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Abstract 25 

Convective-permitting ensemble simulations are used to understand how areal changes of 26 

Lake Chad affect precipitation. Shrinkage of Lake Chad from about 25,000 km2 to its current 27 

size (~1300 km2) increases rainfall over the lake basin in the afternoon. Reduced precipitation 28 

over a large lake is associated with a shallow planetary boundary layer, which decreases the 29 

likelihood of triggering convection by turbulence and weakens the vertical moisture mixing. As a 30 

result, the large lake does not act as a moisture source for afternoon convection, but lessens the 31 

low to mid-level humidity leading to a more stable daytime environment. Daytime lake breezes 32 

also act to inhibit convection over the large lake by inducing low-level moisture divergence and 33 

subsidence. During the recession to a small lake, Lake Chad is partially replaced by wetlands 34 

which also reduce local afternoon rainfall but not to the same extent as the large lake. This effect 35 

is primarily associated with anomalous subsidence and cooler surface temperatures over the 36 

wetlands than over the adjacent land during the day. Boundary layer heights over the wetlands 37 

are much higher than over the large lake, accounting for the wetlands’ weaker effect in 38 

suppressing daytime rainfall. Loss of Lake Chad and adjacent wetlands impacts the local and 39 

mesoscale climate through modification of the spatial area influenced by daytime lake/wetland 40 

breezes. The rainfall response to the circulation perturbation of the lake/wetlands can be 41 

overlooked in models with cumulus convective parameterization.  42 

 43 

Keywords: lake breezes, wetlands, Lake Chad, West Africa, Sahel, convective permitting 44 
modeling  45 
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1 Introduction 46 

Lake Chad is a endorheic lake in West African Sahel (Leblanc et al. 2003; UNEP 2006; 47 

Bouchez et al. 2016). It is a vital water source for millions of people (Sarch and Birkett 2000; 48 

Okpara et al. 2016). Observations (Lemoalle et al. 2012; Onamuti et al. 2017; Pham-Duc et al. 49 

2020) indicate that the lake area has decreased by over 90% since the 1970s in response to the 50 

changing climate and the increased water demand by the growing population. The reduction in 51 

lake area has adversely affected the ecosystem, fishing production and livelihood of local 52 

communities (UNEP 2006; Ngounou 2009; Onuoha 2009; Okpara et al. 2016; Yunana et al. 53 

2017; Soboyejo et al. 2021). It is not completely understood how the reduced lake size has 54 

affected the regional climate, but such knowledge is crucial to improve future climate prediction 55 

in this area. 56 

The purpose of this study is to understand how the shrinkage of Lake Chad influences the 57 

local climate. Convective-permitting (CP) modeling is carried out at 3-km resolution to simulate 58 

past, present and future scenarios over the Lake Chad region. CP simulations have advantages in 59 

better representing small-scale processes, the diurnal cycle of rainfall and soil moisture-60 

precipitation feedbacks than models with parameterized convection (Hohenegger et al. 2009; 61 

Kendon et al. 2012; Taylor et al. 2013; Prein et al. 2015; Finney et al. 2019). Thus, this will help 62 

us to better understand how changes in lake size can influence the circulation and precipitation in 63 

this region.  64 

 Section 2 reviews background on Lake Chad as well as climate effects of lakes and 65 

wetlands. Section 3 describes the datasets, model configuration, experiment design and analysis 66 

tools. Results are presented in Sect. 4, and conclusions are drawn in Sect. 5. 67 

 68 
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2 Background 69 

In the 1960s, Lake Chad had an area of about 18,000 - 25,000 km2 (Crétaux and Birkett 70 

2006; Lemoalle et al. 2012; Pham-Duc et al. 2020). Its surface area has decreased by over 90% 71 

since the 1970s, due to agricultural irrigation use and persistent droughts (Coe and Foley 2001; 72 

Lemoalle 2004; Onamuti et al. 2017; Zhu et al. 2019). Even with the recovery of the Sahel 73 

rainfall since the 2000s (Janicot and Kamga 2015; Nicholson et al. 2018; Biasutti 2019; Cook 74 

and Vizy 2019), the lake’s bathymetry (Gao et al. 2011) and dam construction (Onamuti et al. 75 

2017) are hindering restoration of the lake size.   76 

Presently, Lake Chad includes a southern and a northern basin divided by shoals, as well 77 

as an archipelago region (Carmouze and Lemoalle 1983; Lemoalle et al. 2012). The lake depth is 78 

about 2-4 and 4-8 m in the southern and northern basin, respectively (Odada et al. 2005). The 79 

southern basin is connected with the Chari-Logone River (Fig. 1), which is a major water input 80 

into the lake. If the river input is sufficient, water spills over the shoals and into the northern 81 

basin. The Komadugu-Yobe River directly discharges to the northern basin, but its inflow (0.44 82 

km3/yr in 1983-2000) is smaller than that of the Chari-Logone River (19.4 km3/yr), as reported 83 

by Leblanc et al. (2011).    84 

The area of Lake Chad shows distinct seasonal and inter-annual variability (Lemoalle 85 

2005). The local wet season occurs in boreal summer, but it takes time for water to drain into the 86 

lake basins. Thus, the water level in the southern basin is lowest in the boreal summer and 87 

highest in December (Leblanc et al. 2011). Dependent on whether and how much water spills 88 

into the northern basin, the northern pool can remain wet year around or dry up for several 89 

months to a whole year in extreme circumstances. Dry periods in the northern basin occurred in 90 

every year of 1975-1998 and 2005-2012 (Lemoalle et al. 2012; Pham-Duc et al. 2020). The 91 
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present lake area is estimated to be between 876-5800 km2 (Birkett 2000; Zhu et al. 2017; 92 

Onamuti et al. 2017; Buma et al. 2018; Pham-Duc et al. 2020), which is about 77-96% smaller 93 

than its size in the 1960s.  94 

Few studies have focused on how Lake Chad affects the regional precipitation. Lauwaet 95 

et al. (2012) simulates three Lake Chad scenarios where there is a large/small or no lake, using a 96 

regional atmospheric model with cumulus convection and a 15-km spatial resolution. Restoration 97 

of Lake Chad does not induce a widespread precipitation increase over their model domain in 98 

boreal summer, but more rainfall is generated over the eastern side of the large lake compared 99 

with the small-lake experiment. They suggest that the higher rainfall to the east of the large lake 100 

is associated with enhanced evaporation over the lake. The low-level air is moistened by the lake 101 

and transported eastward by the prevailing low-level flow, enhancing convective systems east of 102 

Lake Chad. The large lake can also slow down the propagation of a typical mesoscale convective 103 

system (MCS) passing over it (Lauwaet et al. 2012), but this effect depends on lake temperatures 104 

and the time of the day and requires further study.  105 

 Taylor et al. (2018) also observe a weakening of storms as they traverse across the Lake 106 

Chad and the adjacent wetlands. However, they suggest that the afternoon convection is 107 

suppressed over the lake and wetland area, presumably due to daytime lake/wetland breezes. 108 

This is not consistent with precipitation difference between Lauwaet et al.’s (2012) large-lake 109 

and the small-lake experiments. Taylor et al. (2018) suggest that this difference may be 110 

associated with the convective parameterization in Lauwaet et al.’s (2012) model, as 111 

parameterized convection tends to predict positive feedbacks between soil moisture and 112 

precipitation (Taylor et al. 2013) in contrast to the observations (Taylor et al. 2012) and CP 113 

modeling results (Hohenegger et al. 2009; Taylor et al. 2013).  114 
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 As indicated by the above studies, there are two competing mechanisms that lakes or 115 

wetlands interact with the overlying atmosphere to influence the local rainfall (Findell and 116 

Eltahir 2003a, b; Ek and Holtslag 2004; Diallo et al. 2018). The first is a thermodynamic 117 

mechanism, where the wetter surface affects the low-level moisture and the environmental 118 

instability over and near the area (Taylor et al. 1997; Taylor and Lebel 1998). The second is a 119 

dynamic mechanism, where the wetter surface perturbs circulation due to temperature and 120 

roughness contrasts between the area and the surrounding land (Emori 1998; Samuelsson and 121 

Tjernström 2001; Koseki and Mooney 2019; Woodhams et al. 2019). Lakes also affect the 122 

planetary boundary layer height (PBLH) (Li et al. 2018; López-Espinoza et al. 2019). 123 

Due to different atmospheric conditions and the competing mechanisms, the influence of 124 

lakes or wetter surfaces (such as wetlands, wetter soil surfaces, irrigated areas and forests) on 125 

precipitation can be either positive (Segal et al. 1998; Clark et al. 2004; Thiery et al. 2015; Diallo 126 

et al. 2018) or negative (Segal et al. 1989; Rabin et al. 1990; Cheng and Cotton 2004; Negri et al. 127 

2004; Mohamed et al. 2006; Taylor and Ellis 2006; Prigent et al. 2011; López-Espinoza et al. 128 

2019). Most studies suggest that the effects on precipitation are locally restricted over lakes or 129 

wetter surfaces (Mohamed et al. 2005; Lauwaet et al. 2012; Thiery et al. 2015), while others 130 

infer influence over a larger region via long-lived storms (Taylor 2010; Taylor et al. 2018). 131 

While the discussion above suggests that changes in Lake Chad’s size can be a 132 

potentially important factor for modifying local/regional climate and rainfall, it is not completely 133 

clear to what extent and how influential it will be. Our study seeks to improve our understanding 134 

of this relationship. 135 

 136 

3 Methodology 137 
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a. Experimental design 138 

High resolution CP simulations using the National Center for Atmospheric Research 139 

(NCAR) Weather Research and Forecasting Model Version 4.1.3 (WRF; Skamarock et al, 2019) 140 

are utilized. Figure 1a shows the model configuration of triple-nested domains using one-way 141 

nesting. The outer domain has a resolution of 27 km. Its lateral boundaries are set far from Lake 142 

Chad to reduce influence from the prescribed lateral boundary conditions. Imbedded in the 27-143 

km domain are 9-km and 3-km domains. All three domains have 43 vertical levels, with the top 144 

of atmosphere at 10 hPa. The model time steps are 90, 30 and 10 s and model output is saved 145 

every 3, 3 and 1 hour for the 27-km, 9-km and 3-km domains, respectively.  146 

Convective parameterization is disabled in the 3-km domain. The coarser domains use 147 

the Kain-Fritsch cumulus convective scheme (Kain 2004). Other physical parameterizations are 148 

the same across all three domains. These include New Thompson et al. microphysics (Thompson 149 

et al. 2008), RRTM longwave radiation (Mlawer et al. 1997), Dudhia shortwave radiation 150 

(Dudhia 1989), Revised MM5 surface layer (Jiménez et al. 2012), Yonsei University planetary 151 

boundary layer (Hong et al. 2006) schemes and 4 layer Unified Noah Land Surface Model (Chen 152 

and Dudhia 2001). These choices are based on regional model applications that simulate a 153 

realistic African climate (Vizy and Cook 2009, 2018, 2019; Laing et al. 2012; Vizy et al. 2013; 154 

Crétat et al. 2015).  155 

Based on other CP modeling studies (Hutchinson 2009; Jeworrek et al. 2019), an 156 

adaptive positive definite 6th order horizontal diffusion damping is applied in the 27-km/9-km/3-157 

km domain to improve model stability, with coefficients of 0.2/0.3-0.35/0.3-0.4, respectively. An 158 

adaptive model time step approach is also applied, with time steps in the three domains 159 

occasionally halved.  160 
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Four experiments are carried out, referred to as Small-Lake, Large-Lake, Wetland, and 161 

Large-Lake-II (Table 1). Figure 1b presents the land use specification in the 3-km domain of 162 

Small-Lake, in which Lake Chad is small and surrounded by herbaceous wetlands that dry out 163 

through August. This environment represents recent years that are anomalously warm, and it is a 164 

possible future scenario with the wetlands lost. 165 

Several default parameters in WRF are modified for the Small-Lake experiment 166 

according to observations. These include selecting the alternative set of land use categories based 167 

on USGS land-cover classification, increasing the lake area to 1296 and 1314 km2 for the 9-km 168 

and 3-km domains, changing the ‘Barren’ land surrounding Lake Chad to ‘Herbaceous Wetland’ 169 

(Lemoalle et al. 2012; Tappan et al. 2016; Buchhorn et al. 2020), modifying ‘Water’ near the 170 

lake to ‘Clay Loam’ (estimated using SoilGrids250m 2.0 (Batjes et al. 2017)), and boosting the 171 

greenness fraction over the wetlands and the area at 13.5°N and 13.9°E to the median value over 172 

the wetlands from the 1999-2019 1-km Copernicus Global Land Service Fraction of Absorbed 173 

Photosynthetically Active Radiation (FAPAR) v2 (Copernicus Service information, 2022). 174 

‘Herbaceous Wetland’ has relatively low albedo, high soil moisture availability and high thermal 175 

inertia compared with other land use types (Jiménez-Esteve 2016). 176 

In the Large-Lake experiment (Fig. 1c), the wetland area stippled in Fig. 1b is specified 177 

as a lake. The area of Lake Chad is enlarged to 24921 km2 in the 3-km domain. It represents the 178 

situation in the 1960s and recent during years with large river input.  179 

The Wetland experiment (Fig. 1d) includes the small Lake Chad area as in Small-Lake 180 

(Fig. 1b), but soil moisture over the wetlands region is kept relatively high at 58% saturated 181 

(constant at 0.2697 m3/m3). This configuration is most similar to recent years, on average. 182 

Surface lake temperatures over Lake Chad in the Wetland simulation are corrected from Small-183 
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Lake (shown later). Surface specifications over the wetland area are also modified from Small-184 

Lake to reduce heterogeneity out of scope of the study. Isolated points of other land use types are 185 

merged into wetlands. Greenness fraction is boosted to the August mean FAPAR value over the 186 

wetland area for all twelve months. 187 

In the Large-Lake-II experiment (Fig. 1e), the wetland region in Fig. 1d is specified as a 188 

lake. The configuration is similar to Large-Lake, but the prescribed surface temperatures are 189 

adjusted both in the diurnal cycle and in magnitude from Large-Lake to better represent the 190 

observation (Figure 2; discussed later). Due to the inclusion of isolated points at the edges, lake 191 

area in Large-Lake-II is slightly larger than that in Large-Lake in the 3-km domain. Thus, Large-192 

Lake-II serves as the comparative experiment to Wetland and a sensitivity test to the Large-Lake 193 

simulation. 194 

Small-Lake and Large-Lake both include 5 ensemble members, while Wetland and 195 

Large-Lake-II have 3 ensemble members. Each simulation is run from 00Z 01 July to 00Z 01 196 

September. The first month is used for model spin-up and is discarded. August, the peak of the 197 

local rainy season, is chosen as the analysis period. The model is unstable during 12Z 14-15 198 

August 2017 in Large-Lake, and output for these two days is discarded. 199 

Initial and 3-hourly lateral boundary conditions for the 5 ensemble members of Small-200 

Lake and Large-Lake are derived from the 0.25° ERA5 reanalysis (Copernicus Climate Change 201 

Service 2017) for 2013 – 2017. Wetland and Large-Lake-II utilize data from 2013 to 2015. The 202 

same soil moisture is used to initialize Small-Lake and Large-Lake, calculated from the 2007 – 203 

2019 average in ERA5 at 00Z 01 July and increased from 0.05-0.09 to 0.2 m3/m3 over the 204 

wetlands. 0.2 m3/m3 approximates the quasi-equilibrated soil moisture in the top two soil layers 205 

in a 45-day trial simulation. The settings of the trial simulation are similar to Small-Lake, but the 206 
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soil type over the wetland area is ‘Clay’. Soil moisture at 00Z 01 September from the Small-207 

Lake 2013 simulation is used to initiate Wetland and Large-Lake-II. 208 

Sea surface temperatures are prescribed every 3 hours using the 0.05° daily Operational 209 

Sea Surface Temperature and Sea Ice Analysis (OSTIA; Donlon et al. 2012) climatology for 210 

2007 – 2019, smoothed with a 30-day running mean. OSTIA does not offer data over Lake Chad 211 

so five other datasets are examined including SUMET, ERA5, and ARC-Lake (Figure 2a; Table 212 

2). SUMET is used to prescribe a uniform lake surface temperature that includes a diurnal cycle 213 

over Lake Chad due to its high resolution.  214 

Figure 2b shows that prescribed Lake Chad lake surface temperatures in WRF are 215 

discrete and update every 3 hours. There is an erroneous one-hour delay in the temperature 216 

diurnal cycle in the 3-km domain of Small-Lake and Large-Lake, which was adjusted for in the 217 

Wetland and Large-Lake-II simulations. This temporal displacement also occurs, and is 218 

corrected, for sea surface temperatures but differences are minor, with a maximum difference of 219 

0.07 K.  220 

Figure 2c shows that the 3-km domain of Small-Lake simulates a diurnal surface 221 

temperature maximum 6.57 K higher than SUMET averaged over the wetland area (stippled in 222 

Fig. 1b). It is comparable to 4 out of 25 years in the SUMET record (not shown). By contrast, the 223 

coarser domains produce lower wetland temperatures. Through a surface energy budget analysis 224 

(not shown), the lower temperatures are related to enhanced evaporation and soil moisture over 225 

the wetlands due to higher precipitation and cumulus convection. Based on this, the Wetland 226 

experiment is designed with relatively high soil moisture over the wetlands, generating a diurnal 227 

temperature maximum 1.97 K higher than SUMET. The 58% soil saturation is determined by 228 
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trial and error. The 2013 ensemble member is run with 70% soil saturation over the wetlands for 229 

the first 11 days. 230 

 231 

b. Analysis datasets and tools  232 

Multiple precipitation datasets are used to evaluate model simulations (Table 3). The 233 

conservation of water equation for the atmosphere is used to understand the diurnal cycle of 234 

specific humidity, q. The time rate change of q can be written as the sum of divergence of 235 

moisture flux, evaporation, e, condensation, c, and turbulence due to sub-grid and sub-hourly 236 

intensities, 𝑇, according to: 237 

                       
𝜕𝑞

𝜕𝑡
= −∇ℎ ∙ (𝑞𝑣⃗) − 𝜕𝑝(𝜔𝑞) + 𝑒 − 𝑐 + 𝑇,                                      (1) 238 

where 𝑣⃗ is horizontal wind velocity and 𝜔 is vertical p-velocity. 𝑒 − 𝑐 + 𝑇 is computed as a 239 

residual. Integrating Eqn.1 vertically and averaging over a period of time gives the atmospheric 240 

column moisture budget (Lenters and Cook 1995; Seager and Henderson 2013): 241 

   〈 
𝜕𝑞

𝜕𝑡
〉 = −〈∇ℎ ∙ (𝑞𝑣⃗)〉 + 𝐸𝑇 − 𝑃 + 𝑅,                       (2) 242 

where 〈 〉 ≡ −
1

𝑔𝜌𝑤
∫

100 ℎ𝑃𝑎

𝑝𝑠
𝑑𝑝, 𝜌𝑤 is the density of water, ET is evapotranspiration and P is 243 

precipitation. R is the residual that includes a boundary term, −
1

𝑔𝜌𝑤
𝜔𝑠𝑞𝑠, column-integrated 244 

turbulence, 〈𝑇〉, and numerical error, 𝜀, according to: 245 

                   𝑅 = −〈𝜕𝑝(𝜔𝑞)〉 + 〈𝑇〉 + 𝜀 = −
1

𝑔𝜌𝑤

𝜔𝑠𝑞
𝑠

+ 〈𝑇〉 + 𝜀,                        (3) 246 

where subscript s denotes surface values. 247 

 Moist static energy (MSE) is used to analyze stability of the atmosphere. MSE is defined 248 

as the sum of thermal, potential and latent energy of the air parcel according to:  249 

        𝑀𝑆𝐸 = C𝑝𝑇 + Φ + L𝑣𝑞,                  (4) 250 
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where C𝑝 is the specific heat capacity of dry air at constant pressure (1004 J kg-1 K-1), T is 251 

temperature, Φ is geopotential, and L𝑣 is the latent heat of vaporization of water (2.5 × 106 J kg-252 

1). 253 

 254 

4 Results 255 

a. Model Evaluation 256 

Figure 3 presents rainfall observations and the simulated precipitation in the three 257 

domains of Small-Lake during August. In IMERG (Fig. 3a), higher rainfall (above 7 mm/day) is 258 

present near 10°N across West and Central Africa. Local maxima exceeding 10 mm/day occur 259 

over topography, including the Guinea Highlands, the Cameroon Highlands and the Jos Plateau.  260 

CMORPH and CHIRPS2 have rainfall distributions similar to IMERG, although there are 261 

some differences. For example, CMORPH (Fig. 3b) does not capture the rainfall maxima over 262 

the Guinea Highlands (10°N, 10°W) and the Jos Plateau (10°N, 10°E), but it produces higher 263 

rainfall over the Cameroon Highlands (7°N, 11°E). CHIRPS2 (Fig. 3c) has an additional rainfall 264 

maximum over the Bongo Massif (9°N, 22°E).  265 

In the coarser domains of Small-Lake (Figs. 3d - e), precipitation is unrealistically high 266 

over West and Central Africa. In the 3-km domain (Fig. 3f), with resolved convection, the 267 

average rainfall is similar to the observations. Large-scale rainfall in the Wetland experiment is 268 

very similar to that in Small-Lake (not shown).  269 

Figure 4 shows 875-hPa and 600-hPa atmospheric circulation and moisture fields in the 270 

ERA5 reanalysis and the 3-km domain of Small-Lake. ERA5 indicates that there is a sharp 271 

meridional gradient in low-level specific humidity around 18°N during August at 875 hPa, with 272 

geopotential decreasing from southwest to northeast (Fig. 4a). Low-level winds are 273 
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southwesterly or westerly over the West African Sahel, and converge with northerlies across the 274 

Sahara near 18°N. The meridional gradient of moisture is smaller at 600 hPa (Fig. 4b), partially 275 

because the dry air over the western Sahara does not extend this high into the troposphere. 276 

Geopotential generally increases to the north, with the African Easterly Jet present at 10 - 17°N 277 

across the Central and West Africa.  278 

The atmospheric fields from Small-Lake are similar to those from ERA5. At 875 hPa 279 

(Fig. 4c) the model captures the meridional gradient of moisture. However, the simulated 280 

specific humidity is generally lower than ERA5 and the boundary between the moist and dry air 281 

is located further south, roughly 2° latitude at 10 - 25°E. The simulated geopotential is higher 282 

over the Guinean coast and the eastern Sahara than in ERA5. This is associated with further 283 

invasion of northeasterlies from the Sahara in the model.  284 

At 600 hPa (Fig. 4d), the African Easterly Jet is well represented by Small-Lake. The 285 

model is able to replicate the August geopotential gradient over the Sahel and western Sahara. 286 

The simulated moisture is lower over the Guinean coast and higher around South Sudan (10°N, 287 

30°E) compared with ERA5. The atmospheric fields simulated by Wetland are similar to those of 288 

Small-Lake (not shown).  289 

Model evaluation close to Lake Chad is more limited because observational datasets do 290 

not provide consistent rainfall estimates. IMERG (Fig. 5a), based on satellite microwave and 291 

infrared estimates, presents a rainfall maximum over the wetlands and the lake. However, the 292 

rainfall enhancement over the wetlands/lake can be associated with the passive microwave 293 

algorithm overestimating precipitation over inland water bodies (Tian and Peters-Lidard 2007; 294 

Taylor et al. 2018). The infrared-only dataset in IMERG does not produce similar rainfall 295 

enhancement over Lake Chad and adjacent wetlands (not shown). While the input for CMORPH 296 
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(Fig. 5b) is satellite microwave measurements as well, CMORPH indicates suppressed rainfall 297 

activity over the wetlands (also in Figure 9 of Taylor et al., 2018) and a south-to-north 298 

precipitation gradient.  299 

Input for CHIRPS2, TARCART, ARC2 and PERSIANN is mostly satellite infrared data 300 

incorporated/calibrated with ground-based observations. CHIRPS2 (Fig.5c) places a rainfall 301 

minimum of 1 mm/day over the wetlands, but this rainfall minimum is not directly recorded by 302 

in-situ data incorporated in CHIRPS2. Similar to CHIRPS2, TARCAT (Fig. 5d) indicates 303 

stronger rainfall suppression over the wetlands than CMORPH. However, similar calibration 304 

approaches are used in CHIRPS2 and TARCAT (Funk et al. 2015) helping to explain their 305 

consistency. ARC2 (Fig. 5e), PERSIANN (Fig. 5f) and TMPA that preceded IMERG (not 306 

shown) indicate a south-to-north rainfall gradient similar to CMORPH (Fig. 5b). Overall, most 307 

datasets imply that Lake Chad and the surrounding wetlands either suppress or have no obvious 308 

influence on the local rainfall. In-situ measurements are required for a more complete validation. 309 

Figure 5g presents the ensemble mean rainfall near Lake Chad in the 3-km domain of 310 

Small-Lake. It shows a meridional precipitation gradient and rainfall magnitudes that are roughly 311 

2 mm/day less than the observations. Lauwaet et al. (2012) also reported rainfall is 312 

underestimated over the region in their model. 313 

Figure 5h shows the ensemble mean rainfall in the 3-km domain of Wetland. The spatial 314 

distribution and magnitudes of precipitation are similar to that of Small-Lake, except for the 315 

lower rainfall amounts over the northern part of the wetlands.  316 

Few rainfall observations resolve the diurnal cycle near Lake Chad. Thus, despite the 317 

possible biases of microwave-based precipitation estimates over inland water bodies (Tian and 318 

Peters-Lidard 2007; Taylor et al. 2022), IMERG, CMORPH and TMPA are used to evaluate the 319 
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simulated August rainfall diurnal cycle area-averaged over Lake Chad (Figures 6a-c). The 320 

infrared-only rainfall dataset in IMERG is included as a supplementary (dashed lines). The 321 

averaging regions for the observational datasets are interpolated from the area of Lake Chad in 322 

the 9-km or 27-km domains of Small-Lake.  323 

Similar to Fig. 5, the rainfall observations do not agree well with each other over the lake 324 

(Fig. 6a). While IMERG indicates a bimodal diurnal cycle with peaks in the early morning and 325 

late afternoon, the infrared-only rainfall dataset in IMERG shows a major afternoon peak of 326 

approximately 14 mm/day. CMORPH shows one rainfall peak in the early afternoon. TMPA 327 

rainfall has similar diurnal range to CMORPH at 3-8 mm/day, but with a bimodal diurnal cycle 328 

as in the full IMERG product. 329 

 The simulated rainfall diurnal cycle over the lake has several peaks in the 3-km domain 330 

of the Small-Lake ensemble mean (Fig. 6b). Rainfall events tend to be sporadic over the lake in 331 

the model. For example, the peaks at 09Z, 14Z and 23Z result from individual rainfall events that 332 

have mean intensity exceeding 25 mm/day over Lake Chad (not shown). The simulated rainfall 333 

is lower than observed. The coarser domains generate higher rainfall than the 3-km domain 334 

throughout the day, with rainfall peaks in the early morning and early afternoon. 335 

 The 3-km domain of Wetland shows lower rainfall rates than the observations and 336 

different rainfall timing from Small-Lake (Fig. 6c). However, this timing difference is likely not 337 

caused by the one-hour shift in the prescribed diurnal lake temperatures. This conclusion is later 338 

verified in the comparison between the two large-lake simulations. The coarser domains show 339 

especially high rainfall peaks in the early morning.  340 

 Figures 6d-f present the observed and simulated rainfall diurnal cycle over the wetlands, 341 

the area of which is shown in Fig. 1b. Again, the averaging regions for the observational datasets 342 
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are interpolated from the area in Small-Lake. All three observational datasets produce a 343 

unimodal diurnal cycle (Fig. 6d). CMORPH and TMPA are similar to each other, with one 344 

rainfall peak of roughly 8 mm/day around 15Z. IMERG produces higher rainfall throughout the 345 

day, with an afternoon peak of 10 mm/day. The infrared-only dataset shows lower (higher) 346 

rainfall amount in the morning (afternoon) than the full product of IMERG. The better agreement 347 

among these datasets over the wetlands than over the lake is at least partly related to having a 348 

larger averaging region. The observed rainfall is of similar magnitudes over adjacent land areas 349 

(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 350 

are later over the adjacent land areas, at 15Z-18Z and roughly 18Z-21Z, respectively.  351 

 The rainfall diurnal cycle in the 3-km domain of Small-Lake is similar to the observations 352 

despite its lower intensity (Fig. 6e). Out of the 34 rainfall events with peak hours at 14Z-15Z and 353 

rainfall rates exceeding 1mm/day over the wetlands, 29 are generated over the wetlands and they 354 

account for 51% of the total precipitation (not shown). Some of these storms dissipate locally, 355 

while the rest develop into or merge with MCSs and propagate away from the lake. In contrast to 356 

the 3-km domain, the coarser domains do not capture the rainfall diurnal cycle, and simulate high 357 

rainfall peaks at 12Z.  358 

 The rainfall diurnal cycle in the 3-km domain of Wetland misses the afternoon peak 359 

shown in the observations (Fig. 6f). There are only 9 rainfall events that exceed 1mm/day over 360 

the wetlands and peak at 14Z-15Z (not shown). Most of them are generated over or in close 361 

vicinity to the wetlands. The coarser domains generate a high rainfall peak at 12Z. This and Fig. 362 

6e illustrate that parameterized convection can overestimate tropical rainfall and predict peak 363 

intensity at mid-day over land.  364 
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 In conclusion, Small-Lake and Wetland are able to represent the large-scale precipitation 365 

and circulation well in the 3-km domain. By contrast, the coarser domains overproduce rainfall 366 

over West and Central Africa. On smaller space scales close to Lake Chad and on the diurnal 367 

time scale, the observations are more limited. With IMERG as an outlier, three of the seven 368 

datasets show suppressed rainfall over the wetlands adjacent to Lake Chad, while the other three 369 

present a northward precipitation decline over the region. The simulations display a similar 370 

rainfall distribution, but at lower magnitudes. While the simulated rainfall diurnal cycle in the 371 

model is by no means perfect, the contrast between the 3-km and the coarser domains clearly 372 

illustrates the added value of explicitly resolving convection. Thus, it is still useful to analyze the 373 

small-scale features of the simulated rainfall and their differences in the various experiments as 374 

results from 3-km domain are physically produced by explicitly solving governing equations, 375 

allowing us to understand the mechanisms behind the differences in rainfall between the 376 

experiments.  Furthermore, the good representation of large-scale precipitation and circulation 377 

adds credentials to the simulations. Additionally, observations can be plagued by resolution 378 

issues and lack of observing stations over the Lake Chad region.  379 

 380 

b. Effects of a Large Lake 381 

 Figure 7 shows the August rainfall difference between Small-Lake and Large-Lake. 382 

Compared with Small-Lake, rainfall is 1-3 mm/day lower over the basin in Large Lake (Fig. 7a).  383 

This decrease in rainfall is statistically significant at the 95% level of significance over much of 384 

the lake basin. East of the lake rainfall increases with the presence of the large lake, however the 385 

areas of significant differences are not as robust in size. For the same reason, remote influences 386 

outside the basin of a large Lake Chad are not discernable in this simulation.  387 
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 Figure 7b presents the rainfall diurnal cycle over the wetland area (stippled in Fig. 1b) in 388 

Small-Lake, Large-Lake, and Large-Lake-II. The wetland area is selected as the averaging 389 

region in this and the following analysis because the rainfall anomalies and modifications to the 390 

surface specifications are located there. Rainfall is significantly lower in the afternoon in the two 391 

large-lake simulations compared with Small-Lake.  392 

The precipitation diurnal cycle is similar in the two large-lake experiments. The rainfall 393 

peak at 06Z in Large-Lake-II is associated with two intense storms so its presence is likely not a 394 

climatological difference. Aside from 06Z, Large-Lake and Large-Lake-II are similar. The 395 

comparison indicates that the issue with the one-hour shift in the diurnal cycle of lake 396 

temperature is not inducing a notable difference in the rainfall response.  397 

The atmospheric stability is analyzed to understand the rainfall suppression over the large 398 

lake. Composites are made for dry and rainy hours (days), when precipitation averaged over the 399 

wetland area is less or greater than 1 mm/day.  400 

Figure 8a shows the vertical profile dry composite of the Large-Lake minus Small-Lake 401 

difference in MSE and its terms (Eq. 4) at 15Z averaged over the wetland area. 15Z is 402 

representative of the daytime hours of 10Z-18Z. The atmosphere is more stable (unstable), if the 403 

slope of the MSE vertical profile anomalies is positive (negative). The lower troposphere (950-404 

775 hPa) is more unstable in Large-Lake, while mid-levels (775-625 hPa) are more stable. The 405 

anomalous MSE is dominated by the moisture term until 400 hPa. Cooler lake temperatures 406 

induce a decrease in the thermal energy (CpT) that partially cancels out the increase in latent 407 

energy. The more stable mid-level and the reduced moisture at 900-625 hPa do not favor 408 

convective development in Large-Lake. 409 



19 
 

Figure 8b is similar to Fig. 8a but for 00Z, representing nighttime conditions between 410 

23Z-07Z. The lower troposphere is more unstable in Large-Lake primarily due to higher specific 411 

humidity levels. Magnitudes of the anomalies are smaller than those at 15Z. Similar daytime and 412 

nighttime conditions occur in the rainy-hour composites, but are present at 12Z-17Z and 20Z-413 

01Z, respectively (not shown).  414 

To understand the difference in potential stability, Figures 8c-d show the diurnal cycle of 415 

CIN at 950 hPa over the wetland area in Large-Lake and Small-Lake for the dry- and rainy-day 416 

composites. The 950-hPa CIN is higher in Large-Lake during the daytime in both dry- and rainy-417 

day composites, inhibiting convective development. Note in the discussion that follows, notable 418 

differences between the dry and rainy composites identified will be pointed out and shown when 419 

relevant, however if the dry and rainy composites are similar, only the dry composite is shown 420 

for the sake of brevity. 421 

Figures 9a-b show the diurnal cycle of specific humidity over the wetland area for the 422 

dry-day composites. In Small-Lake (Fig. 9a), the 925-hPa specific humidity reaches a maximum 423 

at 08Z, decreases until 16Z, and then increases again. The peak of the specific humidity during 424 

the daytime is later at higher levels (925-625 hPa). By contrast, the amplitude of the moisture 425 

diurnal cycle is small in Large-Lake above 850 hPa (Fig. 9b). Compared with Small-Lake, the 426 

specific humidity in Large-Lake is higher in the early morning at 925-775 hPa and lower in the 427 

afternoon at 825-625hPa. This is consistent with the differences in the latent energy shown in 428 

Fig. 8. The rainy composite specific humidity is higher over the wetland area at all times than the 429 

dry composites (not shown). 430 

The atmospheric water balance (Eqn. 1) is used to understand differences in the moisture 431 

diurnal cycle between Small-Lake and Large-Lake. Figures 9c-d show the diurnal cycle of the 432 
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time rate change of specific humidity over the wetland area. In Small-Lake (Fig. 9c), the delay in 433 

the moisture diurnal cycle between 925 hPa and 800 hPa is clearly shown, as identified in Fig. 434 

9a. In Large-Lake (Fig. 9d), the time rate of change of the specific humidity above 850 hPa is 435 

small. Moisture at 925-850 hPa decreases between 11Z and 19Z and increases between 20Z and 436 

10Z. This is different from Small-Lake. 437 

Figures 9e-f show the diurnal cycle of the moisture flux convergence over the wetland 438 

area. In Small-Lake (Fig. 9e), moisture flux convergence primarily accounts for the change of 439 

specific humidity at night but is small during the day. Thus, the moisture flux convergence does 440 

not explain the delay in the moisture diurnal cycle across different pressure levels. In Large-Lake 441 

(Fig. 9f), the moisture flux convergence dominates the moisture change throughout the day, 442 

which is especially large in the afternoon. This implies that different circulations influence 443 

moisture transport in the two experiments.  444 

Figures 9g-h present the residual term over the wetland area. The residual term includes 445 

evaporation, condensation, turbulent transport of moisture and numerical error. The residual term 446 

dominates the moisture change during the daytime in Small-Lake (Fig. 9g). In Large-Lake (Fig. 447 

9h), the residual term is small above 900 hPa and it partially balances out the divergence of 448 

moisture flux in Large-Lake at 925-900 hPa.  449 

To understand the role of phase changes of water in the residual term, Figures 10a-b 450 

show the diurnal cycle of water in non-gas phases at 925-625 hPa over the wetland area for the 451 

dry-day composite. In Small-Lake (Fig. 10a), the non-gas water increases during the day at 800-452 

625 hPa. This is associated with the formation of clouds (and hydrometeors in the rainy-day 453 

composite; not shown). However, the amount of condensed water is about 3 orders of magnitude 454 

less than the diurnal change of water vapor shown in Fig. 9. Although an afternoon peak of the 455 



21 
 

non-gas water does not occur in Large-Lake (Fig. 10b), this difference is small relative to that of 456 

the residual terms.  457 

Turbulence can be generated thermally with the growth of boundary layer. To examine 458 

the effects of turbulent moisture transport, Figures 10c-d show the time and height when the 459 

daytime relative humidity is maximum at 925-625 hPa as well as the PBLH over the wetland 460 

area for the dry-day composite. In Small-Lake (Fig. 10c), the line of daytime maximum relative 461 

humidity that ranges from 56.2% to 63.0% aligns well with the PBLH. In other words, a pressure 462 

level tends to have its highest relative humidity around when it is first merges with the planetary 463 

boundary layer. The relative humidity at 725-650 hPa reaches the daytime maximum at about 464 

15Z, implying the presence of turbulence above the defined PBLH. This can occur when the bulk 465 

Richardson number method in the numerical scheme underestimates the PBLH (Zhang et al. 466 

2014; Bakas et al. 2020; Li et al. 2022). In Large-Lake (Fig. 10d), the PBLH does not reach 950 467 

hPa and the daytime maximum relative humidity is lower than 56.3% above 900 hPa.  468 

The time and height of daytime maximum relative humidity follow the growth of the 469 

PBLH in Small-Lake in the rainy-day composite, unlike in Large-Lake (not shown). However, 470 

the relative humidity is also high over the large lake in the rainy days. This is associated with the 471 

moisture brought by atmospheric circulation and rainfall systems.   472 

The shallow PBLH is not only associated with low mid-level moisture over the large 473 

lake, but also with weakening a potential lifting mechanism for local storm genesis. Figures 11a-474 

b show the PBLH and the level of free convection (LFC) over the wetland area in Small-Lake 475 

and Large-Lake. In the dry-day composite (Fig. 11a), the PBLH and the LFC are both lower over 476 

the large lake during the daytime. The PBLH ranges from 174 m to 2482 m in Small-Lake, and 477 

from 98 m to 303 m in Large-Lake. The LFC grows from 3907 m to 6901 m in Small-Lake 478 
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during the day, but shows small diurnal variation in Large-Lake (2421-2983 m). In both 479 

experiments, the PBLH is considerably lower than the LFC and vertical turbulent mixing within 480 

the boundary layer is not sufficient to lift an air parcel to a level of positive buoyancy on dry 481 

days.  482 

Unlike the diagnostics examined before, the LFC in Small-Lake is significantly lower in 483 

the rainy-day composite (Fig. 11b) than in the dry-day composite. The PBLH approaches the 484 

LFC in Small-Lake in the early afternoon, favoring local storm genesis. By contrast, the PBLH 485 

in Large-Lake remains below the LFC throughout the day. Thus, vertical turbulent mixing 486 

cannot serve as a convection trigger over the large lake.  487 

The growth of the PBLH is associated with entrainment and vertical motion at the top of 488 

the boundary layer (Eqn. 9.27 in Stull 2006). These factors are examined to understand why the 489 

PBLH is lower over the large lake than over the wetlands.  490 

Figure 11c shows the sensible heat flux and the difference between the 700-hPa and the 491 

950-hPa potential temperatures over the wetland area in Small-Lake and Large-Lake in the dry-492 

day composites. These two diagnostics are chosen to approximate the entrainment rate, which 493 

measures the rate of air being drawn from the free atmosphere into the turbulent mixed layer 494 

(Stull 2006). Entrainment feeds the growth of the planetary boundary layer, which increases with 495 

the sensible heat flux and decreases with the strength of the capping inversion (estimated by the 496 

potential temperature difference here, the diurnal cycle of which is small above 700 hPa). Large-497 

Lake produces lower sensible heat flux but stronger capping inversion than Small-Lake during 498 

the day. This leads to weaker entrainment over the large lake and contributes to the low PBLH.  499 

Figure 11d shows the vertical p-velocity at the pressure level closest to the PBLH over 500 

the wetland area in Small-Lake and Large-Lake in the dry-day composites. Vertical motion at the 501 
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PBLH is downward in Large-Lake, contributing to the thinning of the planetary boundary layer 502 

over the large lake. The vertical motion is upward in Small-Lake, which thickens the boundary 503 

layer over the wetlands.  504 

Figure 11e presents that the sensible heat flux is lower over the wetland area in Large-505 

Lake compared with Small-Lake. To explore the reasons, three factors are analyzed according to 506 

the bulk aerodynamic formula (Fairall et al. 2003; Jiménez et al. 2012), including the surface 507 

wind speed, the ground-air temperature difference and the bulk coefficient. Figure 11f presents 508 

the 10-m wind speeds and the differences between the surface and 2-m temperatures over the 509 

wetland area in Small-Lake and Large-Lake in the dry-day composites. The temperature 510 

difference between the surface and the 2-m air is smaller in Large-Lake. This is related to cooler 511 

surface temperatures over the lake than over the wetlands (Fig. 2) and contributes to the lower 512 

sensible heat flux over the large lake. The higher surface wind speed in Large-Lake has the 513 

opposite but secondary effect.  514 

Roughness length is approximately 0.20 over the herbaceous wetlands and 0.0001 over 515 

water bodies (not shown). This leads to lower efficiency (smaller bulk coefficients) for 516 

transferring sensible heat to the atmosphere over the lake than over the wetlands, and contributes 517 

to the lower sensible heat flux over the large lake. 518 

To examine the circulation over and near Lake Chad, Figure 12a shows the 2-m 519 

temperature and 10-m wind in Small-Lake at 12Z for the dry-day composite, which excludes the 520 

direct impacts of storms on the circulation. Lake temperatures are cooler than the surroundings. 521 

Near the small lake, this induces divergent lake breezes imbedded in a background 522 

westerly/southwesterly flow field. Figure 12b presents the vertical cross section of zonal wind 523 

and vertical p-velocity at 12Z for the dry-day composite averaged over the latitudes of the small 524 



24 
 

lake. The longitudes of the small (large) lake are marked by light (dark) blue. There is 525 

subsidence of roughly 0.2 to 0.7 Pa/s at 950-800 hPa over the small lake. The subsidence lasts 526 

from 10Z to 17Z (not shown).  527 

Figures 12c-d are similar to Figs. 12a-b but for Large-Lake. Compared with Small-Lake, 528 

lake breezes and low-level subsidence occur over a larger area. Figures 12e-f show circulation 529 

differences between the two experiments at 12Z. There are cooler temperatures, anomalously 530 

divergent winds and anomalous subsidence below 800 hPa over the wetland area. The 531 

subsidence and low-level divergence stabilize the afternoon atmosphere and transport drier air 532 

downward, helping to inhibit the development convective activity directly over the lake.  533 

There is anomalous upward motion over the small-lake area in Fig. 12f, which indicates 534 

weaker subsidence in this region. To understand this, Figures 13a-b show the material 535 

accelerations of the 875-hPa vertical p-velocity in Small-Lake and Large-Lake at 12Z for the 536 

dry-day composite, with Fig. 13c presenting the anomalies. 875 hPa represent the lower levels. 537 

The material acceleration of vertical p-velocity is downward over the small lake and upward at 538 

the coasts (Fig. 13a). The acceleration is highest at the edge of the lake where the temperature 539 

contrast is the sharpest. Similarly in Large-Lake (Fig. 13b), the vertical acceleration is 540 

concentrated at the lake boundaries. Enlarging the lake size changes the locations of the strongest 541 

vertical acceleration (Fig. 13c), and further affects the spatial distribution of low-level 542 

subsidence during the growth of lake breezes (not shown). The changed locations of the 543 

strongest subsidence, as the lake is enlarged, are related to the weaker subsidence over the small-544 

lake area shown in Fig. 12f.  545 

No land breezes are identifiable in the dry-day composite (not shown), as the adjacent 546 

land cools to about the same temperature as the lake at night, minimizing the lake-land 547 
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temperature contrast. Surface winds are convergent over the lake at some night hours in the 548 

rainy-hour composites, but not necessarily with lake temperatures warmer than the surroundings. 549 

Surface winds are stronger over the lake than over the surroundings at night, likely due to the 550 

smoother lake surface.  551 

To identify the moisture sources for precipitation, Figures 14a-d show the daily-mean 552 

differences of moisture budget terms (Eq. 2) between Large-Lake and Small-Lake ensemble 553 

means. The precipitation is lower over the larger lake (Fig. 14a), even though the evaporation is 554 

enhanced over the large-lake area (Fig. 14b). The horizontal moisture flux divergence increases 555 

at the coasts of the large lake (Fig. 14c). This is canceled out by the increase in the residual term 556 

(Fig. 14d) which likely consists of anomalies of the boundary term induced by different land-557 

lake temperature and pressure contrasts with various lake areal sizes. The lower rainfall values 558 

over the large lake are primarily associated with the differences in the residual term. According 559 

to Eq. 3, the low-level subsidence due to lake breezes and the weaker turbulence with the lower 560 

PBLH are two potential reasons for the reduced moisture supply for precipitation over the large 561 

lake. The vertically-integrated time rate change of specific humidity is small when averaged over 562 

time (not shown). 563 

In conclusion, rainfall is locally suppressed over the large lake compared with the small 564 

lake through two mechanisms. First, the planetary boundary layer is not as deep over the large 565 

lake than over the drying out wetlands. This makes the triggering of convection less likely during 566 

the day in association with weaker vertical turbulent mixing of moisture and enhanced low-level 567 

CIN. The weaker vertical mixing traps the moist air near the surface despite the enhanced 568 

evaporation over the large lake, resulting in less moisture at low to mid-levels over the large lake 569 

during the daytime. This further increases mid-level atmospheric stability and lessens 570 
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precipitation over the large lake. Second, lake breezes during the day induce low-level moisture 571 

divergence and subsidence over the large lake, inhibiting convection. 572 

 573 

c. Effects of Wetlands 574 

 The Wetland experiment represents a transitional stage in the recession from a large Lake 575 

Chad to a small lake. The presence of wetlands potentially affects the local rainfall, but the 576 

effects and mechanisms can be different from the large lake. This is explored by comparing the 577 

Small-Lake, Wetland and Large-Lake-II simulations.  578 

Figure 15a shows the ensemble-mean rainfall diurnal cycle in the three experiments over 579 

the wetland area. Wetland produces lower rainfall than Small-Lake in the afternoon over the 580 

wetland area. Although the ensemble-mean rainfall is higher in Wetland than that in Small-Lake 581 

in the early morning, the difference is not statistically significant and does not occur in every 582 

ensemble member (not shown). Rainfall in Wetland is higher than that in Large-Lake-II over the 583 

area for most of the day, but the difference is only statistically significant at 15Z (not shown). 584 

Overall, the wetlands reduce the local rainfall in the afternoon, but the effects are somewhat 585 

weaker than the large lake.  586 

Analyses similar to Section 4b are carried out to understand the lower rainfall over the 587 

wetlands. Figure 15b shows the ensemble-mean PBLH in the three simulations over the wetland 588 

area. The PBLH in Wetland is lower than that in Small-Lake over the area but is much higher 589 

than the PBLH in Large-Lake. Thus, turbulence remains a possible trigger for convection and a 590 

mechanism for vertical moisture transport over the wetlands, supporting an environmental 591 

instability similarly or more favorable for convection than Small-Lake (not shown). The shallow 592 

PBLH, as one of the mechanisms for the large lake to suppress afternoon rainfall, does not apply 593 
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to the wetlands. Similarly, the enhanced CIN, as another way for the large lake to inhibit 594 

convection, does not occur over the wetlands (not shown). 595 

Figure 15c presents the diurnal cycle of the 825-hPa vertical p-velocity over the wetland 596 

area in Small-Lake, Large-Lake-II and Wetland for the dry-day composite, excluding direct 597 

influence of storms. 825 hPa is representative of the low levels. The low-level vertical motion is 598 

upward over the area in Small-Lake, while subsidence occurs in Large-Lake-II and Wetland 599 

during the daytime. The subsidence is associated with lake breezes (Fig. 12) and wetland 600 

breezes, respectively. This is further related to the cooler surface temperatures over the 601 

lake/wetlands than over the drier land (Fig. 2c). However, the surface wind anomalies induced 602 

by the wetlands (not shown) are much weaker than those over the large lake (Fig. 12e), at 603 

roughly 0-2 m∙s-1. Overall, the afternoon rainfall suppression over the wetlands is related to the 604 

low-level subsidence and the cooler surface temperatures, which dominate over the PBLH 605 

mechanism. 606 

 607 

5 Conclusions 608 

Lake Chad is a small inland lake over the West African Sahel. It has shrunk by over 90% 609 

since the 1970s due to persistent droughts and increased withdrawal for agricultural use. The 610 

present lake size also varies seasonally and inter-annually. The purpose of this study is to use 611 

convective-permitting modeling to better understand how changes in Lake Chad’s size affect 612 

precipitation, which is helpful for improving local/regional climate prediction in this area 613 

including a better understanding of past and future trends. 614 

Four ensemble simulations for the month of August are carried out. Each experiment 615 

consists of five or three ensemble members and uses a triple nested (27-km/9-km/3-km) one-way 616 
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nesting domain configuration. Convection is explicitly resolved in the 3-km domain. As 617 

summarized in Table 1, the experiments are as follows: 618 

• The “Small-Lake” simulation represents anomalously warm years in the current climate and a 619 

possible future scenario. It includes a small Lake Chad surrounded by drying wetlands.  620 

• In the “Large-Lake” simulation, the wetland area is replaced by lake water to represent the 621 

1960s’ climatology, and also some recent years with anomalously high river input (although 622 

not necessarily high rainfall over the lake itself). 623 

• “Wetland” is similar to Small-Lake but soil moisture over the wetlands is constrained at a 624 

higher value to represent a recent average year. 625 

• “Large-Lake-II” is similar to Large-Lake but with adjusted lake temperatures as a sensitivity 626 

test.  627 

The 3-km domains of the Small-Lake and Wetland simulations represent the observed 628 

large-scale precipitation and circulation well, with a southward rainfall gradient over the area 629 

that is consistent with three out of the seven observational datasets analyzed at high resolution. 630 

The coarser domains generate unrealistically high rainfall. The 3-km domain of Small-Lake 631 

captures the rainfall diurnal cycle over the wetlands. Although the 3-km domain of Wetland 632 

misses the afternoon rainfall peak over the wetland area, both convective-permitting domains 633 

contrast with the coarser domains that simulate high rainfall peaks in the early morning and early 634 

afternoon.  635 

In Large-Lake, rainfall is suppressed over the large lake in the afternoon compared with 636 

Small-Lake. This is associated with a shallower PBLH over the large lake during the day which 637 

weakens the triggering of convection and vertical mixing of moisture by turbulence. Thus, even 638 

though evaporation is enhanced over the large lake, the low and mid-level atmosphere is drier 639 
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over the large lake, leading to higher mid-tropospheric stability. Daytime lake breezes also 640 

contribute to convective inhibition by inducing low-level divergence and subsidence, stabilizing 641 

the afternoon atmosphere and transporting drier air downward. Nighttime land breezes do not 642 

occur in this study, since the lake and adjacent land temperature contrast is minimal. Higher low-643 

level CIN is another environmental factor limiting the triggering of convection. 644 

A remote influence of the large lake on precipitation over West Africa is not detectable at 645 

statistical significance, even with five ensemble members. This relationship may warrant future 646 

attention, presumably in a study with more ensemble members.  647 

The simulations show that, similar to the large lake, the wetlands also suppress local 648 

rainfall in the afternoon, but the effect is weaker. Lower rainfall over the wetlands is associated 649 

with low-level subsidence driven by the cooler surface temperatures over the wetlands relative to 650 

the adjacent drier surface during the day. The planetary boundary level height (low-level CIN) 651 

over the wetlands is higher (lower) than over the large lake during the day, similar to that in 652 

Small-Lake.  653 

This study demonstrates that Lake Chad is not acting as a major regional moisture source 654 

for convection. Instead, the convective-permitting model results indicate that the regional 655 

influence of Lake Chad and its associated wetlands operates through influence on the surface 656 

temperature distribution and the atmosphere’s dynamical response. Afternoon convection is 657 

suppressed over the wetlands and, more strongly, over the large lake due to the differential 658 

warming of water and land. This land surface-rainfall relationship is consistent with observations 659 

by Taylor et al. (2018), and can be misrepresented in models using cumulus parameterization.  660 

Additionally, our results suggest that the size of the lake/wetland area near Lake Chad 661 

influences the local and regional climate. The radius of influence of the daytime lake/wetland 662 
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circulation is more spatially confined for a smaller lake compared to a larger lake (Fig. 12), 663 

meaning that the areal extent of the subsidence that helps suppress convective activity is more 664 

limited.  665 

It is not clear how the size of Lake Chad will change in the future, as the Sahel rainfall 666 

recovery associated with greenhouse-gas forcing competes with impacts of agricultural activities 667 

and increased surface evaporation due to warmer temperatures. Our study indicates that if the 668 

lake and wetlands continue to shrink and/or are lost in the future, afternoon convective activity 669 

will increase over the basin of Lake Chad. However, the potential for this negative feedback to 670 

maintain or restore the lake is limited.  671 

 This study bears the following caveats. The first is that the Wetland experiment misses 672 

the afternoon rainfall peak over the wetland area. Future work is needed to evaluate whether this 673 

deficiency is associated with the choice of the model physical parameterizations used and/or not 674 

running enough ensemble members for each experiment. Another caveat is that the lake surface 675 

temperature is prescribed based on limited in-situ observations and is not interactively coupled to 676 

the atmosphere. This may be why our simulations do not produce a robust nighttime land breeze 677 

in the vicinity of the lake, as our prescribed lake temperatures may not be diurnally realistic. The 678 

next step is to evaluate the lake/atmosphere interactions for the Lake Chad region using a 679 

coupled CP model. 680 
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Table 1 Specifications for the four experiments 978 

 979 
980 

Experiments 

Land Use Specifications for the 

3-km Domain Representation 

Ensemble 

Members 

Small-Lake 

• A small Lake Chad of 1314 

km2. (The lake area is 729 km2 

and 1296 km2 in the 27-km and 

9-km domains, respectively.) 

• Adjacent herbaceous wetlands 

of 23607 km2, with soil 

saturation decreasing from 

~39% to 30% (~0.18 to 0.14 

m3/m3) and from 28% to 24% 

(0.13 to 0.11 m3/m3) and being 

roughly constant at 40% and 

41% (~0.19 m3/m3) in the 0-10 

cm, 10-40 cm, 40-100 cm and 

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.  

Anomalously warm 

years in the current 

climate, and a 

possible future 

scenario with the 

wetlands lost. 

5 

Large-Lake A large Lake Chad of 24921 km2. 

1960’s climate, or 

contemporary years 

with anomalously 

large river input. 

5 

Wetland 

• A small Lake Chad of 1314 

km2 (with adjusted lake 

surface temperatures; Fig. 2). 

• Adjacent herbaceous wetlands 

of 24138 km2, with soil 

moisture maintained at 58% 

saturated (0.2697 m3/m3) and 

vegetation fraction constant at 

44.7 through August.  

Recent years. 3 

Large-Lake-II 

A large Lake Chad of 25452 km2 

(with adjusted lake surface 

temperatures; Fig. 2). 

The comparative 

experiment to 

Wetland, and a 

sensitivity test to 

Large-Lake. 

3 
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Table 2 Datasets for lake temperatures over Lake Chad 981 

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  

ERA5 

The ERA5 lake mixed-layer 

temperatures (Copernicus 

Climate Change Service 

2017) 

0.25° Hourly 1979 – 2019 

MOD11C1 

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 982 
temperature value of 297 K (converted from 24.2 °C) in IELC data is for Bol Dune, and the 983 
analysis period is not available.  984 
 985 
 986 
  987 
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Table 3 Precipitation datasets used to evaluate the model simulations 988 

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 

  989 
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Figure Captions 990 

 991 

Fig.1 a Terrain height (m; shading) and model configuration for the triple-nested domains. b-e 992 

Land use types prescribed in the 3-km domain of Small-Lake, Large-Lake, Wetland and Large-993 

Lake-II. The averaging region for the wetland area (including the area at 13.5°N and 13.9°E) is 994 

stippled. The locations of rivers that flow into Lake Chad are drawn by hand in Fig. 1b 995 

 996 

Fig.2 a August mean temperatures (K) over Lake Chad from SUMET, ERA5, MOD11C1, ARC-997 

Lake and IELC, averaged over their individual record lengths. Temperatures are averaged over 998 

all available data points for ARC-Lake and over interpolated lake masks for the other gridded 999 

datasets. b Prescribed temperatures (K) over Lake Chad in the 3-km domain of Small-Lake and 1000 

Wetland. c Observed and simulated surface temperatures (K) over the wetland area from 1001 

SUMET, all three domains of Small-Lake and 3-km domain of Wetland. The wetland area as the 1002 

averaging region for Small-Lake/Wetland is stippled in Fig. 1b and is interpolated to the 1003 

averaging region for SUMET 1004 

 1005 

Fig.3 August mean precipitation (mm∙day-1) averaged over 2000 – 2019 from a IMERG, b 1006 

CMORPH and c CHIRPS2. Ensemble mean precipitation from the d 27-km, e 9-km and f 3-km 1007 

domains of Small-Lake simulations. The latitudinal and longitudinal ranges are from the 3-km 1008 

domain.  1009 

 1010 

Fig.4 a 875-hPa and b 600-hPa specific humidity (10-3 kg∙kg-1; shading), geopotential (m2∙s-2; 1011 

contours) and horizontal wind (m∙s-1; vectors) in August from ERA5, averaged over 1979-2019. 1012 
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The contours and vectors are plotted every 6 grids for clarity. c 875-hPa and d 600-hPa specific 1013 

humidity, geopotential and horizontal wind in August from the ensemble mean of Small-Lake in 1014 

the 3-km domain. The contours and vectors are plotted every 50 grids for clarity 1015 

 1016 

Fig.5 August mean rainfall (mm∙day-1) from a IMERG, b CMORPH, c CHIRPS2, d TARCAT, e 1017 

ARC2 and f PERSIANN for 2000-2019. Ensemble mean rainfall from the 3-km domains of g 1018 

Small-Lake and h Wetland. Black triangles denote the locations of in-situ data incorporated in 1019 

CHIRPS2 1020 

 1021 

Fig.6 Precipitation (mm∙day-1) diurnal cycle area-averaged over Lake Chad in a observations, b 1022 

Small-lake and c Wetland during August. Precipitation diurnal cycle over the wetlands in d 1023 

observations, e Small-lake and f Wetland during August. The wetland area as the averaging 1024 

region is stippled in Fig. 1b. The averaging regions for IMERG, CMORPH and TMPA are 1025 

interpolated from the lake/wetland area in the 9-km, 9-km and 27-km domains of Small-Lake, 1026 

respectively 1027 

 1028 

Fig.7 a Rainfall difference (mm∙day-1) between the Large-Lake and Small-Lake ensemble means 1029 

in the 3-km domain. Values at or exceeding the 95% confidence level based on a Welch’s t-test 1030 

are stippled. b Diurnal cycle of precipitation (mm∙day-1) averaged over the wetland area (stippled 1031 

in Fig.1b) from the Small-Lake, Large-Lake, and Large-Lake-II ensemble means. Dots denote 1032 

differences between Small-Lake and the two large-lake experiments that exceed the 95% 1033 

confidence level based on Welch’s t-tests 1034 

 1035 



49 
 

Fig.8 Anomalies of MSE and its terms (103 J∙kg-1), differenced between Large-Lake and Small-1036 

Lake at a 15Z and b 00Z for the dry-hour composite averaged over the wetland area. Diurnal 1037 

cycle of 950-hPa CIN (J∙kg-1) in Small-Lake and Large-Lake-I for the c dry- and d rainy-day 1038 

composites. Dots denote values exceeding the 95% confidence level based on Welch’s t-tests 1039 

 1040 

Fig.9 Diurnal cycle of specific humidity (kg∙kg-1) over the wetland area in a Small-Lake and b 1041 

Large-Lake for the dry days composites. Diurnal cycle of the time rate change of specific 1042 

humidity (s-1) over the wetland area in c Small-Lake and d Large-Lake. Diurnal cycle of the 1043 

moisture flux convergence (s-1) over the wetland area in e Small-Lake and f Large-Lake. Diurnal 1044 

cycle of the residual term (s-1) over the wetland area in g Small-Lake and h Large-Lake. Dots 1045 

denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level 1046 

based on Welch’s t-tests 1047 

 1048 

Fig.10 Diurnal cycle of water in non-gas (cloud, rain, ice, snow, and graupel) phase (kg∙kg-1) 1049 

over the wetland area in a Small-Lake and b Large-Lake for the dry-day composite. The time 1050 

and geopotential height (GHT; m) of the daytime maximum relative humidity (%; square) at 1051 

925-625 hPa, and the PBLH (m) over the wetland area in a Small-Lake and b Large-Lake for the 1052 

dry-day composite. Dots denote differences between Small-Lake and Large-Lake that exceed the 1053 

95% confidence level based on a Welch’s t-test 1054 

 1055 

Fig.11 The planetary boundary layer height (PBLH; m; solid line) and the level of free 1056 

convection (LFC; m; dashed line) in Small-Lake and Large-Lake over the wetland area, for the a 1057 

dry- and b rainy-day composites. c Sensible heat flux (SH; W∙m-2; solid line) and anomalous 1058 
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potential temperature between 700 hPa and 950 hPa (∆𝜃; K; dashed line) in Small-Lake and 1059 

Large-Lake over the wetland area, for the dry-day composite. d Vertical p-velocity at the 1060 

pressure level closest to the PBLH (𝜔; Pa∙s-1) in Small-Lake and Large-Lake over the wetland 1061 

area, for the dry-day composite. e Differences of sensible heat flux (W∙m-2) between the Large-1062 

Lake and Small-Lake ensemble means, for the dry-day composite. f Anomalies between the 1063 

surface and 2 m temperatures (-(T2m-Tg); K; solid line) and the 10-m wind speed (m∙s-1; dashed 1064 

line) in Small-Lake and Large-Lake over the wetland area, for the dry-day composite. Dots 1065 

denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level 1066 

based on Welch’s t-tests  1067 

 1068 

Fig.12 a 2m-temperature (K; shading) and 10-m horizontal wind (m∙s-1) at 12Z in Small-Lake for 1069 

the dry-day composite. b Vertical cross sections of the zonal wind (m∙s-1) and vertical p-velocity 1070 

(Pa∙s-1) at 12Z in Small-Lake for the dry-day composite averaged over the latitudes of the small 1071 

lake. c-d are similar to a-b, but for Large-Lake. e-f are differences between Large-Lake and 1072 

Small-Lake. The longitudes of the small and the large lake are marked by light and dark blue 1073 

bars, respectively. Values exceeding the 95% confidence level are shown in shading or denoted 1074 

by green vectors based on Welch’s t-tests. Vectors are plotted every 6 grids in a, c and e, and 1075 

every 3 grids in longitudes in the vertical cross sections for clarity 1076 

 1077 

Fig.13 Material acceleration of the 875-hPa vertical p-velocity (Pa∙s-2) at 12Z in a Small-Lake 1078 

and b Large-Lake for the dry-day composite. c plots the differences between Large-Lake and 1079 

Small-Lake. Values exceeding the 95% confidence level are shown in shading based on Welch’s 1080 

t-tests.  1081 
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 1082 

Fig.14 Daily-mean differences of a Precipitation, b evapotranspiration, c horizontal moisture 1083 

convergence and d the residual term (mm∙day-1; Eqn. 2) between the Large-Lake and Small-Lake 1084 

ensemble means. Values at or exceeding the 95% confidence level are stippled based on Welch’s 1085 

t-tests 1086 

 1087 

Fig.15 a Diurnal cycle of precipitation (mm∙day-1) over the wetland area from the Small-Lake, 1088 

Large-Lake-II, and Wetland ensemble mean. b The PBLH (m) over the wetland area from the 1089 

Small-Lake, Large-Lake-II, and Wetland ensemble mean. c Diurnal cycle of 825-hPa vertical p-1090 

velocity (Pa∙s-1) over the wetland area in Small-Lake, Large-Lake-II, and Wetland for the dry-1091 

day composite. Dots denote differences between Small-Lake and the other two experiments that 1092 

exceed the 95% confidence level based on Welch’s t-test. 1093 

  1094 
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 1095 

Fig.1 a Terrain height (m; shading) and model configuration for the triple-nested domains. b-e 1096 
Land use types prescribed in the 3-km domain of Small-Lake, Large-Lake, Wetland and Large-1097 
Lake-II. The averaging region for the wetland area is stippled. The locations of rivers that flow 1098 
into Lake Chad are drawn by hand in Fig. 1b 1099 
  1100 
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 1101 
Fig.2 a August mean temperatures (K) over Lake Chad from SUMET, ERA5, MOD11C1, ARC-1102 
Lake and IELC, averaged over their individual record lengths. Temperatures are averaged over 1103 
all available data points for ARC-Lake and over interpolated lake masks for the other gridded 1104 
datasets. b Prescribed temperatures (K) over Lake Chad in the 3-km domain of Small-Lake and 1105 
Wetland. c Observed and simulated surface temperatures (K) over the wetland area from 1106 
SUMET, all three domains of Small-Lake and 3-km domain of Wetland. The wetland area as the 1107 
averaging region for Small-Lake/Wetland is stippled in Fig. 1b and is interpolated to the 1108 
averaging region for SUMET 1109 
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 1110 
Fig.3 August mean precipitation (mm∙day-1) averaged over 2000 – 2019 from a IMERG, b 1111 
CMORPH and c CHIRPS2. Ensemble mean precipitation from the d 27-km, e 9-km and f 3-km 1112 
domains of Small-Lake simulations. The latitudinal and longitudinal ranges are from the 3-km 1113 
domain.  1114 

 1115 

  1116 
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 1117 

Fig.4 a 875-hPa and b 600-hPa specific humidity (10-3 kg∙kg-1; shading), geopotential (m2∙s-2; 1118 
contours) and horizontal wind (m∙s-1; vectors) in August from ERA5, averaged over 1979-2019. 1119 
The contours and vectors are plotted every 6 grids for clarity. c 875-hPa and d 600-hPa specific 1120 
humidity, geopotential and horizontal wind in August from the ensemble mean of Small-Lake in 1121 
the 3-km domain. The contours and vectors are plotted every 50 grids for clarity 1122 

 1123 

  1124 
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 1125 
Fig.5 August mean rainfall (mm∙day-1) from a IMERG, b CMORPH, c CHIRPS2, d TARCAT, e 1126 
ARC2 and f PERSIANN for 2000-2019. Ensemble mean rainfall from the 3-km domains of g 1127 
Small-Lake and h Wetland. Black triangles denote the locations of in-situ data incorporated in 1128 
CHIRPS2 1129 
 1130 

  1131 
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 1132 
Fig.6 Precipitation (mm∙day-1) diurnal cycle area-averaged over Lake Chad in a observations, b 1133 
Small-lake and c Wetland during August. Precipitation diurnal cycle over the wetlands in d 1134 
observations, e Small-lake and f Wetland during August. The wetland area as the averaging 1135 
region is stippled in Fig. 1b. The averaging regions for IMERG, CMORPH and TMPA are 1136 
interpolated from the lake/wetland area in the 9-km, 9-km and 27-km domains of Small-Lake, 1137 
respectively. Dashed lines represent data from the infrared-only rainfall dataset in IMERG 1138 
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 1139 
Fig.7 a Rainfall difference (mm∙day-1) between the Large-Lake and Small-Lake ensemble means 1140 
in the 3-km domain. Values at or exceeding the 95% confidence level based on a Welch’s t-test 1141 
are stippled. b Diurnal cycle of precipitation (mm∙day-1) averaged over the wetland area (stippled 1142 
in Fig.1b) from the Small-Lake, Large-Lake, and Large-Lake-II ensemble means. Dots denote 1143 
differences between Small-Lake and the two large-lake experiments that exceed the 95% 1144 
confidence level based on Welch’s t-tests 1145 
 1146 
  1147 
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 1148 
Fig.8 Anomalies of MSE and its terms (103 J∙kg-1), differenced between Large-Lake and Small-1149 
Lake at a 15Z and b 00Z for the dry-hour composite averaged over the wetland area. Diurnal 1150 
cycle of 950-hPa CIN in Small-Lake and Large-Lake-I for the c dry- and d rainy-day 1151 
composites. Dots denote values exceeding the 95% confidence level based on Welch’s t-tests 1152 
 1153 
  1154 
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 1155 
Fig.9 Diurnal cycle of specific humidity (kg∙kg-1) over the wetland area in a Small-Lake and b 1156 
Large-Lake for the dry days composites. Diurnal cycle of the time rate change of specific 1157 
humidity (s-1) over the wetland area in c Small-Lake and d Large-Lake. Diurnal cycle of the 1158 
moisture flux convergence (s-1) over the wetland area in e Small-Lake and f Large-Lake. Diurnal 1159 
cycle of the residual term (s-1) over the wetland area in g Small-Lake and h Large-Lake. Dots 1160 
denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level 1161 
based on Welch’s t-tests 1162 
 1163 
  1164 
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 1165 
Fig.10 Diurnal cycle of water in non-gas (cloud, rain, ice, snow, and graupel) phase (kg∙kg-1) 1166 
over the wetland area in a Small-Lake and b Large-Lake for the dry-day composite. The time 1167 
and geopotential height (GHT; m) of the daytime maximum relative humidity (%; square) at 1168 
925-625 hPa, and the PBLH (m) over the wetland area in a Small-Lake and b Large-Lake for the 1169 
dry-day composite. Dots denote differences between Small-Lake and Large-Lake that exceed the 1170 
95% confidence level based on a Welch’s t-test 1171 
 1172 
  1173 
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 1174 
Fig.11 The planetary boundary layer height (PBLH; m; solid line) and the level of free 1175 
convection (LFC; m; dashed line) in Small-Lake and Large-Lake over the wetland area, for the a 1176 
dry- and b rainy-day composites. c Sensible heat flux (SH; W∙m-2; solid line) and anomalous 1177 
potential temperature between 700 hPa and 950 hPa (∆𝜃; K; dashed line) in Small-Lake and 1178 
Large-Lake over the wetland area, for the dry-day composite. d Vertical p-velocity at the 1179 
pressure level closest to the PBLH (𝜔; Pa∙s-1) in Small-Lake and Large-Lake over the wetland 1180 
area, for the dry-day composite. e Differences of sensible heat flux (W∙m-2) between the Large-1181 
Lake and Small-Lake ensemble means, for the dry-day composite. f Anomalies between the 1182 
surface and 2 m temperatures (-(T2m-Tg); K; solid line) and the 10-m wind speed (m∙s-1; dashed 1183 
line) in Small-Lake and Large-Lake over the wetland area, for the dry-day composite. Dots 1184 
denote differences between Small-Lake and Large-Lake that exceed the 95% confidence level 1185 
based on Welch’s t-tests   1186 
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 1187 
Fig.12 a 2m-temperature (K; shading) and 10-m horizontal wind (m∙s-1) at 12Z in Small-Lake for 1188 
the dry-day composite. b Vertical cross sections of the zonal wind (m∙s-1) and vertical p-velocity 1189 
(Pa∙s-1) at 12Z in Small-Lake for the dry-day composite averaged over the latitudes of the small 1190 
lake. c-d are similar to a-b, but for Large-Lake. e-f are differences between Large-Lake and 1191 
Small-Lake. The longitudes of the small and the large lake are marked by light and dark blue 1192 
bars, respectively. Values exceeding the 95% confidence level are shown in shading or denoted 1193 
by green vectors based on Welch’s t-tests. Vectors are plotted every 6 grids in a, c and e, and 1194 
every 3 grids in longitudes in the vertical cross sections for clarity 1195 
  1196 
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 1197 
Fig.13 Material acceleration of the 875-hPa vertical p-velocity (Pa∙s-2) at 12Z in a Small-Lake 1198 
and b Large-Lake for the dry-day composite. c plots the differences between Large-Lake and 1199 
Small-Lake. Values exceeding the 95% confidence level are shown in shading based on Welch’s 1200 
t-tests.  1201 
 1202 
  1203 
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 1204 
Fig.14 Daily-mean differences of a Precipitation, b evapotranspiration, c horizontal moisture 1205 
convergence and d the residual term (mm∙day-1; Eqn. 2) between the Large-Lake and Small-Lake 1206 
ensemble means. Values at or exceeding the 95% confidence level are stippled based on Welch’s 1207 
t-tests 1208 
 1209 
  1210 
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 1211 

Fig.15 a Diurnal cycle of precipitation (mm∙day-1) over the wetland area from the Small-Lake, 1212 
Large-Lake-II, and Wetland ensemble mean. b The PBLH (m) over the wetland area from the 1213 
Small-Lake, Large-Lake-II, and Wetland ensemble mean. c Diurnal cycle of 825-hPa vertical p-1214 
velocity (Pa∙s-1) over the wetland area in Small-Lake, Large-Lake-II, and Wetland for the dry-1215 
day composite. Dots denote differences between Small-Lake and the other two experiments that 1216 
exceed the 95% confidence level based on Welch’s t-test 1217 
 1218 


