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Abstract

Convective-permitting ensemble simulations are used to understand how areal changes of
Lake Chad affect precipitation. Shrinkage of Lake Chad from about 25,000 km? to its current
size (~1300 km?) increases rainfall over the lake basin in the afternoon. Reduced precipitation
over a large lake is associated with a shallow planetary boundary layer, which decreases the
likelihood of triggering convection by turbulence and weakens the vertical moisture mixing. As a
result, the large lake does not act as a moisture source for afternoon convection, but lessens the
low to mid-level humidity leading to a more stable daytime environment. Daytime lake breezes
also act to inhibit convection over the large lake by inducing low-level moisture divergence and
subsidence. During the recession to a small lake, Lake Chad is partially replaced by wetlands
which also reduce local afternoon rainfall but not to the same extent as the large lake. This effect
is primarily associated with anomalous subsidence and cooler surface temperatures over the
wetlands than over the adjacent land during the day. Boundary layer heights over the wetlands
are much higher than over the large lake, accounting for the wetlands’ weaker effect in
suppressing daytime rainfall. Loss of Lake Chad and adjacent wetlands impacts the local and
mesoscale climate through modification of the spatial area influenced by daytime lake/wetland
breezes. The rainfall response to the circulation perturbation of the lake/wetlands can be

overlooked in models with cumulus convective parameterization.

Keywords: lake breezes, wetlands, Lake Chad, West Africa, Sahel, convective permitting
modeling
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1 Introduction

Lake Chad is a endorheic lake in West African Sahel (Leblanc et al. 2003; UNEP 2006;
Bouchez et al. 2016). It is a vital water source for millions of people (Sarch and Birkett 2000;
Okpara et al. 2016). Observations (Lemoalle et al. 2012; Onamuti et al. 2017; Pham-Duc et al.
2020) indicate that the lake area has decreased by over 90% since the 1970s in response to the
changing climate and the increased water demand by the growing population. The reduction in
lake area has adversely affected the ecosystem, fishing production and livelihood of local
communities (UNEP 2006; Ngounou 2009; Onuoha 2009; Okpara et al. 2016; Yunana et al.
2017; Soboyejo et al. 2021). It is not completely understood how the reduced lake size has
affected the regional climate, but such knowledge is crucial to improve future climate prediction
in this area.

The purpose of this study is to understand how the shrinkage of Lake Chad influences the
local climate. Convective-permitting (CP) modeling is carried out at 3-km resolution to simulate
past, present and future scenarios over the Lake Chad region. CP simulations have advantages in
better representing small-scale processes, the diurnal cycle of rainfall and soil moisture-
precipitation feedbacks than models with parameterized convection (Hohenegger et al. 2009;
Kendon et al. 2012; Taylor et al. 2013; Prein et al. 2015; Finney et al. 2019). Thus, this will help
us to better understand how changes in lake size can influence the circulation and precipitation in
this region.

Section 2 reviews background on Lake Chad as well as climate effects of lakes and
wetlands. Section 3 describes the datasets, model configuration, experiment design and analysis

tools. Results are presented in Sect. 4, and conclusions are drawn in Sect. 5.
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2 Background

In the 1960s, Lake Chad had an area of about 18,000 - 25,000 km? (Crétaux and Birkett
2006; Lemoalle et al. 2012; Pham-Duc et al. 2020). Its surface area has decreased by over 90%
since the 1970s, due to agricultural irrigation use and persistent droughts (Coe and Foley 2001;
Lemoalle 2004; Onamuti et al. 2017; Zhu et al. 2019). Even with the recovery of the Sahel
rainfall since the 2000s (Janicot and Kamga 2015; Nicholson et al. 2018; Biasutti 2019; Cook
and Vizy 2019), the lake’s bathymetry (Gao et al. 2011) and dam construction (Onamuti et al.
2017) are hindering restoration of the lake size.

Presently, Lake Chad includes a southern and a northern basin divided by shoals, as well
as an archipelago region (Carmouze and Lemoalle 1983; Lemoalle et al. 2012). The lake depth is
about 2-4 and 4-8 m in the southern and northern basin, respectively (Odada et al. 2005). The
southern basin is connected with the Chari-Logone River (Fig. 1), which is a major water input
into the lake. If the river input is sufficient, water spills over the shoals and into the northern
basin. The Komadugu-Yobe River directly discharges to the northern basin, but its inflow (0.44
km?/yr in 1983-2000) is smaller than that of the Chari-Logone River (19.4 km?/yr), as reported
by Leblanc et al. (2011).

The area of Lake Chad shows distinct seasonal and inter-annual variability (Lemoalle
2005). The local wet season occurs in boreal summer, but it takes time for water to drain into the
lake basins. Thus, the water level in the southern basin is lowest in the boreal summer and
highest in December (Leblanc et al. 2011). Dependent on whether and how much water spills
into the northern basin, the northern pool can remain wet year around or dry up for several
months to a whole year in extreme circumstances. Dry periods in the northern basin occurred in

every year of 1975-1998 and 2005-2012 (Lemoalle et al. 2012; Pham-Duc et al. 2020). The
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present lake area is estimated to be between 876-5800 km? (Birkett 2000; Zhu et al. 2017;
Onamuti et al. 2017; Buma et al. 2018; Pham-Duc et al. 2020), which is about 77-96% smaller
than its size in the 1960s.

Few studies have focused on how Lake Chad affects the regional precipitation. Lauwaet
et al. (2012) simulates three Lake Chad scenarios where there is a large/small or no lake, using a
regional atmospheric model with cumulus convection and a 15-km spatial resolution. Restoration
of Lake Chad does not induce a widespread precipitation increase over their model domain in
boreal summer, but more rainfall is generated over the eastern side of the large lake compared
with the small-lake experiment. They suggest that the higher rainfall to the east of the large lake
is associated with enhanced evaporation over the lake. The low-level air is moistened by the lake
and transported eastward by the prevailing low-level flow, enhancing convective systems east of
Lake Chad. The large lake can also slow down the propagation of a typical mesoscale convective
system (MCS) passing over it (Lauwaet et al. 2012), but this effect depends on lake temperatures
and the time of the day and requires further study.

Taylor et al. (2018) also observe a weakening of storms as they traverse across the Lake
Chad and the adjacent wetlands. However, they suggest that the afternoon convection is
suppressed over the lake and wetland area, presumably due to daytime lake/wetland breezes.
This is not consistent with precipitation difference between Lauwaet et al.’s (2012) large-lake
and the small-lake experiments. Taylor et al. (2018) suggest that this difference may be
associated with the convective parameterization in Lauwaet et al.’s (2012) model, as
parameterized convection tends to predict positive feedbacks between soil moisture and
precipitation (Taylor et al. 2013) in contrast to the observations (Taylor et al. 2012) and CP

modeling results (Hohenegger et al. 2009; Taylor et al. 2013).
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As indicated by the above studies, there are two competing mechanisms that lakes or
wetlands interact with the overlying atmosphere to influence the local rainfall (Findell and
Eltahir 2003a, b; Ek and Holtslag 2004; Diallo et al. 2018). The first is a thermodynamic
mechanism, where the wetter surface affects the low-level moisture and the environmental
instability over and near the area (Taylor et al. 1997; Taylor and Lebel 1998). The second is a
dynamic mechanism, where the wetter surface perturbs circulation due to temperature and
roughness contrasts between the area and the surrounding land (Emori 1998; Samuelsson and
Tjernstrom 2001; Koseki and Mooney 2019; Woodhams et al. 2019). Lakes also affect the
planetary boundary layer height (PBLH) (Li et al. 2018; Lopez-Espinoza et al. 2019).

Due to different atmospheric conditions and the competing mechanisms, the influence of
lakes or wetter surfaces (such as wetlands, wetter soil surfaces, irrigated areas and forests) on
precipitation can be either positive (Segal et al. 1998; Clark et al. 2004; Thiery et al. 2015; Diallo
et al. 2018) or negative (Segal et al. 1989; Rabin et al. 1990; Cheng and Cotton 2004; Negri et al.
2004; Mohamed et al. 2006; Taylor and Ellis 2006; Prigent et al. 2011; Lopez-Espinoza et al.
2019). Most studies suggest that the effects on precipitation are locally restricted over lakes or
wetter surfaces (Mohamed et al. 2005; Lauwaet et al. 2012; Thiery et al. 2015), while others
infer influence over a larger region via long-lived storms (Taylor 2010; Taylor et al. 2018).

While the discussion above suggests that changes in Lake Chad’s size can be a
potentially important factor for modifying local/regional climate and rainfall, it is not completely
clear to what extent and how influential it will be. Our study seeks to improve our understanding

of this relationship.

3 Methodology
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a. Experimental design

High resolution CP simulations using the National Center for Atmospheric Research
(NCAR) Weather Research and Forecasting Model Version 4.1.3 (WRF; Skamarock et al, 2019)
are utilized. Figure 1a shows the model configuration of triple-nested domains using one-way
nesting. The outer domain has a resolution of 27 km. Its lateral boundaries are set far from Lake
Chad to reduce influence from the prescribed lateral boundary conditions. Imbedded in the 27-
km domain are 9-km and 3-km domains. All three domains have 43 vertical levels, with the top
of atmosphere at 10 hPa. The model time steps are 90, 30 and 10 s and model output is saved
every 3, 3 and 1 hour for the 27-km, 9-km and 3-km domains, respectively.

Convective parameterization is disabled in the 3-km domain. The coarser domains use
the Kain-Fritsch cumulus convective scheme (Kain 2004). Other physical parameterizations are
the same across all three domains. These include New Thompson et al. microphysics (Thompson
et al. 2008), RRTM longwave radiation (Mlawer et al. 1997), Dudhia shortwave radiation
(Dudhia 1989), Revised MMS5 surface layer (Jiménez et al. 2012), Yonsei University planetary
boundary layer (Hong et al. 2006) schemes and 4 layer Unified Noah Land Surface Model (Chen
and Dudhia 2001). These choices are based on regional model applications that simulate a
realistic African climate (Vizy and Cook 2009, 2018, 2019; Laing et al. 2012; Vizy et al. 2013;
Crétat et al. 2015).

Based on other CP modeling studies (Hutchinson 2009; Jeworrek et al. 2019), an
adaptive positive definite 6™ order horizontal diffusion damping is applied in the 27-km/9-km/3-
km domain to improve model stability, with coefficients of 0.2/0.3-0.35/0.3-0.4, respectively. An
adaptive model time step approach is also applied, with time steps in the three domains

occasionally halved.
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Four experiments are carried out, referred to as Small-Lake, Large-Lake, Wetland, and
Large-Lake-II (Table 1). Figure 1b presents the land use specification in the 3-km domain of
Small-Lake, in which Lake Chad is small and surrounded by herbaceous wetlands that dry out
through August. This environment represents recent years that are anomalously warm, and it is a
possible future scenario with the wetlands lost.

Several default parameters in WRF are modified for the Small-Lake experiment
according to observations. These include selecting the alternative set of land use categories based
on USGS land-cover classification, increasing the lake area to 1296 and 1314 km? for the 9-km
and 3-km domains, changing the ‘Barren’ land surrounding Lake Chad to ‘Herbaceous Wetland’
(Lemoalle et al. 2012; Tappan et al. 2016; Buchhorn et al. 2020), modifying ‘Water’ near the
lake to ‘Clay Loam’ (estimated using SoilGrids250m 2.0 (Batjes et al. 2017)), and boosting the
greenness fraction over the wetlands and the area at 13.5°N and 13.9°E to the median value over
the wetlands from the 1999-2019 1-km Copernicus Global Land Service Fraction of Absorbed
Photosynthetically Active Radiation (FAPAR) v2 (Copernicus Service information, 2022).
‘Herbaceous Wetland’ has relatively low albedo, high soil moisture availability and high thermal
inertia compared with other land use types (Jiménez-Esteve 2016).

In the Large-Lake experiment (Fig. 1¢), the wetland area stippled in Fig. 1b is specified
as a lake. The area of Lake Chad is enlarged to 24921 km? in the 3-km domain. It represents the
situation in the 1960s and recent during years with large river input.

The Wetland experiment (Fig. 1d) includes the small Lake Chad area as in Small-Lake
(Fig. 1b), but soil moisture over the wetlands region is kept relatively high at 58% saturated
(constant at 0.2697 m*/m?). This configuration is most similar to recent years, on average.

Surface lake temperatures over Lake Chad in the Wetland simulation are corrected from Small-
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Lake (shown later). Surface specifications over the wetland area are also modified from Small-
Lake to reduce heterogeneity out of scope of the study. Isolated points of other land use types are
merged into wetlands. Greenness fraction is boosted to the August mean FAPAR value over the
wetland area for all twelve months.

In the Large-Lake-II experiment (Fig. 1e), the wetland region in Fig. 1d is specified as a
lake. The configuration is similar to Large-Lake, but the prescribed surface temperatures are
adjusted both in the diurnal cycle and in magnitude from Large-Lake to better represent the
observation (Figure 2; discussed later). Due to the inclusion of isolated points at the edges, lake
area in Large-Lake-II is slightly larger than that in Large-Lake in the 3-km domain. Thus, Large-
Lake-II serves as the comparative experiment to Wetland and a sensitivity test to the Large-Lake
simulation.

Small-Lake and Large-Lake both include 5 ensemble members, while Wetland and
Large-Lake-II have 3 ensemble members. Each simulation is run from 00Z 01 July to 00Z 01
September. The first month is used for model spin-up and is discarded. August, the peak of the
local rainy season, is chosen as the analysis period. The model is unstable during 127 14-15
August 2017 in Large-Lake, and output for these two days is discarded.

Initial and 3-hourly lateral boundary conditions for the 5 ensemble members of Small-
Lake and Large-Lake are derived from the 0.25° ERAS reanalysis (Copernicus Climate Change
Service 2017) for 2013 —2017. Wetland and Large-Lake-II utilize data from 2013 to 2015. The
same soil moisture is used to initialize Small-Lake and Large-Lake, calculated from the 2007 —
2019 average in ERAS at 00Z 01 July and increased from 0.05-0.09 to 0.2 m*/m® over the
wetlands. 0.2 m*/m? approximates the quasi-equilibrated soil moisture in the top two soil layers

in a 45-day trial simulation. The settings of the trial simulation are similar to Small-Lake, but the
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soil type over the wetland area is ‘Clay’. Soil moisture at 00Z 01 September from the Small-
Lake 2013 simulation is used to initiate Wetland and Large-Lake-II.

Sea surface temperatures are prescribed every 3 hours using the 0.05° daily Operational
Sea Surface Temperature and Sea Ice Analysis (OSTIA; Donlon et al. 2012) climatology for
2007 — 2019, smoothed with a 30-day running mean. OSTIA does not offer data over Lake Chad
so five other datasets are examined including SUMET, ERAS, and ARC-Lake (Figure 2a; Table
2). SUMET is used to prescribe a uniform lake surface temperature that includes a diurnal cycle
over Lake Chad due to its high resolution.

Figure 2b shows that prescribed Lake Chad lake surface temperatures in WRF are
discrete and update every 3 hours. There is an erroneous one-hour delay in the temperature
diurnal cycle in the 3-km domain of Small-Lake and Large-Lake, which was adjusted for in the
Wetland and Large-Lake-II simulations. This temporal displacement also occurs, and is
corrected, for sea surface temperatures but differences are minor, with a maximum difference of
0.07 K.

Figure 2c shows that the 3-km domain of Small-Lake simulates a diurnal surface
temperature maximum 6.57 K higher than SUMET averaged over the wetland area (stippled in
Fig. 1b). It is comparable to 4 out of 25 years in the SUMET record (not shown). By contrast, the
coarser domains produce lower wetland temperatures. Through a surface energy budget analysis
(not shown), the lower temperatures are related to enhanced evaporation and soil moisture over
the wetlands due to higher precipitation and cumulus convection. Based on this, the Wetland
experiment is designed with relatively high soil moisture over the wetlands, generating a diurnal

temperature maximum 1.97 K higher than SUMET. The 58% soil saturation is determined by
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trial and error. The 2013 ensemble member is run with 70% soil saturation over the wetlands for

the first 11 days.

b. Analysis datasets and tools

Multiple precipitation datasets are used to evaluate model simulations (Table 3). The
conservation of water equation for the atmosphere is used to understand the diurnal cycle of
specific humidity, q. The time rate change of q can be written as the sum of divergence of
moisture flux, evaporation, e, condensation, c, and turbulence due to sub-grid and sub-hourly

intensities, T, according to:

M=V (q) — dy(wq) + e —c +T, (1)
where ¥ is horizontal wind velocity and w is vertical p-velocity. e — ¢ + T is computed as a
residual. Integrating Eqn.1 vertically and averaging over a period of time gives the atmospheric

column moisture budget (Lenters and Cook 1995; Seager and Henderson 2013):

(20) = (V- (q)) + ET — P +R, )

1

100 hP . . : oL .
” fp “ dp, py, 1s the density of water, ET is evapotranspiration and P is
w S

where ( ) = —
precipitation. R is the residual that includes a boundary term, — ﬁ wsqs, column-integrated
turbulence, (T'), and numerical error, €, according to:

R = —(3,(wq)) +(T) + & = —iwsqs +(T) +¢, 3)

where subscript s denotes surface values.
Moist static energy (MSE) is used to analyze stability of the atmosphere. MSE is defined
as the sum of thermal, potential and latent energy of the air parcel according to:

MSE = C,T + ® + L,q, (4)

11
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where C,, is the specific heat capacity of dry air at constant pressure (1004 J kg K™, Tis

temperature, ® is geopotential, and L, is the latent heat of vaporization of water (2.5 x 10° J kg~

1).

4 Results
a. Model Evaluation

Figure 3 presents rainfall observations and the simulated precipitation in the three
domains of Small-Lake during August. In IMERG (Fig. 3a), higher rainfall (above 7 mm/day) is
present near 10°N across West and Central Africa. Local maxima exceeding 10 mm/day occur
over topography, including the Guinea Highlands, the Cameroon Highlands and the Jos Plateau.

CMORPH and CHIRPS2 have rainfall distributions similar to IMERG, although there are
some differences. For example, CMORPH (Fig. 3b) does not capture the rainfall maxima over
the Guinea Highlands (10°N, 10°W) and the Jos Plateau (10°N, 10°E), but it produces higher
rainfall over the Cameroon Highlands (7°N, 11°E). CHIRPS2 (Fig. 3¢) has an additional rainfall
maximum over the Bongo Massif (9°N, 22°E).

In the coarser domains of Small-Lake (Figs. 3d - ), precipitation is unrealistically high
over West and Central Africa. In the 3-km domain (Fig. 3f), with resolved convection, the
average rainfall is similar to the observations. Large-scale rainfall in the Wetland experiment is
very similar to that in Small-Lake (not shown).

Figure 4 shows 875-hPa and 600-hPa atmospheric circulation and moisture fields in the
ERAS reanalysis and the 3-km domain of Small-Lake. ERAS indicates that there is a sharp
meridional gradient in low-level specific humidity around 18°N during August at 875 hPa, with

geopotential decreasing from southwest to northeast (Fig. 4a). Low-level winds are
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southwesterly or westerly over the West African Sahel, and converge with northerlies across the
Sahara near 18°N. The meridional gradient of moisture is smaller at 600 hPa (Fig. 4b), partially
because the dry air over the western Sahara does not extend this high into the troposphere.
Geopotential generally increases to the north, with the African Easterly Jet present at 10 - 17°N
across the Central and West Africa.

The atmospheric fields from Small-Lake are similar to those from ERAS. At 875 hPa
(Fig. 4c) the model captures the meridional gradient of moisture. However, the simulated
specific humidity is generally lower than ERAS and the boundary between the moist and dry air
is located further south, roughly 2° latitude at 10 - 25°E. The simulated geopotential is higher
over the Guinean coast and the eastern Sahara than in ERAS. This is associated with further
invasion of northeasterlies from the Sahara in the model.

At 600 hPa (Fig. 4d), the African Easterly Jet is well represented by Small-Lake. The
model is able to replicate the August geopotential gradient over the Sahel and western Sahara.
The simulated moisture is lower over the Guinean coast and higher around South Sudan (10°N,
30°E) compared with ERAS. The atmospheric fields simulated by Wetland are similar to those of
Small-Lake (not shown).

Model evaluation close to Lake Chad is more limited because observational datasets do
not provide consistent rainfall estimates. IMERG (Fig. 5a), based on satellite microwave and
infrared estimates, presents a rainfall maximum over the wetlands and the lake. However, the
rainfall enhancement over the wetlands/lake can be associated with the passive microwave
algorithm overestimating precipitation over inland water bodies (Tian and Peters-Lidard 2007;
Taylor et al. 2018). The infrared-only dataset in IMERG does not produce similar rainfall

enhancement over Lake Chad and adjacent wetlands (not shown). While the input for CMORPH
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(Fig. 5b) is satellite microwave measurements as well, CMORPH indicates suppressed rainfall
activity over the wetlands (also in Figure 9 of Taylor et al., 2018) and a south-to-north
precipitation gradient.

Input for CHIRPS2, TARCART, ARC2 and PERSIANN is mostly satellite infrared data
incorporated/calibrated with ground-based observations. CHIRPS2 (Fig.5¢) places a rainfall
minimum of 1 mm/day over the wetlands, but this rainfall minimum is not directly recorded by
in-situ data incorporated in CHIRPS2. Similar to CHIRPS2, TARCAT (Fig. 5d) indicates
stronger rainfall suppression over the wetlands than CMORPH. However, similar calibration
approaches are used in CHIRPS2 and TARCAT (Funk et al. 2015) helping to explain their
consistency. ARC2 (Fig. 5¢), PERSIANN (Fig. 5f) and TMPA that preceded IMERG (not
shown) indicate a south-to-north rainfall gradient similar to CMORPH (Fig. 5b). Overall, most
datasets imply that Lake Chad and the surrounding wetlands either suppress or have no obvious
influence on the local rainfall. In-situ measurements are required for a more complete validation.

Figure 5g presents the ensemble mean rainfall near Lake Chad in the 3-km domain of
Small-Lake. It shows a meridional precipitation gradient and rainfall magnitudes that are roughly
2 mm/day less than the observations. Lauwaet et al. (2012) also reported rainfall is
underestimated over the region in their model.

Figure 5h shows the ensemble mean rainfall in the 3-km domain of Wetland. The spatial
distribution and magnitudes of precipitation are similar to that of Small-Lake, except for the
lower rainfall amounts over the northern part of the wetlands.

Few rainfall observations resolve the diurnal cycle near Lake Chad. Thus, despite the
possible biases of microwave-based precipitation estimates over inland water bodies (Tian and

Peters-Lidard 2007; Taylor et al. 2022), IMERG, CMORPH and TMPA are used to evaluate the
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simulated August rainfall diurnal cycle area-averaged over Lake Chad (Figures 6a-c). The
infrared-only rainfall dataset in IMERG is included as a supplementary (dashed lines). The
averaging regions for the observational datasets are interpolated from the area of Lake Chad in
the 9-km or 27-km domains of Small-Lake.

Similar to Fig. 5, the rainfall observations do not agree well with each other over the lake
(Fig. 6a). While IMERG indicates a bimodal diurnal cycle with peaks in the early morning and
late afternoon, the infrared-only rainfall dataset in IMERG shows a major afternoon peak of
approximately 14 mm/day. CMORPH shows one rainfall peak in the early afternoon. TMPA
rainfall has similar diurnal range to CMORPH at 3-8 mm/day, but with a bimodal diurnal cycle
as in the full IMERG product.

The simulated rainfall diurnal cycle over the lake has several peaks in the 3-km domain
of the Small-Lake ensemble mean (Fig. 6b). Rainfall events tend to be sporadic over the lake in
the model. For example, the peaks at 09Z, 14Z and 23Z result from individual rainfall events that
have mean intensity exceeding 25 mm/day over Lake Chad (not shown). The simulated rainfall
is lower than observed. The coarser domains generate higher rainfall than the 3-km domain
throughout the day, with rainfall peaks in the early morning and early afternoon.

The 3-km domain of Wetland shows lower rainfall rates than the observations and
different rainfall timing from Small-Lake (Fig. 6¢). However, this timing difference is likely not
caused by the one-hour shift in the prescribed diurnal lake temperatures. This conclusion is later
verified in the comparison between the two large-lake simulations. The coarser domains show
especially high rainfall peaks in the early morning.

Figures 6d-f present the observed and simulated rainfall diurnal cycle over the wetlands,

the area of which is shown in Fig. 1b. Again, the averaging regions for the observational datasets
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are interpolated from the area in Small-Lake. All three observational datasets produce a
unimodal diurnal cycle (Fig. 6d). CMORPH and TMPA are similar to each other, with one
rainfall peak of roughly 8 mm/day around 15Z. IMERG produces higher rainfall throughout the
day, with an afternoon peak of 10 mm/day. The infrared-only dataset shows lower (higher)
rainfall amount in the morning (afternoon) than the full product of IMERG. The better agreement
among these datasets over the wetlands than over the lake is at least partly related to having a
larger averaging region. The observed rainfall is of similar magnitudes over adjacent land areas
(12.5°N-14.5°N, 12°E-13°E and 12.5°N-14.5°N, 15.5°E-16.5°E; not shown). The rainfall peaks
are later over the adjacent land areas, at 15Z-18Z and roughly 18Z-21Z, respectively.

The rainfall diurnal cycle in the 3-km domain of Small-Lake is similar to the observations
despite its lower intensity (Fig. 6e). Out of the 34 rainfall events with peak hours at 14Z-15Z and
rainfall rates exceeding 1mm/day over the wetlands, 29 are generated over the wetlands and they
account for 51% of the total precipitation (not shown). Some of these storms dissipate locally,
while the rest develop into or merge with MCSs and propagate away from the lake. In contrast to
the 3-km domain, the coarser domains do not capture the rainfall diurnal cycle, and simulate high
rainfall peaks at 12Z.

The rainfall diurnal cycle in the 3-km domain of Wetland misses the afternoon peak
shown in the observations (Fig. 6f). There are only 9 rainfall events that exceed 1mm/day over
the wetlands and peak at 14Z-15Z (not shown). Most of them are generated over or in close
vicinity to the wetlands. The coarser domains generate a high rainfall peak at 12Z. This and Fig.
6e¢ illustrate that parameterized convection can overestimate tropical rainfall and predict peak

intensity at mid-day over land.

16



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

In conclusion, Small-Lake and Wetland are able to represent the large-scale precipitation
and circulation well in the 3-km domain. By contrast, the coarser domains overproduce rainfall
over West and Central Africa. On smaller space scales close to Lake Chad and on the diurnal
time scale, the observations are more limited. With IMERG as an outlier, three of the seven
datasets show suppressed rainfall over the wetlands adjacent to Lake Chad, while the other three
present a northward precipitation decline over the region. The simulations display a similar
rainfall distribution, but at lower magnitudes. While the simulated rainfall diurnal cycle in the
model is by no means perfect, the contrast between the 3-km and the coarser domains clearly
illustrates the added value of explicitly resolving convection. Thus, it is still useful to analyze the
small-scale features of the simulated rainfall and their differences in the various experiments as
results from 3-km domain are physically produced by explicitly solving governing equations,
allowing us to understand the mechanisms behind the differences in rainfall between the
experiments. Furthermore, the good representation of large-scale precipitation and circulation
adds credentials to the simulations. Additionally, observations can be plagued by resolution

issues and lack of observing stations over the Lake Chad region.

b. Effects of a Large Lake

Figure 7 shows the August rainfall difference between Small-Lake and Large-Lake.
Compared with Small-Lake, rainfall is 1-3 mm/day lower over the basin in Large Lake (Fig. 7a).
This decrease in rainfall is statistically significant at the 95% level of significance over much of
the lake basin. East of the lake rainfall increases with the presence of the large lake, however the
areas of significant differences are not as robust in size. For the same reason, remote influences

outside the basin of a large Lake Chad are not discernable in this simulation.
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Figure 7b presents the rainfall diurnal cycle over the wetland area (stippled in Fig. 1b) in
Small-Lake, Large-Lake, and Large-Lake-II. The wetland area is selected as the averaging
region in this and the following analysis because the rainfall anomalies and modifications to the
surface specifications are located there. Rainfall is significantly lower in the afternoon in the two
large-lake simulations compared with Small-Lake.

The precipitation diurnal cycle is similar in the two large-lake experiments. The rainfall
peak at 06Z in Large-Lake-II is associated with two intense storms so its presence is likely not a
climatological difference. Aside from 06Z, Large-Lake and Large-Lake-II are similar. The
comparison indicates that the issue with the one-hour shift in the diurnal cycle of lake
temperature is not inducing a notable difference in the rainfall response.

The atmospheric stability is analyzed to understand the rainfall suppression over the large
lake. Composites are made for dry and rainy hours (days), when precipitation averaged over the
wetland area is less or greater than 1 mm/day.

Figure 8a shows the vertical profile dry composite of the Large-Lake minus Small-Lake
difference in MSE and its terms (Eq. 4) at 15Z averaged over the wetland area. 15Z is
representative of the daytime hours of 10Z-18Z. The atmosphere is more stable (unstable), if the
slope of the MSE vertical profile anomalies is positive (negative). The lower troposphere (950-
775 hPa) is more unstable in Large-Lake, while mid-levels (775-625 hPa) are more stable. The
anomalous MSE is dominated by the moisture term until 400 hPa. Cooler lake temperatures
induce a decrease in the thermal energy (C,T) that partially cancels out the increase in latent
energy. The more stable mid-level and the reduced moisture at 900-625 hPa do not favor

convective development in Large-Lake.
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Figure 8b is similar to Fig. 8a but for 00Z, representing nighttime conditions between
237Z-07Z. The lower troposphere is more unstable in Large-Lake primarily due to higher specific
humidity levels. Magnitudes of the anomalies are smaller than those at 15Z. Similar daytime and
nighttime conditions occur in the rainy-hour composites, but are present at 12Z-17Z and 20Z-
01Z, respectively (not shown).

To understand the difference in potential stability, Figures 8c-d show the diurnal cycle of
CIN at 950 hPa over the wetland area in Large-Lake and Small-Lake for the dry- and rainy-day
composites. The 950-hPa CIN is higher in Large-Lake during the daytime in both dry- and rainy-
day composites, inhibiting convective development. Note in the discussion that follows, notable
differences between the dry and rainy composites identified will be pointed out and shown when
relevant, however if the dry and rainy composites are similar, only the dry composite is shown
for the sake of brevity.

Figures 9a-b show the diurnal cycle of specific humidity over the wetland area for the
dry-day composites. In Small-Lake (Fig. 9a), the 925-hPa specific humidity reaches a maximum
at 08Z, decreases until 16Z, and then increases again. The peak of the specific humidity during
the daytime is later at higher levels (925-625 hPa). By contrast, the amplitude of the moisture
diurnal cycle is small in Large-Lake above 850 hPa (Fig. 9b). Compared with Small-Lake, the
specific humidity in Large-Lake is higher in the early morning at 925-775 hPa and lower in the
afternoon at 825-625hPa. This is consistent with the differences in the latent energy shown in
Fig. 8. The rainy composite specific humidity is higher over the wetland area at all times than the
dry composites (not shown).

The atmospheric water balance (Eqn. 1) is used to understand differences in the moisture

diurnal cycle between Small-Lake and Large-Lake. Figures 9c-d show the diurnal cycle of the
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time rate change of specific humidity over the wetland area. In Small-Lake (Fig. 9¢), the delay in
the moisture diurnal cycle between 925 hPa and 800 hPa is clearly shown, as identified in Fig.
9a. In Large-Lake (Fig. 9d), the time rate of change of the specific humidity above 850 hPa is
small. Moisture at 925-850 hPa decreases between 11Z and 19Z and increases between 20Z and
10Z. This is different from Small-Lake.

Figures 9e-f show the diurnal cycle of the moisture flux convergence over the wetland
area. In Small-Lake (Fig. 9¢), moisture flux convergence primarily accounts for the change of
specific humidity at night but is small during the day. Thus, the moisture flux convergence does
not explain the delay in the moisture diurnal cycle across different pressure levels. In Large-Lake
(Fig. 91), the moisture flux convergence dominates the moisture change throughout the day,
which is especially large in the afternoon. This implies that different circulations influence
moisture transport in the two experiments.

Figures 9g-h present the residual term over the wetland area. The residual term includes
evaporation, condensation, turbulent transport of moisture and numerical error. The residual term
dominates the moisture change during the daytime in Small-Lake (Fig. 9g). In Large-Lake (Fig.
9h), the residual term is small above 900 hPa and it partially balances out the divergence of
moisture flux in Large-Lake at 925-900 hPa.

To understand the role of phase changes of water in the residual term, Figures 10a-b
show the diurnal cycle of water in non-gas phases at 925-625 hPa over the wetland area for the
dry-day composite. In Small-Lake (Fig. 10a), the non-gas water increases during the day at 800-
625 hPa. This is associated with the formation of clouds (and hydrometeors in the rainy-day
composite; not shown). However, the amount of condensed water is about 3 orders of magnitude

less than the diurnal change of water vapor shown in Fig. 9. Although an afternoon peak of the
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non-gas water does not occur in Large-Lake (Fig. 10b), this difference is small relative to that of
the residual terms.

Turbulence can be generated thermally with the growth of boundary layer. To examine
the effects of turbulent moisture transport, Figures 10c-d show the time and height when the
daytime relative humidity is maximum at 925-625 hPa as well as the PBLH over the wetland
area for the dry-day composite. In Small-Lake (Fig. 10c), the line of daytime maximum relative
humidity that ranges from 56.2% to 63.0% aligns well with the PBLH. In other words, a pressure
level tends to have its highest relative humidity around when it is first merges with the planetary
boundary layer. The relative humidity at 725-650 hPa reaches the daytime maximum at about
15Z, implying the presence of turbulence above the defined PBLH. This can occur when the bulk
Richardson number method in the numerical scheme underestimates the PBLH (Zhang et al.
2014; Bakas et al. 2020; Li et al. 2022). In Large-Lake (Fig. 10d), the PBLH does not reach 950
hPa and the daytime maximum relative humidity is lower than 56.3% above 900 hPa.

The time and height of daytime maximum relative humidity follow the growth of the
PBLH in Small-Lake in the rainy-day composite, unlike in Large-Lake (not shown). However,
the relative humidity is also high over the large lake in the rainy days. This is associated with the
moisture brought by atmospheric circulation and rainfall systems.

The shallow PBLH is not only associated with low mid-level moisture over the large
lake, but also with weakening a potential lifting mechanism for local storm genesis. Figures 11a-
b show the PBLH and the level of free convection (LFC) over the wetland area in Small-Lake
and Large-Lake. In the dry-day composite (Fig. 11a), the PBLH and the LFC are both lower over
the large lake during the daytime. The PBLH ranges from 174 m to 2482 m in Small-Lake, and

from 98 m to 303 m in Large-Lake. The LFC grows from 3907 m to 6901 m in Small-Lake
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during the day, but shows small diurnal variation in Large-Lake (2421-2983 m). In both
experiments, the PBLH is considerably lower than the LFC and vertical turbulent mixing within
the boundary layer is not sufficient to lift an air parcel to a level of positive buoyancy on dry
days.

Unlike the diagnostics examined before, the LFC in Small-Lake is significantly lower in
the rainy-day composite (Fig. 11b) than in the dry-day composite. The PBLH approaches the
LFC in Small-Lake in the early afternoon, favoring local storm genesis. By contrast, the PBLH
in Large-Lake remains below the LFC throughout the day. Thus, vertical turbulent mixing
cannot serve as a convection trigger over the large lake.

The growth of the PBLH is associated with entrainment and vertical motion at the top of
the boundary layer (Eqn. 9.27 in Stull 2006). These factors are examined to understand why the
PBLH is lower over the large lake than over the wetlands.

Figure 11c shows the sensible heat flux and the difference between the 700-hPa and the
950-hPa potential temperatures over the wetland area in Small-Lake and Large-Lake in the dry-
day composites. These two diagnostics are chosen to approximate the entrainment rate, which
measures the rate of air being drawn from the free atmosphere into the turbulent mixed layer
(Stull 2006). Entrainment feeds the growth of the planetary boundary layer, which increases with
the sensible heat flux and decreases with the strength of the capping inversion (estimated by the
potential temperature difference here, the diurnal cycle of which is small above 700 hPa). Large-
Lake produces lower sensible heat flux but stronger capping inversion than Small-Lake during
the day. This leads to weaker entrainment over the large lake and contributes to the low PBLH.

Figure 11d shows the vertical p-velocity at the pressure level closest to the PBLH over

the wetland area in Small-Lake and Large-Lake in the dry-day composites. Vertical motion at the
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PBLH is downward in Large-Lake, contributing to the thinning of the planetary boundary layer
over the large lake. The vertical motion is upward in Small-Lake, which thickens the boundary
layer over the wetlands.

Figure 11e presents that the sensible heat flux is lower over the wetland area in Large-
Lake compared with Small-Lake. To explore the reasons, three factors are analyzed according to
the bulk aerodynamic formula (Fairall et al. 2003; Jiménez et al. 2012), including the surface
wind speed, the ground-air temperature difference and the bulk coefficient. Figure 11f presents
the 10-m wind speeds and the differences between the surface and 2-m temperatures over the
wetland area in Small-Lake and Large-Lake in the dry-day composites. The temperature
difference between the surface and the 2-m air is smaller in Large-Lake. This is related to cooler
surface temperatures over the lake than over the wetlands (Fig. 2) and contributes to the lower
sensible heat flux over the large lake. The higher surface wind speed in Large-Lake has the
opposite but secondary effect.

Roughness length is approximately 0.20 over the herbaceous wetlands and 0.0001 over
water bodies (not shown). This leads to lower efficiency (smaller bulk coefficients) for
transferring sensible heat to the atmosphere over the lake than over the wetlands, and contributes
to the lower sensible heat flux over the large lake.

To examine the circulation over and near Lake Chad, Figure 12a shows the 2-m
temperature and 10-m wind in Small-Lake at 12Z for the dry-day composite, which excludes the
direct impacts of storms on the circulation. Lake temperatures are cooler than the surroundings.
Near the small lake, this induces divergent lake breezes imbedded in a background
westerly/southwesterly flow field. Figure 12b presents the vertical cross section of zonal wind

and vertical p-velocity at 12Z for the dry-day composite averaged over the latitudes of the small
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lake. The longitudes of the small (large) lake are marked by light (dark) blue. There is
subsidence of roughly 0.2 to 0.7 Pa/s at 950-800 hPa over the small lake. The subsidence lasts
from 10Z to 17Z (not shown).

Figures 12c-d are similar to Figs. 12a-b but for Large-Lake. Compared with Small-Lake,
lake breezes and low-level subsidence occur over a larger area. Figures 12e-f show circulation
differences between the two experiments at 12Z. There are cooler temperatures, anomalously
divergent winds and anomalous subsidence below 800 hPa over the wetland area. The
subsidence and low-level divergence stabilize the afternoon atmosphere and transport drier air
downward, helping to inhibit the development convective activity directly over the lake.

There is anomalous upward motion over the small-lake area in Fig. 12f, which indicates
weaker subsidence in this region. To understand this, Figures 13a-b show the material
accelerations of the 875-hPa vertical p-velocity in Small-Lake and Large-Lake at 12Z for the
dry-day composite, with Fig. 13¢ presenting the anomalies. 875 hPa represent the lower levels.
The material acceleration of vertical p-velocity is downward over the small lake and upward at
the coasts (Fig. 13a). The acceleration is highest at the edge of the lake where the temperature
contrast is the sharpest. Similarly in Large-Lake (Fig. 13b), the vertical acceleration is
concentrated at the lake boundaries. Enlarging the lake size changes the locations of the strongest
vertical acceleration (Fig. 13c), and further affects the spatial distribution of low-level
subsidence during the growth of lake breezes (not shown). The changed locations of the
strongest subsidence, as the lake is enlarged, are related to the weaker subsidence over the small-
lake area shown in Fig. 12f.

No land breezes are identifiable in the dry-day composite (not shown), as the adjacent

land cools to about the same temperature as the lake at night, minimizing the lake-land
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temperature contrast. Surface winds are convergent over the lake at some night hours in the
rainy-hour composites, but not necessarily with lake temperatures warmer than the surroundings.
Surface winds are stronger over the lake than over the surroundings at night, likely due to the
smoother lake surface.

To identify the moisture sources for precipitation, Figures 14a-d show the daily-mean
differences of moisture budget terms (Eq. 2) between Large-Lake and Small-Lake ensemble
means. The precipitation is lower over the larger lake (Fig. 14a), even though the evaporation is
enhanced over the large-lake area (Fig. 14b). The horizontal moisture flux divergence increases
at the coasts of the large lake (Fig. 14c). This is canceled out by the increase in the residual term
(Fig. 14d) which likely consists of anomalies of the boundary term induced by different land-
lake temperature and pressure contrasts with various lake areal sizes. The lower rainfall values
over the large lake are primarily associated with the differences in the residual term. According
to Eq. 3, the low-level subsidence due to lake breezes and the weaker turbulence with the lower
PBLH are two potential reasons for the reduced moisture supply for precipitation over the large
lake. The vertically-integrated time rate change of specific humidity is small when averaged over
time (not shown).

In conclusion, rainfall is locally suppressed over the large lake compared with the small
lake through two mechanisms. First, the planetary boundary layer is not as deep over the large
lake than over the drying out wetlands. This makes the triggering of convection less likely during
the day in association with weaker vertical turbulent mixing of moisture and enhanced low-level
CIN. The weaker vertical mixing traps the moist air near the surface despite the enhanced
evaporation over the large lake, resulting in less moisture at low to mid-levels over the large lake

during the daytime. This further increases mid-level atmospheric stability and lessens
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precipitation over the large lake. Second, lake breezes during the day induce low-level moisture

divergence and subsidence over the large lake, inhibiting convection.

c. Effects of Wetlands

The Wetland experiment represents a transitional stage in the recession from a large Lake
Chad to a small lake. The presence of wetlands potentially affects the local rainfall, but the
effects and mechanisms can be different from the large lake. This is explored by comparing the
Small-Lake, Wetland and Large-Lake-II simulations.

Figure 15a shows the ensemble-mean rainfall diurnal cycle in the three experiments over
the wetland area. Wetland produces lower rainfall than Small-Lake in the afternoon over the
wetland area. Although the ensemble-mean rainfall is higher in Wetland than that in Small-Lake
in the early morning, the difference is not statistically significant and does not occur in every
ensemble member (not shown). Rainfall in Wetland is higher than that in Large-Lake-II over the
area for most of the day, but the difference is only statistically significant at 15Z (not shown).
Overall, the wetlands reduce the local rainfall in the afternoon, but the effects are somewhat
weaker than the large lake.

Analyses similar to Section 4b are carried out to understand the lower rainfall over the
wetlands. Figure 15b shows the ensemble-mean PBLH in the three simulations over the wetland
area. The PBLH in Wetland is lower than that in Small-Lake over the area but is much higher
than the PBLH in Large-Lake. Thus, turbulence remains a possible trigger for convection and a
mechanism for vertical moisture transport over the wetlands, supporting an environmental
instability similarly or more favorable for convection than Small-Lake (not shown). The shallow

PBLH, as one of the mechanisms for the large lake to suppress afternoon rainfall, does not apply
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to the wetlands. Similarly, the enhanced CIN, as another way for the large lake to inhibit
convection, does not occur over the wetlands (not shown).

Figure 15c presents the diurnal cycle of the 825-hPa vertical p-velocity over the wetland
area in Small-Lake, Large-Lake-II and Wetland for the dry-day composite, excluding direct
influence of storms. 825 hPa is representative of the low levels. The low-level vertical motion is
upward over the area in Small-Lake, while subsidence occurs in Large-Lake-II and Wetland
during the daytime. The subsidence is associated with lake breezes (Fig. 12) and wetland
breezes, respectively. This is further related to the cooler surface temperatures over the
lake/wetlands than over the drier land (Fig. 2c). However, the surface wind anomalies induced
by the wetlands (not shown) are much weaker than those over the large lake (Fig. 12e), at
roughly 0-2 m-s!. Overall, the afternoon rainfall suppression over the wetlands is related to the
low-level subsidence and the cooler surface temperatures, which dominate over the PBLH

mechanism.

5 Conclusions

Lake Chad is a small inland lake over the West African Sahel. It has shrunk by over 90%
since the 1970s due to persistent droughts and increased withdrawal for agricultural use. The
present lake size also varies seasonally and inter-annually. The purpose of this study is to use
convective-permitting modeling to better understand how changes in Lake Chad’s size affect
precipitation, which is helpful for improving local/regional climate prediction in this area
including a better understanding of past and future trends.

Four ensemble simulations for the month of August are carried out. Each experiment

consists of five or three ensemble members and uses a triple nested (27-km/9-km/3-km) one-way
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nesting domain configuration. Convection is explicitly resolved in the 3-km domain. As

summarized in Table 1, the experiments are as follows:

e The “Small-Lake” simulation represents anomalously warm years in the current climate and a
possible future scenario. It includes a small Lake Chad surrounded by drying wetlands.

e In the “Large-Lake” simulation, the wetland area is replaced by lake water to represent the
1960s’ climatology, and also some recent years with anomalously high river input (although
not necessarily high rainfall over the lake itself).

e “Wetland” is similar to Small-Lake but soil moisture over the wetlands is constrained at a
higher value to represent a recent average year.

e “Large-Lake-II” is similar to Large-Lake but with adjusted lake temperatures as a sensitivity
test.

The 3-km domains of the Small-Lake and Wetland simulations represent the observed
large-scale precipitation and circulation well, with a southward rainfall gradient over the area
that is consistent with three out of the seven observational datasets analyzed at high resolution.
The coarser domains generate unrealistically high rainfall. The 3-km domain of Small-Lake
captures the rainfall diurnal cycle over the wetlands. Although the 3-km domain of Wetland
misses the afternoon rainfall peak over the wetland area, both convective-permitting domains
contrast with the coarser domains that simulate high rainfall peaks in the early morning and early
afternoon.

In Large-Lake, rainfall is suppressed over the large lake in the afternoon compared with
Small-Lake. This is associated with a shallower PBLH over the large lake during the day which
weakens the triggering of convection and vertical mixing of moisture by turbulence. Thus, even

though evaporation is enhanced over the large lake, the low and mid-level atmosphere is drier
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over the large lake, leading to higher mid-tropospheric stability. Daytime lake breezes also
contribute to convective inhibition by inducing low-level divergence and subsidence, stabilizing
the afternoon atmosphere and transporting drier air downward. Nighttime land breezes do not
occur in this study, since the lake and adjacent land temperature contrast is minimal. Higher low-
level CIN is another environmental factor limiting the triggering of convection.

A remote influence of the large lake on precipitation over West Africa is not detectable at
statistical significance, even with five ensemble members. This relationship may warrant future
attention, presumably in a study with more ensemble members.

The simulations show that, similar to the large lake, the wetlands also suppress local
rainfall in the afternoon, but the effect is weaker. Lower rainfall over the wetlands is associated
with low-level subsidence driven by the cooler surface temperatures over the wetlands relative to
the adjacent drier surface during the day. The planetary boundary level height (low-level CIN)
over the wetlands is higher (lower) than over the large lake during the day, similar to that in
Small-Lake.

This study demonstrates that Lake Chad is not acting as a major regional moisture source
for convection. Instead, the convective-permitting model results indicate that the regional
influence of Lake Chad and its associated wetlands operates through influence on the surface
temperature distribution and the atmosphere’s dynamical response. Afternoon convection is
suppressed over the wetlands and, more strongly, over the large lake due to the differential
warming of water and land. This land surface-rainfall relationship is consistent with observations
by Taylor et al. (2018), and can be misrepresented in models using cumulus parameterization.

Additionally, our results suggest that the size of the lake/wetland area near Lake Chad

influences the local and regional climate. The radius of influence of the daytime lake/wetland
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circulation is more spatially confined for a smaller lake compared to a larger lake (Fig. 12),
meaning that the areal extent of the subsidence that helps suppress convective activity is more
limited.

It is not clear how the size of Lake Chad will change in the future, as the Sahel rainfall
recovery associated with greenhouse-gas forcing competes with impacts of agricultural activities
and increased surface evaporation due to warmer temperatures. Our study indicates that if the
lake and wetlands continue to shrink and/or are lost in the future, afternoon convective activity
will increase over the basin of Lake Chad. However, the potential for this negative feedback to
maintain or restore the lake is limited.

This study bears the following caveats. The first is that the Wetland experiment misses
the afternoon rainfall peak over the wetland area. Future work is needed to evaluate whether this
deficiency is associated with the choice of the model physical parameterizations used and/or not
running enough ensemble members for each experiment. Another caveat is that the lake surface
temperature is prescribed based on limited in-situ observations and is not interactively coupled to
the atmosphere. This may be why our simulations do not produce a robust nighttime land breeze
in the vicinity of the lake, as our prescribed lake temperatures may not be diurnally realistic. The
next step is to evaluate the lake/atmosphere interactions for the Lake Chad region using a

coupled CP model.
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Table 1 Specifications for the four experiments

Land Use Specifications for the Ensemble
Experiments | 3-km Domain Representation Members
e A small Lake Chad of 1314
km?. (The lake area is 729 km?
and 1296 km? in the 27-km and
9-km domains, respectively.)
e Adjacent herbaceous wetlands
of 23607 km?, with soil
saturation decreasing from
~39% to 30% (~0.18 to 0.14 Anomalously warm
m>/m®) and from 28% to 24% | years in the current
(0.13 to 0.11 m*/m?) and being | climate, and a
Small-Lake roughly constant at 40% and possible future >
41% (~0.19 m*/m?) in the 0-10 | scenario with the
cm, 10-40 cm, 40-100 cm and | wetlands lost.
100-200 cm soil layers through
August, respectively.
Vegetation fraction (output
from greenness fraction) over
the wetlands increases from
28.99 to 50.39, and decreases
to 50.09 through August.
1960°s climate, or
Large-Lake A large Lake Chad of 24921 km?. cqntemporary years | s
with anomalously
large river input.
e A small Lake Chad of 1314
km? (with adjusted lake
surface temperatures; Fig. 2).
e Adjacent herbaceous wetlands
Wetland of 24138 km?, with soil Recent years. 3
moisture maintained at 58%
saturated (0.2697 m>/m?) and
vegetation fraction constant at
44.7 through August.
The comparative
A large Lake Chad of 25452 km?> | experiment to
Large-Lake-II | (with adjusted lake surface Wetland, and a 3
temperatures; Fig. 2). sensitivity test to
Large-Lake.
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Table 2 Datasets for lake temperatures over Lake Chad

Dataset

Long Name

Spatial
Resolution

Temporal
Resolution

Analysis
Period

SUMET

The CM SAF Land SUrface
Temperature dataset from
METeosat First and Second
Generation - Edition 1
(Duguay—Tetzlaff et al. 2017)

0.05°

Monthly-
diurnal

1991 - 2015

ERAS

The ERAS lake mixed-layer
temperatures (Copernicus
Climate Change Service
2017)

0.25°

Hourly

1979 -2019

MODI11C1

The MODIS/Terra Land
Surface
Temperature/Emissivity L3
Global CMG Version 6 (Wan
et al. 2015)

0.05°

Daily

2001 -2019

ARC-Lake

The Merged-ATSR
observations from the ATSR
Reprocessing for Climate:
Lake Surface Water
Temperature & Ice Cover v3
(Merchant and MacCallum
2018)

0.05°

Twice-
monthly

1995 -2012

ILEC

The International Lake
Environment Committee
database (wldb.ilec.or.jp)

NA

NA

NA*

* The analysis period for the temperature range of 299 — 309 K in ILEC data is 1956-1960. The

temperature value of 297 K (converted from 24.2 °C) in IELC data is for Bol Dune, and the

analysis period is not available.
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Table 3 Precipitation datasets used to evaluate the model simulations

Dataset

Long Name

Spatial
Resolution

Temporal
Resolution

IMERG

The final run product of the NASA
Integrated Multi-satellitE Retrievals for
GPM L3 V06 (Huffman et al. 2019)

0.1°

30-min

CMORPH

The Climate Prediction Center morphing
technique precipitation dataset version 1.0
(Joyce et al. 2004)

8-km

30-min

CHIRPS2

The Climate Hazards Group InfraRed
Precipitation with Station data version 2.0
(Funk et al. 2014)

0.05°

Daily

TARCAT

The Tropical Applications of Meteorology
using SATellite and ground-based
observations (TAMSAT) African Rainfall
Climatology And Time series (Tarnavsky et
al. 2014)

0.0375°

Daily

ARC2

The Climate Prediction Center Africa
Rainfall Climatology version 2.0 (Novella
and Thiaw 2013)

0.1°

Daily

PERSIANN-
CDR

The Precipitation Estimation from
Remotely Sensed Information using
Artificial Neural Networks- Climate Data
Record (Ashouri et al. 2015)

0.25°

Daily

TMPA

Tropical Rainfall Measurement Mission
Multi-satellite Precipitation Analysis
(Huffman et al. 2007)

0.25°

3-hourly
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Figure Captions

Fig.1 a Terrain height (m; shading) and model configuration for the triple-nested domains. b-e
Land use types prescribed in the 3-km domain of Small-Lake, Large-Lake, Wetland and Large-
Lake-II. The averaging region for the wetland area (including the area at 13.5°N and 13.9°E) is

stippled. The locations of rivers that flow into Lake Chad are drawn by hand in Fig. 1b

Fig.2 a August mean temperatures (K) over Lake Chad from SUMET, ERAS5, MOD11C1, ARC-
Lake and IELC, averaged over their individual record lengths. Temperatures are averaged over
all available data points for ARC-Lake and over interpolated lake masks for the other gridded
datasets. b Prescribed temperatures (K) over Lake Chad in the 3-km domain of Small-Lake and
Wetland. ¢ Observed and simulated surface temperatures (K) over the wetland area from
SUMET, all three domains of Small-Lake and 3-km domain of Wetland. The wetland area as the
averaging region for Small-Lake/Wetland is stippled in Fig. 1b and is interpolated to the

averaging region for SUMET

Fig.3 August mean precipitation (mm-day™') averaged over 2000 — 2019 from a IMERG, b
CMORPH and ¢ CHIRPS2. Ensemble mean precipitation from the d 27-km, e 9-km and f 3-km
domains of Small-Lake simulations. The latitudinal and longitudinal ranges are from the 3-km

domain.

Fig.4 a 875-hPa and b 600-hPa specific humidity (10~ kg'kg™!; shading), geopotential (m*s;

contours) and horizontal wind (m's™!; vectors) in August from ERAS, averaged over 1979-20109.
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The contours and vectors are plotted every 6 grids for clarity. ¢ 875-hPa and d 600-hPa specific
humidity, geopotential and horizontal wind in August from the ensemble mean of Small-Lake in

the 3-km domain. The contours and vectors are plotted every 50 grids for clarity

Fig.5 August mean rainfall (mm-day™') from a IMERG, b CMORPH, ¢ CHIRPS2, d TARCAT, e
ARC2 and f PERSIANN for 2000-2019. Ensemble mean rainfall from the 3-km domains of g

Small-Lake and h Wetland. Black triangles denote the locations of in-situ data incorporated in

CHIRPS2

Fig.6 Precipitation (mm-day™') diurnal cycle area-averaged over Lake Chad in a observations, b
Small-lake and ¢ Wetland during August. Precipitation diurnal cycle over the wetlands in d
observations, e Small-lake and f Wetland during August. The wetland area as the averaging
region is stippled in Fig. 1b. The averaging regions for IMERG, CMORPH and TMPA are
interpolated from the lake/wetland area in the 9-km, 9-km and 27-km domains of Small-Lake,

respectively

Fig.7 a Rainfall difference (mm-day™') between the Large-Lake and Small-Lake ensemble means
in the 3-km domain. Values at or exceeding the 95% confidence level based on a Welch’s t-test
are stippled. b Diurnal cycle of precipitation (mm-day™!) averaged over the wetland area (stippled
in Fig.1b) from the Small-Lake, Large-Lake, and Large-Lake-II ensemble means. Dots denote
differences between Small-Lake and the two large-lake experiments that exceed the 95%

confidence level based on Welch’s t-tests
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Fig.8 Anomalies of MSE and its terms (10° J-kg™), differenced between Large-Lake and Small-
Lake at a 15Z and b 00Z for the dry-hour composite averaged over the wetland area. Diurnal
cycle of 950-hPa CIN (J-kg!) in Small-Lake and Large-Lake-I for the ¢ dry- and d rainy-day

composites. Dots denote values exceeding the 95% confidence level based on Welch’s t-tests

Fig.9 Diurnal cycle of specific humidity (kg'kg!) over the wetland area in a Small-Lake and b
Large-Lake for the dry days composites. Diurnal cycle of the time rate change of specific
humidity (s) over the wetland area in ¢ Small-Lake and d Large-Lake. Diurnal cycle of the
moisture flux convergence (s') over the wetland area in e Small-Lake and f Large-Lake. Diurnal
cycle of the residual term (s') over the wetland area in g Small-Lake and h Large-Lake. Dots
denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level

based on Welch’s t-tests

Fig.10 Diurnal cycle of water in non-gas (cloud, rain, ice, snow, and graupel) phase (kg-kg™')
over the wetland area in a Small-Lake and b Large-Lake for the dry-day composite. The time
and geopotential height (GHT; m) of the daytime maximum relative humidity (%; square) at
925-625 hPa, and the PBLH (m) over the wetland area in a Small-Lake and b Large-Lake for the
dry-day composite. Dots denote differences between Small-Lake and Large-Lake that exceed the

95% confidence level based on a Welch’s t-test

Fig.11 The planetary boundary layer height (PBLH; m; solid line) and the level of free
convection (LFC; m; dashed line) in Small-Lake and Large-Lake over the wetland area, for the a

dry- and b rainy-day composites. ¢ Sensible heat flux (SH; W-m™; solid line) and anomalous
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potential temperature between 700 hPa and 950 hPa (A8; K; dashed line) in Small-Lake and
Large-Lake over the wetland area, for the dry-day composite. d Vertical p-velocity at the
pressure level closest to the PBLH (w; Pa's') in Small-Lake and Large-Lake over the wetland
area, for the dry-day composite. e Differences of sensible heat flux (W-m2) between the Large-
Lake and Small-Lake ensemble means, for the dry-day composite. f Anomalies between the
surface and 2 m temperatures (-(T2m-T,); K; solid line) and the 10-m wind speed (m-s!; dashed
line) in Small-Lake and Large-Lake over the wetland area, for the dry-day composite. Dots
denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level

based on Welch’s t-tests

Fig.12 a 2m-temperature (K; shading) and 10-m horizontal wind (m-s™!) at 12Z in Small-Lake for
the dry-day composite. b Vertical cross sections of the zonal wind (m's™") and vertical p-velocity
(Pa's!) at 12Z in Small-Lake for the dry-day composite averaged over the latitudes of the small
lake. c-d are similar to a-b, but for Large-Lake. e-f are differences between Large-Lake and
Small-Lake. The longitudes of the small and the large lake are marked by light and dark blue
bars, respectively. Values exceeding the 95% confidence level are shown in shading or denoted
by green vectors based on Welch’s t-tests. Vectors are plotted every 6 grids in a, ¢ and e, and

every 3 grids in longitudes in the vertical cross sections for clarity

Fig.13 Material acceleration of the 875-hPa vertical p-velocity (Pa-s) at 12Z in a Small-Lake
and b Large-Lake for the dry-day composite. ¢ plots the differences between Large-Lake and
Small-Lake. Values exceeding the 95% confidence level are shown in shading based on Welch’s

t-tests.
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Fig.14 Daily-mean differences of a Precipitation, b evapotranspiration, ¢ horizontal moisture
convergence and d the residual term (mm-day™'; Eqn. 2) between the Large-Lake and Small-Lake
ensemble means. Values at or exceeding the 95% confidence level are stippled based on Welch’s

t-tests

Fig.15 a Diurnal cycle of precipitation (mm-day™') over the wetland area from the Small-Lake,
Large-Lake-II, and Wetland ensemble mean. b The PBLH (m) over the wetland area from the
Small-Lake, Large-Lake-1I, and Wetland ensemble mean. ¢ Diurnal cycle of 825-hPa vertical p-
velocity (Pa's!) over the wetland area in Small-Lake, Large-Lake-II, and Wetland for the dry-
day composite. Dots denote differences between Small-Lake and the other two experiments that

exceed the 95% confidence level based on Welch’s t-test.
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Fig.1 a Terrain height (m; shading) and model configuration for the triple-nested domains. b-e

2600
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1800

1400

1000

Herbaceous Wetland
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Water Bodies

Herbaceous Wetland
(58% saturated)

Barren or
Sparsely Vegetated

Grassland
Savanna
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Cropland or
Woodland Mosaic

Dryland Cropland
and Pasture

Evergreen Broadleaf

Land use types prescribed in the 3-km domain of Small-Lake, Large-Lake, Wetland and Large-

Lake-II. The averaging region for the wetland area is stippled. The locations of rivers that flow

into Lake Chad are drawn by hand in Fig. 1b
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Fig.2 a August mean temperatures (K) over Lake Chad from SUMET, ERAS, MOD11C1, ARC-
Lake and IELC, averaged over their individual record lengths. Temperatures are averaged over
all available data points for ARC-Lake and over interpolated lake masks for the other gridded
datasets. b Prescribed temperatures (K) over Lake Chad in the 3-km domain of Small-Lake and
Wetland. ¢ Observed and simulated surface temperatures (K) over the wetland area from
SUMET, all three domains of Small-Lake and 3-km domain of Wetland. The wetland area as the
averaging region for Small-Lake/Wetland is stippled in Fig. 1b and is interpolated to the
averaging region for SUMET
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Fig.3 August mean precipitation (mm-day™') averaged over 2000 — 2019 from a IMERG, b

CMORPH and ¢ CHIRPS2. Ensemble mean precipitation from the d 27-km, e 9-km and f 3-km

domains of Small-Lake simulations. The latitudinal and longitudinal ranges are from the 3-km
domain.

54



1117

1118
1119
1120
1121
1122

1123

1124

WT e N W A o N

w
EE RS N TR N Y NN

20E

Fig.4 a 875-hPa and b 600-hPa specific humidity (10~ kg'kg™!; shading), geopotential (m*s;

contours) and horizontal wind (m's™!; vectors) in August from ERAS, averaged over 1979-20109.
The contours and vectors are plotted every 6 grids for clarity. ¢ 875-hPa and d 600-hPa specific
humidity, geopotential and horizontal wind in August from the ensemble mean of Small-Lake in

the 3-km domain. The contours and vectors are plotted every 50 grids for clarity
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Fig.5 August mean rainfall (mm-day™') from a IMERG, b CMORPH, ¢ CHIRPS2, d TARCAT, e

ARC2 and f PERSIANN for 2000-2019. Ensemble mean rainfall from the 3-km domains of g
Small-Lake and h Wetland. Black triangles denote the locations of in-situ data incorporated in

CHIRPS2
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Fig.6 Precipitation (mm-day™') diurnal cycle area-averaged over Lake Chad in a observations, b
Small-lake and ¢ Wetland during August. Precipitation diurnal cycle over the wetlands in d
observations, e Small-lake and f Wetland during August. The wetland area as the averaging
region is stippled in Fig. 1b. The averaging regions for IMERG, CMORPH and TMPA are

interpolated from the lake/wetland area in the 9-km, 9-km and 27-km domains of Small-Lake,

respectively. Dashed lines represent data from the infrared-only rainfall dataset in IMERG
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1141  in the 3-km domain. Values at or exceeding the 95% confidence level based on a Welch’s t-test
1142  are stippled. b Diurnal cycle of precipitation (mm-day™') averaged over the wetland area (stippled
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1144  differences between Small-Lake and the two large-lake experiments that exceed the 95%

1145  confidence level based on Welch’s t-tests
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Fig.8 Anomalies of MSE and its terms (10° J-kg™!), differenced between Large-Lake and Small-
Lake at a 15Z and b 00Z for the dry-hour composite averaged over the wetland area. Diurnal
cycle of 950-hPa CIN in Small-Lake and Large-Lake-I for the ¢ dry- and d rainy-day
composites. Dots denote values exceeding the 95% confidence level based on Welch’s t-tests
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Fig.9 Diurnal cycle of specific humidity (kg-kg') over the wetland area in a Small-Lake and b
Large-Lake for the dry days composites. Diurnal cycle of the time rate change of specific
humidity (s™!) over the wetland area in ¢ Small-Lake and d Large-Lake. Diurnal cycle of the
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cycle of the residual term (s') over the wetland area in g Small-Lake and h Large-Lake. Dots
denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level

based on Welch’s t-tests
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Fig.10 Diurnal cycle of water in non-gas (cloud, rain, ice, snow, and graupel) phase (kg-kg™!)
over the wetland area in a Small-Lake and b Large-Lake for the dry-day composite. The time
and geopotential height (GHT; m) of the daytime maximum relative humidity (%; square) at
925-625 hPa, and the PBLH (m) over the wetland area in a Small-Lake and b Large-Lake for the
dry-day composite. Dots denote differences between Small-Lake and Large-Lake that exceed the
95% confidence level based on a Welch’s t-test
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Fig.11 The planetary boundary layer height (PBLH; m; solid line) and the level of free
convection (LFC; m; dashed line) in Small-Lake and Large-Lake over the wetland area, for the a
dry- and b rainy-day composites. ¢ Sensible heat flux (SH; W-m™; solid line) and anomalous
potential temperature between 700 hPa and 950 hPa (A8; K; dashed line) in Small-Lake and
Large-Lake over the wetland area, for the dry-day composite. d Vertical p-velocity at the
pressure level closest to the PBLH (w; Pa's!') in Small-Lake and Large-Lake over the wetland
area, for the dry-day composite. e Differences of sensible heat flux (W-m™) between the Large-
Lake and Small-Lake ensemble means, for the dry-day composite. f Anomalies between the
surface and 2 m temperatures (-(T2m-Tg); K; solid line) and the 10-m wind speed (m's™'; dashed
line) in Small-Lake and Large-Lake over the wetland area, for the dry-day composite. Dots
denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level
based on Welch’s t-tests

62



1187
1188

1189
1190
1191
1192
1193
1194
1195
1196

16N

15N

14N +

e g e o e e
e e o o O o Ll

311
15N
309
307
14N 4
305
134 303
301
12N — Sm/s
12E

.....

14N A

13N A

.......

vvvvv

......

...........

12N

- FET s e e
1SN ey T Y. .

AA Fxrawre v
AAA A7 vy >

aa e

Pl R s
G T A
A

...........

311

309

307

305

------ — 2m/s

12E 13E 14E

15E 16E

— 5m/s, 0.25Pa/s

600 F———r—— ,;\\; 1
—F v -
F————— \V—l“&*—

m,—;ﬁ-"‘"
]
M f‘%t:t:—\_m

e /:,_\\ . ;\'\\\\&\\%‘\‘\-ﬁ_‘\

S SIS S
800""'."""‘\‘
e :ufff{

.,,,‘,‘,$,;,/f///
/

|
SV / \\\\ N
4__’/,-//‘/'/f\! \

900 v s

IR

e e k

r///f“

)

N
\\////‘//‘/ ,,,,, —

- ey \// SIS o -

\I///II P

A e
i S S PP

\\'\\\\s_\-‘\\\'\\
\I\’\'\\,‘-x\\\\

Prr. . ittt
/fof/ ,,,,, ’r
f///'///‘ ..... o

-

———— e .

13E 14E

15E 16E

— 5mfs, 0.25Pa/s
;e

700 __,______‘_i_{‘:\\-....“_

1000

800_.t0111'f
rrrlrtsl
PV IIs
\e S S

L orvmn/

C e rd

'A,'trr(,r//‘«f/r,;rxt"““ .

- .-v/'/ﬂ/
A R
900 _,,,,/,//P\\\\\\\\\\\ N

TR
’,,_h.,,///‘ /7 \&

*wtuuu"uun""“"

N

AN \\““"‘—”/y/
7 \\\\QQ\\\Q s
RN

T

, 0.2Pa/s —

1-’-I1-E 15IE 16E
5m/s

LI R ’

7004 - - -«

800"~

900 4- - -

TV SN

Pttens .

TR N
Lttt
,1‘.‘.¢fru.‘.4.
.ll"-‘f"'.'*-.
,i‘”..r D,

1; """ RN

""" Ijl#ii A

L ..... v
NaTrow.om s
R LR

L T

13E

T
14E 15E 16E

Fig.12 a 2m-temperature (K; shading) and 10-m horizontal wind (m's™) at 12Z in Small-Lake for
the dry-day composite. b Vertical cross sections of the zonal wind (m-s™') and vertical p-velocity
(Pa's™!) at 12Z in Small-Lake for the dry-day composite averaged over the latitudes of the small
lake. c-d are similar to a-b, but for Large-Lake. e-f are differences between Large-Lake and
Small-Lake. The longitudes of the small and the large lake are marked by light and dark blue
bars, respectively. Values exceeding the 95% confidence level are shown in shading or denoted
by green vectors based on Welch’s t-tests. Vectors are plotted every 6 grids in a, ¢ and e, and
every 3 grids in longitudes in the vertical cross sections for clarity
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Fig.13 Material acceleration of the 875-hPa vertical p-velocity (Pa-s?) at 12Z in a Small-Lake
and b Large-Lake for the dry-day composite. ¢ plots the differences between Large-Lake and
Small-Lake. Values exceeding the 95% confidence level are shown in shading based on Welch’s
t-tests.
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Fig.14 Daily-mean differences of a Precipitation, b evapotranspiration, ¢ horizontal moisture
convergence and d the residual term (mm-day'; Eqn. 2) between the Large-Lake and Small-Lake
ensemble means. Values at or exceeding the 95% confidence level are stippled based on Welch’s

t-tests
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Fig.15 a Diurnal cycle of precipitation (mm-day™') over the wetland area from the Small-Lake,
Large-Lake-II, and Wetland ensemble mean. b The PBLH (m) over the wetland area from the
Small-Lake, Large-Lake-1I, and Wetland ensemble mean. ¢ Diurnal cycle of 825-hPa vertical p-
velocity (Pa's!) over the wetland area in Small-Lake, Large-Lake-II, and Wetland for the dry-
day composite. Dots denote differences between Small-Lake and the other two experiments that
exceed the 95% confidence level based on Welch’s t-test
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