streamflow to LULCC over the SRRB,
WRF-Hydro model forced with WRF model outputs was used to run
simulations with five different land cover scenarios generated for Urban
(Ur), Savanna (Sa), Grassland (Gr), Forest (Fr) and Barren (Ba). WRF-
Hydro model was calibrated and validated by adjusting the infiltration
parameter as well as Manning's roughness parameter in the model. Result
showed that the model could be used for hydrometeorological studies in
the basin as it could replicate the observed streamflow reasonably well.
The discussion of the LULCC effect on streamflowwas accentuated on the
Sa and the Gr scenarios.

For the extreme scenario simulation, the Ur scenario increased the
streamflow by 59.21% in Sokoto, 104.15% in Goronyo and 117.08% in
Bakolori. The Fr scenario decreased the streamflow by 31.47% in Sokoto,
35.12% in Goronyo, and 35.92% in Bakolori while the simulation with
the Ba scenario increased streamflow by 15.01% in Sokoto, 15.43% in
Goronyo and 10.67% in Bakolori.

Simulation with the Gr scenario have been shown to increase
streamflow by about 1.33% in Sokoto, 1.62% in Goronyo and 0.23% in
Bakolori, while the conversion of grasslands into savannas (Sa) decreased
streamflow by 0.03% in Sokoto, increased it in Goronyo by 0.15% and
then increases in Bakolori by 0.46%. Further analysis showed an increase
in streamflow in the dry period due to afforestation and a decrease due to
deforestation. The Sa scenario also showed a decrease in streamflow
during the wet period while the Gr scenario showed an increase. Areas
where grasslands were converted into savanna showed a little increase in
evapotranspiration. Consequently, decrease in streamflow could partly
be due to increased ET for the Sa scenario as compared to the Gr scenario,
but have been shown to be nonlinear.

There was more ET for the Sa scenario than the Gr scenario in the
wet period, while there was more ET in the dry period for Gr scenario
than it is for the Sa scenario. Notwithstanding, other factors like soil
characteristics, atmospheric and some other hydrometeorological pa-
rameters which could not be considered in this research may be at
work, the research have shown that LULCC can affect the streamflow
over the SRRB which is a very important basin as it provides portable
water for domestic use and for agriculture in a semi-arid and water
scarce environment. The combination of remote sensing, GIS and WRF-
Hydro model provides a functional approach in evaluating the impact
of LULCC on catchment hydrology, which is essential in the selection,
and development of workable basin management options which would
promote sustainable use of land and water resources. However, based
on the research findings, the Nigeria and Niger government needs to be
14
energetic in creating policies for appropriate LU management over the
basin. Further work is recommended to capture all the area of the SRRB
to have a better evaluation of LULCC impacts on the basin. Also,
incorporation of high-resolution satellite data like LANDSAT and SPOT
is recommended for future work so as to capture small-scale phenom-
ena, which the after-match effect could be significant. Catchment
stakeholders and policy makers would use the outcomes of this research
to tackle the issues arising from catchment deterioration. This research
will also help in making informed decisions in the selection and
development of feasible catchment management choices to ensure
sustainable use of land and water resources within the SSRB. The study
revealed that the sensitivity of WRF-Hydro to LULCC is reasonable.
However, more research is needed to compare outputs from same basin
with different hydrological model popularly used for LULCC impact
studies. Future work would also include running the forcing data
simulation with several combination of land surface and boundary layer
schemes in order to reduce uncertainties arising from model set up and
parameterisation combinations.

Declarations

Author contribution statement

Ifeanyi Chukwudi Achugbu: Conceived and designed the experi-
ments; Performed the experiments; Analyzed and interpreted the data;
Contributed reagents, materials, analysis tools or data; Wrote the paper.

Ayo Akinlabi Olufayo; Ifeoluwa Adebowale Balogun; Jimy Dudhia &
Elijah Adesanya Adefisan: Contributed reagents, materials, analysis tools
or data.

Molly McAllister: Performed the experiments; Analyzed and inter-
preted the data.

Edward Naabil: Contributed reagents, materials, analysis tools or
data; Performed the experiments.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Data availability statement

Data will be made available on request.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

We express our gratitude to the Mesoscale and Microscale Meteo-
rology (MMM) Laboratory and the Research Applications Laboratory
(RAL) in NCAR for supporting the research, and also acknowledge the
NCAR's Computational and Information System Laboratory for making
available the computing facilities used in this research. Many thanks to
Katelyn FitzGerald, Mike Dixon, David Gochis, Micheal Duda, and other
NCAR staff for their support. Also, many thanks to the Sokoto Rima River
Basin Development Authority (SRRBDA) for providing the streamflow
data used for the model calibration. The German Federal Ministry of
Education and Research (BMBF) primarily funded the research work via
WACS-GRP FUTA.



I.C. Achugbu et al. Heliyon 8 (2022) e09779
Appendix 1. International Geosphere-Biosphere Programme legend and class descriptions
Name Value Description
Evergreen Needleleaf Forests (EN)
 1
 Dominated by evergreen conifer trees (canopy >2m) Tree cover >60%
Evergreen Broadleaf Forests (EB)
 2
 Dominated by evergreen broadleaf and palmate trees (canopy >2m) Tree cover >60%
Deciduous Needleleaf Forests (DN)
 3
 Dominated by deciduous needleleaf (larch) trees (canopy >2m) Tree cover >60%
Deciduous Broadleaf Forests (DB)
 4
 Dominated by deciduous broadleaf trees (canopy >2m) Tree cover >60%
Mixed Forests (Mf)
 5
 Dominated by neither deciduous nor evergreen (40–60% of each) tree type (canopy >2m) Tree cover >60%
Closed Shrublands (Cs)
 6
 Dominated by woody perennials (1–2m height) > 60% cover
Open Shrublands (Os)
 7
 Dominated by woody perennials (1–2m height) 10–60% cover
Woody Savannas (Ws)
 8
 Tree cover 30–60% (canopy >2m)
Savannas (Sa)
 9
 Tree cover 10–30% (canopy >2m)
Grasslands (Gr)
 10
 Dominated by herbaceous annuals (<2m)
Permanent Wetlands (Pw)
 11
 Permanently inundated lands with 30–60% water cover and >10% vegetated cover
Croplands (Cr)
 12
 At least 60% of area is cultivated cropland
Urban and Built-up Lands (Ub)
 13
 At least 30% impervious surface area including building materials, asphalt, and vehicles
Cropland/Natural Vegetation Mosaics (Cv)
 14
 Mosaics of small-scale cultivation 40–60% with natural tree, shrub, or herbaceous vegetation
Permanent Snow and Ice (Ps)
 15
 At least 60% of area is covered by snow and ice for at least 10 months of the year
Barren (Br)
 16
 At least 60% of area is non-vegetated barren (sand, rock, soil) areas with less than 10% vegetation
Water Bodies (Wb)
 17
 At least 60% of area is covered by permanent water bodies
Unclassified
 255
 Has not received a map label because of missing inputs
Adapted from Sulla-Menashe and Friedl (2018), modified by Achugbu et al., 2021.
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