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ABSTRACT: Soil moisture heterogeneity can induce mesoscale circulations due to differential heating between dry and

wet surfaces, which can, in turn, trigger precipitation. In this work, we conduct cloud-permitting simulations over a

100 km 3 25 km idealized land surface, with the domain split equally between a wet region and a dry region, each with

homogeneous soil moisture. In contrast to previous studies that prescribed initial atmospheric profiles, each simulation is

run with fixed soil moisture for 100 days to allow the atmosphere to equilibrate to the given land surface rather than

prescribing the initial atmospheric profile. It is then run for one additional day, allowing the soil moisture to freely vary.

Soil moisture controls the resulting precipitation over the dry region through three different mechanisms: as the dry

domain gets drier, (i) the mesoscale circulation strengthens, increasing water vapor convergence over the dry domain, (ii)

surface evaporation declines over the dry domain, decreasing water vapor convergence over the dry domain, and (iii)

precipitation efficiency declines due to increased reevaporation, meaning proportionally less water vapor over the dry

domain becomes surface precipitation. We find that the third mechanism dominates when soil moisture is small in the dry

domain: drier soils ultimately lead to less precipitation in the dry domain due to its impact on precipitation efficiency. This

work highlights an important new mechanism by which soil moisture controls precipitation, through its impact on pre-

cipitation reevaporation and efficiency.
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1. Introduction

Soil moisture plays an important role in land–atmosphere in-

teraction processes across spatial scales ranging from kilometers

to thousands of kilometers and temporal scales ranging from

days to years (Seneviratne et al. 2006; Fischer et al. 2007; McColl

et al. 2017). In particular, soil moisture affects soil heat capacity

(Entekhabi et al. 1996), the partition of net radiation into sen-

sible and latent heat fluxes (Gu et al. 2006), surface albedo (Idso

et al. 1975), available radiation (Eltahir 1998), and cloud for-

mation (Ray et al. 2003). Consequently, the accuracy of nu-

merical weather forecasts (Gallus and Segal 2000; Martin and

Xue 2006; Van Weverberg et al. 2010) and climate models

(Pielke et al. 1999; Dirmeyer 2000; Seneviratne et al. 2013;Moon

et al. 2019) are often sensitive to soil moisture, which is regarded

as one of the most important boundary conditions for improved

climate predictability (Dirmeyer 1995). Causal impacts of soil

moisture on subsequent precipitation are of particular interest

and have been investigated with field observations (e.g., Betts

and Ball 1998; Eltahir 1998; Taylor and Lebel 1998; Findell and

Eltahir 2003; Alfieri et al. 2008; Taylor et al. 2012; Tuttle and

Salvucci 2016) and numerical simulations (e.g., Schär et al. 1999;
Pal and Eltahir 2001; Cheng and Cotton 2004; Hohenegger et al.

2009; Van Weverberg et al. 2010).

One mechanism by which soil moisture can cause precip-

itation is analogous to a land–sea breeze circulation (Segal

and Arritt 1992; Miller et al. 2003). Differential heating

between a dry patch of soil (analogous to the ‘‘land’’) and a

wet patch (analogous to the ‘‘sea’’) creates a mesoscale cir-

culation. The circulation transports atmospheric water vapor

from the wet patch to the dry patch, and the rising branch of

the circulation over the dry patch promotes precipitation.

Therefore, as soil moisture in the dry patch declines, pre-

cipitation over the dry patch becomes more likely, even as

evaporation over the dry patch declines. Wet patches regu-

larly occur in otherwise dry environments following rainfall,

and mesoscale circulations associated with soil moisture

heterogeneity have been observed to trigger convection in

the Sahel (Taylor et al. 2010, 2011, 2012). As such, they have

been the subject of many previous modeling studies (e.g.,

Anthes 1984; Ookouchi et al. 1984; Chen and Avissar 1994;

Avissar and Liu 1996; Lynn et al. 1998; Cheng and Cotton

2004; Patton et al. 2005; Robinson et al. 2008; Cioni and

Hohenegger 2018, hereafter CH18).

While these studies have provided valuable insight, they

suffer from a common limitation: models are typically inte-

grated over relatively short time periods (hours to days),

meaning the results are quite sensitive to the choice of initial

conditions, particularly the initial atmospheric sounding (e.g.,

CH18). On the one hand, this is an understandable simplifi-

cation, since wet patches of soil are transient, appearing after

rainfall and disappearing due to evaporation on time scales

of hours to days. On the other hand, such simulations
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fundamentally neglect coupling between the atmospheric

profile and the land surface occurring on time scales longer

than the model’s short integration time. For example, one

might reasonably expect that the atmosphere will be consid-

erably warmer and drier over a drier land surface, all else

being equal, particularly in regions where atmospheric con-

vergence of moisture and heat are small. However, if this

coupling occurs on time scales longer than the model’s total

simulation time, it will be neglected in the simulation.

As we will show, the neglected influence of the land surface

on the prescribed initial atmospheric profile can be significant

and has a profound effect on the soil moisture–precipitation

relation. In this study, we run cloud-permitting simulations

of a mesoscale circulation that forms over an idealized wet

patch in an otherwise dry environment, similar to CH18.

However, in contrast to previous studies, we first allow the

atmosphere to equilibrate to the land surface state, before

using the equilibrated atmospheric profile as an initial con-

dition in the transient simulation of a wet patch. This ap-

proach preserves the coupling between the land surface and

the atmospheric profile.

The main new impact of this coupling is on precipitation

efficiency: drier soils cause drier atmospheres, which reeva-

porate more precipitation before it reaches the land surface.

Previous studies (Schär et al. 1999; Cioni and Hohenegger

2017; CH18) have noted soil moisture impacts on large-scale

precipitation efficiency (the ratio of surface precipitation to

total moisture inflows), which is often well correlated (Sui

et al. 2007) with the microphysical precipitation efficiency

(the ratio of surface precipitation to the column-integrated

condensation rate). Schär et al. (1999) proposed a mechanism

in which drier soils (i) reduce moist entropy flux into the

boundary layer, (ii) dilute boundary layer moist entropy by

increasing the height of the boundary layer, and (iii) increase

the level of free convection, which all act to decrease con-

vective precipitation and the large-scale precipitation effi-

ciency. Cioni and Hohenegger (2017) identified declines in

conversion efficiency (the rate of conversion of cloud water to

precipitation) with decreasing soil moisture in some cases.

They attributed the decline of the conversion efficiency to

attenuated peaks in cloud water over drier soils, which reduce

the likelihood of exceeding cloud water conversion thresholds

used in microphysics schemes. The mechanism we identify

(drier soils cause more precipitation reevaporation) is distinct

from both of these mechanisms. It will be shown that in-

cluding the new mechanism reverses the sign of the soil

moisture–precipitation relation typically identified in previ-

ous studies, from negative (drier soils in the dry patch cause

more precipitation, as in, e.g., CH18) to positive (drier soils

cause less precipitation).

This manuscript is organized as follows. In section 2, we

describe the model setup and simulations conducted, in which

soil moisture in the dry patch is systematically varied. In

section 3, we describe the results of the simulations, and

demonstrate the key role of precipitation reevaporation on

precipitation efficiency, and on surface precipitation itself. In

section 4, we propose a conceptual model that summarizes the

most important mechanisms in our simulations, relate our

results to previous work on the topic, and discuss limitations

of our simulations. Section 5 concludes the manuscript.

2. Methods

We use coupled simulations of the land surface model de-

scribed by Lee and Khairoutdinov (2015) and the System for

Atmospheric Modeling (SAM; version 6.11.1) originally intro-

duced in Khairoutdinov and Randall (2003). The land surface

model solves energy and moisture balance equations to deter-

mine atmospheric surface fluxes (Lee and Khairoutdinov 2015).

The cloud-resolving model SAM solves the anelastic continuity,

momentum, and scalar conservation equations, with prognostic

thermodynamic variables being the liquid water/ice moist static

energy, total nonprecipitating water, and total precipitating water

(Khairoutdinov andRandall 2003). Following Smolarkiewicz and

Grabowski (1990), the positive definite and monotonic scheme is

used to advect all prognostic scalars. The longwave and short-

wave radiation is computed following the National Center for

Atmospheric Research (NCAR) Community Climate Model

(CCM3) described in Kiehl et al. (1998). The subgrid-scale (SGS)

model is the 1.5-order closure based on a prognostic SGS tur-

bulent kinetic energy (Khairoutdinov and Randall 2003). Two

different microphysics schemes are used: the single-moment

scheme (SAM1MOM) introduced by Khairoutdinov and Randall

(2003) and the double-moment scheme (M2005) introduced by

Morrison et al. (2005). The single-moment scheme (SAM1MOM)

predicts only the mixing ratios of hydrometeor species and pa-

rameterizes the number concentrations from an assumed size dis-

tribution and the predicted mixing ratio (Khairoutdinov and

Randall 2003). The double-moment scheme (M2005) predicts both

the mixing ratios and the number concentrations of hydrometeor

species (Morrison et al. 2005), with the aim of improving parame-

terizations of the particle size distributions (Morrison et al. 2009).

We use two different microphysics schemes to assess the sensitivity

of our results to reasonable changes in microphysics.

The dimensions of the simulated domain (Fig. 1a) are ap-

proximately 100, 25, and 22 km in the x, y, and z (vertical) di-

rections, respectively, thus comparable to the heterogeneity

length scale of 50–100 km (Chen and Avissar 1994; Lynn et al.

1998; Robinson et al. 2008) that maximizes moist convection

over the dry patch. The domain size is smaller than that used

in a similar previous study (CH18), and the equilibrium state is

sensitive to domain size (not shown). However, the mesoscale

circulations that form in our simulations are conceptually

similar to those in CH18. We expect the mesoscale circulations

formed in our simulations are robust to reasonable variations

in domain size (see section 4a). The periodic horizontal domain

has a spatial resolution of 250m, while the vertical domain

has a finer resolution of 30m near the surface and a coarser

resolution of 200m near the top. The domain is divided into

two equal patches in the x direction (Fig. 1a). No Coriolis force

is applied. Nomean wind is prescribed.While Froidevaux et al.

(2014) showed that relaxing wind speeds back to prescribed,

nonzero values can significantly alter the relation between lo-

cal soil moisture and precipitation, this study focuses on the

simpler case with no wind relaxation, consistent with previous

studies (e.g., CH18). The center of the domain is at 88N in the
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tropics to roughly mimic the Sahel region. The start date of the

simulations is January 1, and there is no seasonal cycle; the

diurnal cycle is retained. There are 9 layers of bare soil with

the top layer being 1 cm and the bottom layer 15m in depth.

The initial temperature is around 278C for the top soil and 258C
for the bottom soil. The initial wetness of soil is prescribed

uniformly as shown in Table 1. The soil type is silt loam with

sand concentration being 17% and clay concentration 13% as

described in Lee and Khairoutdinov (2015). We do not set a

permanent wilting point or field capacity since bare soil is

simulated without vegetation.

Soil moisture patches are fundamentally transient phenom-

ena: they appear quasi randomly in the landscape following

precipitation and then disappear on time scales of hours to days

due to evaporation and runoff. Therefore, our analysis focuses

on short time scales [O(1) day] relevant to weather forecasting,

similar to previous work (e.g., Gallus and Segal 2000; Van

Weverberg et al. 2010; Barthlott and Kalthoff 2011; CH18).

FIG. 1. Schematic of (a) soil moisture setup in the computational domain and (b) two steps of land–atmosphere

simulations. In (a) fwet and fdry denote soil moisture of the wet patch and dry patch, respectively.

TABLE 1. List of experiments run in this study. There are 41 numerical experiments in total.

Numerical experiments Initial soil moisture fdry (%) (m3m23) Initial soil moisture fwet (%) Microphysical scheme

wet_01_100 1 (0.0047) 100 SAM1MOM

wet_03_100 3 (0.0140) 100 SAM1MOM

wet_05_100 5 (0.0234) 100 SAM1MOM

wet_07_100 7 (0.0327) 100 SAM1MOM

wet_10_100 10 (0.0468) 100 SAM1MOM

wet_12_100 12 (0.0561) 100 SAM1MOM

wet_15_100 15 (0.0701) 100 SAM1MOM

wet_20_100 20 (0.0935) 100 SAM1MOM

. . . . . . . . . . . .

wet_85_100 85 (0.3974) 100 SAM1MOM

wet_01_99 1 (0.0047) 99 SAM1MOM

wet_03_97 3 (0.0140) 97 SAM1MOM

wet_05_95 5 (0.0234) 95 SAM1MOM

wet_07_93 7 (0.0327) 93 SAM1MOM

wet_10_90 10 (0.0468) 90 SAM1MOM

wet_20_80 20 (0.0935) 80 SAM1MOM

wet_30_70 30 (0.1403) 70 SAM1MOM

M2005_wet_01_100 1 (0.0047) 100 M2005

M2005_wet_03_100 3 (0.0140) 100 M2005

. . . . . . . . . . . .

M2005_wet_80_100 80 (0.3741) 100 M2005
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Previous studies (e.g., CH18) have used a prescribed sounding

as an initial condition. Since the results are quite sensitive to the

choice of sounding, wewould like to avoid this approach. Instead,

we allow the atmosphere to equilibrate to the land surface state,

and then use the equilibrated atmospheric sounding as an initial

condition for the simulation. Specifically, given the soil moisture

of a wet patch fwet (m
3m23) and a dry patch fdry, a radiative–

convective equilibrium (RCE) simulation is run with fixed, non-

interactive soil moisture for 100 days to reach a quasi-equilibrium

state. Radiative–convective equilibrium over land has been

treated as an idealized model of the Sahel in previous work

(Hohenegger and Stevens 2018). If soil moisture was not held

fixed in these simulations, the soilmoisture fieldwould evolve to a

more homogeneous distribution rather than the specified het-

erogeneous binary structure we aim to study (Fig. 1). After

achieving a quasi-equilibrium state, the spatially varying atmo-

spheric profile from the 100-day simulation is used as the initial

condition (starting at 0600 local time) for the atmosphere in an

additional 1-day simulation, in which soil moisture is no longer

fixed, and allowed to freely interact with the atmosphere; these

1-day simulations are the focus of this study.Our approach results

in an initial atmospheric profile that is sensitive to soilmoisture, as

might be expected in an inland continental environment. A range

of experiments are run using different values offdry andfwet and

also using two different microphysics schemes (Table 1).

Why not run the simulation to equilibrium over a completely

dry land surface, and then add the wet patch for the 1-day in-

teractive simulation? This approach would arguably be closer to

what happens in the real world when a wet patch appears rapidly

in response to rainfall. We found that the atmosphere becomes

unrealistically hot and dry in such simulations, since inRCE there

is no convergence of moisture from the ocean or divergence of

heat. Including the wet patch in the 100-day simulation to equi-

libriummitigates this problem by including a water source that is

functionally similar to the ocean, resulting in equilibrated atmo-

spheric temperatures and humidities that are more realistic.

The 100-day time series of domain-averaged cloud path,

precipitation rate, top soil temperature, the lowest-grid (15m

above ground) air temperature, the lowest-grid water vapor,

and water vapor path are presented for the experiment wet_

01_100 (Fig. 2), all of which appear to reach an approximately

quasi-steady state in 100 days. Most importantly, there is a

large adjustment in the first 5–10 days, in which the system

transitions away from its arbitrary initial conditions. The pre-

cipitation rate around 0.6mmday21 and near-surface air

temperature around 308 are broadly consistent with conditions

in the Sahel region (Almazroui et al. 2020). We note that there

are intraseasonal oscillations of precipitation as well as water

vapor path at the end of the 100-day simulations (Fig. 2).

Similar intraseasonal oscillations of precipitation and water

FIG. 2. Temporal evolution of (a) cloud path, (b) precipitation rate, (c) top soil temperature, (d) air temperature at the lowest grid (15m

above the land surface), (e) water vapor at the lowest grid, and (f) water vapor path in the first 100 days of the experiment wet_01_100. The

black lines denote the 7-day moving average.
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vapor path have been reported in atmospheric observations

over tropical oceans (Bretherton et al. 2004). Interactions be-

tween radiation, cumulus convection, and surface fluxes of

sensible heat and moisture have been shown to be sufficient to

produce such oscillations over oceans (Hu and Randall 1994).

It is likely that similar processes generate oscillations in our

simulations over land, although a full investigation of these

processes is beyond the scope of this study.

The initial atmospheric profiles used in our simulations vary

substantially in response to varying soil moisture. Soil moisture

in the dry patch evolves with time in the 1-day simulation but the

daily average of fdry typically remains similar to its initial value

except when the initial fdry is close to 0, as in CH18. The initial

relative humidity (RHini) at the lowest grid cell (15m above the

ground) averaged over the whole domain is highly sensitive to

the daily averaged fdry when fdry # 0.13m3m23 (Fig. 3a). The

value 0.13m3m23 of soilmoisture likely depends on soil type and

the soil moisture resistance function used in the land surface

model. Note that Fig. 3a shows 0600 LT values of RH, not daily

mean values. The diurnal cycle of RH peaks around sunrise,

explaining the relatively high values in Fig. 3a.Dailymean values

of RH in our simulations (not shown) are lower than those in

Fig. 3a, and are broadly consistent with real-world values in dry

regions such as the Sahel. The 100-day simulations with varying

fdry but fixed fwet produce similar atmospheric conditions as

those simulations with fixed total water content (sum of fdry and

fwet); thus, we focus our analysis on simulations in which fdry is

varied rather than fdry 1 fwet. As expected, a wide variety of

initial atmospheric conditions have been generated by the

100-day simulations with fixed soil moisture (Figs. 3b,c). The air

temperature near the surface (lower than 1 km in height) aver-

aged over the whole domain is higher in experiments with

smaller fdry (Fig. 3b). The specific humidity of the lower

atmosphere is also very sensitive tofdry, although the response is

not monotonic: the specific humidity near the surface peaks in

the experiment wet_20_100 (Fig. 3c). This is likely due to the

competing effects of surface evaporation and moisture conver-

gence over the dry patch, which are discussed in more detail

below. Therefore, our approach builds on recent work (CH18),

which used two initial atmospheric soundings and which noted

that the results were sensitive to the choice of initial sounding.

3. Results

a. Evolution of climate variables

In this section, we focus in detail on outputs from one of the

simulations listed in Table 1 (wet_01_100, Fig. 4). Clouds

(Fig. 4a) and precipitation (Fig. 4b) start to form mainly over

the dry patch around 0900 LT, which is consistent with the

observed precipitation preferentially forming over the dry

patch in previous studies (Avissar and Liu 1996; CH18). The

locations of large cloud path and precipitation in Figs. 4a and

4b are close to where the convergence of y-averaged zonal

wind (U) at a height of 135m above the surface exists in

Fig. 4e. Near the center of the domain, the y-averaged zonal

wind blows from the wet patch to the dry patch at a height of

135m (Fig. 4e) starting around 0900 LT, which is an indicator

of the mesoscale circulation due to differential heating. In the

beginning of the 1-day simulation, the y-averaged air tem-

perature at the lowest grid (15m above the ground) over the

dry patch is about 58C higher than that over the wet patch

(Fig. 4c) since the latent heat flux is limited by available soil

moisture in the dry patch. The y-averaged water vapor con-

centration at the lowest grid (Fig. 4d) over the dry patch is

lower than that over the wet patch. During the 1-day simu-

lation, the differences in near-surface temperature and water

FIG. 3. (a) The initial (0600 LT) relative humidity (RHini) at the lowest grid averaged over the whole domain plotted against mean fdry

in the 1-day simulation. The red dots denote the first 100-day simulations with varying fdry but fixed fwet, while the blue dots denote

simulations with fixed sum of fdry and fwet. (b) Initial (0600 LT) vertical profiles in the 1-day simulations of air temperature and (c) water

vapor averaged over the whole domain in the experiments wet_01_100, wet_12_100, wet_20_100, and wet_80_100.
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vapor between the two patches are reduced due to the in-

teractive soil moisture setup.

At 1000 local time, the near-surface (15m above the surface)

temperature over the dry patch is about 2.7K higher than that

over the wet patch (Fig. 5), which is caused by the difference in

sensible heat flux (270Wm22). This temperature difference

leads to a pressure difference of approximately 50 Pa near the

surface, consistent with a thermally driven circulation (Segal

and Arritt 1992). Similarly to CH18, moist air moves toward

the dry patch from the surface up to 1 km in the lower part of

the circulation, while a return flow toward the wet patch is

observed between 1 and 4 km, as shown by the wind vectors in

Fig. 5. Consistent with Fig. 4b, this mesoscale circulation leads

to precipitation preferentially over the dry patch (Cioni and

Hohenegger 2017).

The accumulated domain-averaged evaporation over the

wet patch is around 6mm (Fig. 6) in the 1-day experiment

wet_01_100, while that over the dry patch is close to 0.

Consistent with Fig. 4b, the accumulated domain-averaged

precipitation over the dry patch is around 1mm, while there is

almost no precipitation over the wet patch. To identify the

contribution of nonlocal moisture to the water balance, we

compute a horizontal convergence term for a control volume

over the dry patch as follows,

A
dry

5
›W

dry

›t
2E

dry
1P

dry
, (1)

where Wdry (unit: mm) is column-integrated total moisture

including vapor, liquid and solid water in the air over the dry

patch, Edry (unit: mmd21) and Pdry (unit: mmd21) are aver-

aged evaporation and precipitation rates over the dry patch,

respectively, and Adry (unit: mmd21) is the horizontal con-

vergence of water vapor into the dry patch. Since there are two

patches in total, we haveAdry 52Awet. The convergence term

Adry is larger than the evaporation termEdry (Fig. 6b); thus, the

major source of precipitation over the dry patch is convergence

of moisture from the wet patch transported by the mesoscale

circulation rather than local evaporation. Such dominant

convergence effects were also reported in previous numerical

simulations (Schär et al. 1999; CH18). In addition, Pdry is

smaller than the sum of Edry and Adry, implying that the total

moisture over the dry patch increases with time in the 1-day

experiment.

b. Simulations with varying soil moisture

After describing the results of one simulation in the previous

section, in this section we describe results for the full set of sim-

ulations with varying fdry. Over the dry patch, the accumulated

precipitation in 1 day increases with increasing daily averaged soil

moisture in the numerical experiments (Table 1) using both the

SAM1MOM and M2005 microphysics schemes when daily av-

eraged fdry is smaller than approximately 0.1m3m23 (Fig. 7a).

The accumulated evaporation increases as soil moisture increases

(Fig. 7b) for fdry # 0.2m3m23. Comparing Figs. 7b and 7c, we

FIG. 4. Temporal evolution of (a) cloud path, (b) precipitation rate, (c) air temperature at the lowest grid,

(d) water vapor at the lowest grid, and (e) y-averaged zonal wind (U) at a height of 135m above the surface in the

additional 1-day simulation of the experiment wet_01_100. The x axis denotes the distance from domain center in

the x direction, and the y axis denotes local time. The white dashed line in (a) denotes the center of the domain.
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find that convergence is larger than evaporation when fdry #

0.1m3m23, implying that the mesoscale circulation plays a more

important role than local evaporation in determining precipita-

tion, at least when fdry is particularly small.

Across simulations, accumulated convergence generally

decreases with increasing soil moisture fdry (Fig. 7c), as in

CH18. Increasing fdry reduces the sensible heat flux in the dry

patch and thus reduces the heating differential driving the

mesoscale circulation. There is some variability around the

first-order decreasing relation between accumulated conver-

gence and fdry: for example, accumulated convergence in-

creases with increasing soil moisture whenfdry# 0.1m3m23 in

simulations using the microphysics scheme M2005 but not in

simulations using SAM1MOM (Fig. 7c). To investigate the

possible role of internal variability, for a subset of simulations,

we generated a small ensemble of simulations bymodifying the

initial atmospheric sounding. Specifically, to generate ensem-

bles for the 1-day simulation with interactive soil moisture for a

given fdry, the initial atmospheric profile was chosen to be the

atmospheric profile on a day between the 96th and 99th day of

the simulation with fixed soil moisture rather than the 100th

day. The results of the ensemble simulations (not shown) were

very similar to the results presented in Fig. 7, implying that

internal variability is unlikely to be the dominant source of

scatter around the decreasing relation in Fig. 7c.

How efficiently does the atmosphere overlying the dry patch

convert water inflows (Edry, Adry) into precipitation (Pdry)?

Similarly to previous studies (Schär et al. 1999;CH18),wedefine a

‘‘large-scale’’ precipitation efficiency (e.g., Sui et al. 2007) as

h
dry

5
P
dry

E
dry

1A
dry

. (2)

At steady state over the dry patch, hdry 5 1, by definition.

However, for the transient 1-day simulations we consider, hdry

is typically less than one, as part of the inflows to the atmo-

spheric control volume contribute to moistening the atmo-

sphere, without contributing to precipitation. The value of

hdry increases with increasing soil moisture (Fig. 7d) for

fdry # 0.1 m3m23 in both the SAM1MOM and M2005

experiments.

Precipitation over the dry patch is more sensitive to changes

in large-scale precipitation efficiency than changes in moisture

inputs (evaporation and convergence from the mesoscale cir-

culation), at least when fdry # 0.1m3m23. The precipitation

sensitivity to soil moisture can be written as

›
f
P

dry
5 ›

f
h
dry

(E
dry

1A
dry

)1h
dry

(›
f
E

dry
1 ›

f
A

dry
) , (3)

where the first term on the right is the contribution from the

large-scale precipitation efficiency sensitivity to soil moisture,

and the second term is the contribution from evaporation and

convergence sensitivity to soil moisture. Focusing on condi-

tions in which precipitation is most sensitive to soil moisture

(0.065 # fdry # 0.115m3m23) in experiments using the mi-

crophysics scheme SAM1MOM, the precipitation sensitivity

due to changes in large-scale precipitation efficiency is 61% of

the total precipitation sensitivity. Similarly, when 0.056 #

fdry # 0.101m3m23 in experiments using the microphysics

scheme M2005, the precipitation sensitivity due to changes in

large-scale precipitation efficiency is 87% of the total pre-

cipitation sensitivity. Therefore, the large-scale precipitation

efficiency sensitivity to soil moisture is the main factor de-

termining the soil moisture–precipitation relation, at least

under the driest conditions in which precipitation is most

sensitive to soil moisture.

FIG. 5. The x–z diagram at 1000 local time of y-averaged quantities

for additional 1-day simulation of the experiment wet_01_100. The

color contours denote temperature anomaly. The black arrows

denote zonal velocity with absolute values not less than 2m s21,

and the text ‘‘2m s21’’ in the bottom left of the figure denotes the

velocity of the arrow below. The gray isolines denote non-

precipitating cloud ice and water equal to 1025 g kg21. The x axis

denotes the distance from domain center in x direction.

FIG. 6. Accumulated precipitation, evaporation, and conver-

gence over the (a) wet and (b) dry patches in the additional 1-day

simulation of the experiment wet_01_100.
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c. Soil moisture controls on microphysical precipitation
efficiency

How does soil moisture control the large-scale precipitation

efficiency? A mechanism proposed for homogeneous surfaces

by Schär et al. (1999), based on the boundary layer moist en-

thalpy budget, does not easily translate to the heterogeneous

case, in which moisture convergence radically alters the sen-

sitivity of boundary layer moist enthalpy to soil moisture.

Another explanation based on the microphysical conversion

efficiency given in Cioni and Hohenegger (2017) more readily

generalizes to the heterogeneous case; however, as we will

show, this mechanism does not dominate in our simulations

due to the introduced dependency of the initial atmospheric

profile on the underlying soil moisture of the dry patch. In this

section, we show that soil moisture primarily controls large-

scale precipitation efficiency in our simulations by impacting

precipitation reevaporation.

The ‘‘microphysical’’ precipitation efficiency � is defined as

(Sui et al. 2007; Lutsko and Cronin 2018)

�5
P

C
, (4)

where P is surface precipitation rate (unit: kg m22 s21) and C

is column-integrated condensation rate (unit: kg m22 s21).

Although the definitions of large-scale precipitation effi-

ciency hdry and microphysical efficiency � are different, they

are typically correlated (Sui et al. 2007). To understand

variations in microphysical precipitation efficiency, we use

the decomposition proposed by Lutsko and Cronin (2018), in

which microphysical precipitation efficiency is decomposed

into a ‘‘conversion efficiency’’ (the proportion of cloud

condensate converted to precipitation) and a ‘‘sedimenta-

tion efficiency’’ (the proportion of precipitation that avoids

reevaporation while falling through the atmosphere and ar-

rives at the land surface). Specifically,

�5a(12b) , (5)

where a is the conversion efficiency and is computed as

a5
P1E

p

C
, (6)

where Ep (unit: kgm22 s21) is the column-integrated sink of

precipitation due to reevaporation, and (1 2 b) is the sedi-

mentation efficiency and is computed as

12b5
P

P1E
p

. (7)

The microphysical precipitation efficiency �dry, conversion ef-

ficiency adry and sedimentation efficiency (1 2 bdry) over the

dry patch are plotted against daily averaged fdry and near-

surface RHdry across various 1-day simulations (Fig. 8). The

FIG. 7. (a) Accumulated precipitation, (b) evaporation, (c) convergence, and (d) large-scale precipitation effi-

ciency hdry over the dry patch in the additional 1-day simulation of the experiments. The red dots denote experi-

ments using the microphysics scheme SAM1MOM, and the blue dots denote experiments using the microphysics

scheme M2005.
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microphysical precipitation efficiency �dry increases with in-

creasing soil moisture (Fig. 8) when fdry # 0.15m3m23 in

SAM1MOM simulations (or when fdry# 0.1m3m23 in M2005

simulations) in a similar way to the large-scale precipitation

efficiency hdry (Fig. 7). Thus, the two precipitation efficiencies

are correlated in our simulations, as found previously (Sui et al.

2007). The conversion efficiency adry increases with fdry in

SAM1MOM simulations but decreases in M2005 simulations

when adry # 0.1m3m23. The sensitivity of adry to fdry is low

when fdry $ 0.1m3m23, for both microphysics schemes. The

sedimentation efficiency (1 2 bdry) exhibits a qualitatively

similar relation to fdry as �dry: increasing with increasing fdry

up to a threshold before becoming relatively insensitive to fdry

above the threshold (Fig. 8c). Therefore, the sedimentation

efficiency is the dominant control on microphysical precipita-

tion efficiency in our simulations rather than the conversion

efficiency (the mechanism proposed by Cioni and Hohenegger

2017). In addition, the soil moisture threshold at which pre-

cipitation stops increasing with increasing soil moisture fdry 5
0.13m3m23 (Fig. 7a) is close to the equivalent threshold for

hdry (Fig. 7d), �dry (Fig. 8a), and 12 bdry (Fig. 8c) but deviates

more from that of evaporation (Fig. 7b) and convergence

(Fig. 7c). This further suggests that precipitation efficiency

plays an important role in controlling precipitation.

Both �dry and 1 2 bdry (Figs. 8d,f) are linearly related to

near-surface relative humidity (15m above the ground) when

RHdry # 80%, thus emphasizing the dominant role of sedi-

mentation efficiency in determining �dry. The value of adry

increases with increasing near-surface relative humidity in

SAM1MOM simulations but decreases in M2005 simulations

(Fig. 8e), suggesting that adry varies in different microphysics

schemes.

4. Discussion

a. Conceptual model

In this section, we propose a simple conceptual model that

highlights the main physical processes in our simulations. This

model is not intended for prediction; rather, it is a tool for un-

derstanding. It consists of three components: 1) a ‘‘bucket

model’’ representation of evaporation, 2) a land–sea breeze

circulation model of convergence, and 3) a model of precipita-

tion efficiency based on the Lutsko and Cronin (2018) scaling of

sedimentation efficiency with relative humidity. The first two

components are identical to those used in CH18, but the addi-

tion of the third component to the conceptual model is new.

First, a ‘‘bucket model’’ is used for evaporation (Manabe

1969), as in CH18. Specifically,

E
dry

(f
dry

)5AR
n
3

8>>>>>><
>>>>>>:

0, for f
dry

,f
wp

f
dry

2f
wp

f
fc
2f

wp

, for f
wp

#f
dry

#f
fc

1 , for f
dry

.f
fc

, (8)

where fwp is the effective ‘‘wilting point’’ soil moisture

(m3m23), ffc is the effective ‘‘field capacity’’ soil moisture

FIG. 8. The relation between microphysical precipitation efficiency (�dry), conversion efficiency (adry), sedimentation efficiency

(1 – bdry), and soil moisture (fdry) and relative humidity (RHdry) at the atmospheric grid cell nearest the land surface. The microphysics

schemes SAM1MOM and M2005 are used.
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(m3m23), Rn is net radiation (mm day21), and A is a dimen-

sionless parameter. The wilting point and field capacity are

referred to as ‘‘effective’’ values because the values obtained

by fitting Eq. (8) to observations do not necessarily correspond

to values obtained from more direct estimation methods

(Seneviratne et al. 2010). The wilting point is estimated as the

minimum simulated equilibrated value of soil moisture in the

dry patch:fwp5 0.06m3m23. The values of ‘‘effective’’ wilting

point and field capacity will vary when different soil types and

soil moisture resistance functions are used. The model’s two

other parameters are estimated by fitting Eq. (8) to outputs

from the simulations using the SAM1MOM microphysics

scheme. The estimated parameters are A 5 3.48 6 0.12 and

ffc 5 0.19 6 0.009m3m23, where given confidence intervals

are two standard errors. The model fits the simulation results

very well (R2 5 0.98, Fig. 9c).

Second, a land–sea breeze circulation model is constructed

based on the principle that a stronger heating differential

drives a stronger mesoscale circulation, with stronger conver-

gence. Specifically, Adry } Hdry 2 Hwet 5 Rn,dry 2 Rn,wet 1 l

(Ewet 2 Edry), where the surface energy balance is applied to

eliminate dependence on sensible heat fluxes, l is the latent heat

of vaporization of water, and ground heat flux is neglected since

its contribution is small. In our simulations, Rn,dry 2 Rn,wet

decreases with decreasing soil moisture, and Ewet increases with

decreasing soil moisture (fdry). The former is largely due to

greater surface temperatures over the dry patch causing greater

outgoing longwave radiation in the dry patch as well as the al-

bedo effects on shortwave radiation; the latter is due to in-

creased vapor pressure deficit over the wet patch caused by low

fdry. The soil moisture dependence of these terms approxi-

mately cancels out in our simulations, such thatRn,dry2Rn,wet1
lEwet is relatively insensitive to soil moisture. Most of the soil

moisture dependence is, therefore, due to Edry. In our simula-

tions the dependence is adequately represented by

A
dry

(f
dry

)5B[E
wet0

2E
dry

(f
dry

)] , (9)

where B (dimensionless) and Ewet0 (denoting Rn,dry 2 Rn,wet 1
lEwet) (mmday21) are fixed parameters. This model is iden-

tical to that used in CH18, although their derivation is differ-

ent. Fitting this functional form to the simulation outputs

results in an adequate fit (R25 0.88, Fig. 9c), withB5 0.966 0.14

andEwet05 3.856 0.37 (mmday21). IfB’ 1, as in our simulations,

then adding Eqs. (8) and (9) implies that Adry(fdry) 1
Edry(fdry) ’ Ewet0, which is invariant to changes in soil mois-

ture in our conceptual model. This implies that, whileAdry and

Edry are both sensitive to soil moisture, the total supply of

FIG. 9. Conceptual model of Pdry. (a) Estimated linear relation between �dry and hdry. The estimated coefficient

includes a confidence interval of two standard errors. (b) Estimated relation between fdry and �dry, as given in

Eq. (11). (c) Estimated relations betweenfdry andEdry [red line, Eq. (8)] andAdry [blue line, Eq. (9)]. (d) Predicted

relation between fdry and Pdry.
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atmospheric moisture over the dry patch is not, at least to first

order. In the simulations with arbitrary initial conditions per-

formed byCH18,B deviated considerably from one; as a result,

Adry 1 Edry was sensitive to soil moisture in those simulations.

We speculate that the fact thatB’ 1 in our simulations is not a

coincidence but rather a result of allowing the atmosphere to

equilibrate to the land surface state.

Third, a simple model of precipitation efficiency as a func-

tion of soil moisture is derived. In our simulations, most of the

variations in �dry with changes in soil moisture are explained by

variations in sedimentation efficiency (Fig. 8c) rather than

conversion efficiency (Fig. 8b), so we treat adry as a constant

and focus on bdry. Lutsko and Cronin (2018) proposed a simple

scaling for the sedimentation efficiency:

b}
(12RH)h

w
, (10)

where RH is the relative humidity (%), h is the average height

at which precipitation forms (m), w is the average fall speed

(m s21), and the implied constant of proportionality has units

of s21. If h/w is treated as approximately constant, and the

near-surfaceRH is treated as a first-order estimate ofRHhigher

in the atmosphere, then combining Eqs. (10) and (5) results in a

linear increasing relation between �dry and near-surface RHdry,

just as we observe in our simulations (Fig. 8f). To obtain amodel

for �dry in terms of fdry, we simply note that the initial near-

surface relative humidity (RHini, and consequently RHdry) can

be approximated by an increasing function of fdry in our simu-

lations (Fig. 3). This is qualitatively consistent with results from

simple models of an idealized atmospheric boundary layer over

land (Betts 2000; McColl et al. 2019) and is explained by the

strong dependence of near-surface RH on surface fluxes

(McColl and Rigden 2020; Chen et al. 2021), which in turn are

constrained by soil moisture. Since precipitation efficiency can

be represented adequately solely as a function of RHdry [�dry5
f(RHdry)], and RHdry can be represented adequately solely as a

function of soil moisture [RHdry 5 g(fdry)], this implies that

precipitation efficiency can be modeled reasonably as a func-

tion of soil moisture alone [�dry 5 h(fdry)]. Rather than esti-

mating and combining the functions f and g, we simply estimate

h directly from simulation outputs. The observed dependence

is approximated reasonably by a function of the form

�
dry
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dry

)5

8>>>>>><
>>>>>>:

�
min

, for f
dry

,f
wp

�
min

1 (�
max

2 �
min

)
f
dry

2f
wp

f*2f
wp

, for f
wp

#f
dry

#f*

�
max

, for f
dry

.f*

, (11)

where �min (dimensionless), �max (dimensionless), andf* (m3m23)

are parameters. This functional formfits simulated values verywell

(R2 5 0.97, Fig. 9b), with the following estimated parameter

values: �min 5 0.041 6 0.007, �max 5 0.15 6 0.005, and

f*5 0:136 0:007m3 m23. Finally, as noted in previous studies

(e.g., Sui et al. 2007), � and h are typically well correlated. In our

simulations, they are proportional to one another and are ade-

quately represented by the relation hdry 5 (6.34 6 0.31)�dry
(R2 5 0.88, Fig. 9a).

Combining these elements using the relation Pdry 5
hdry(Adry 1 Edry) results in a conceptual model that fits the

simulated precipitation values adequately (R2 5 0.86,

Fig. 9), and particularly well when fdry is low. If our con-

ceptual model had directly fit hdry 5 Pdry/(Adry 1 Edry) to

fdry, then this result would be trivial: a reasonable model fit

would be expected even in the absence of any soil moisture

impact on �dry. This is why we separately relate hdry to �dry
(Fig. 9a), and �dry to fdry (Fig. 9b), which clearly demon-

strates the significant impact of soil moisture on �dry. The

focus of this model is on precipitation caused by heteroge-

neous soil moisture, so it naturally becomes less applicable

as fdry increases toward fwet; in our simulations, for fdry .
ffc 5 0.19 m3m23, soil moisture no longer limits latent heat

flux and other physical processes regulate surface fluxes and

precipitation.

A summary of the most important physical mechanisms

determining precipitation in our simulations is given in

Fig. 10. As fdry / 0 (Fig. 10a), the heating differential be-

tween wet and dry patches increases, intensifying the meso-

scale circulation. Convergence of moisture over the dry patch

increases, but evaporation within the dry patch decreases. In

contrast, as fdry / fwet (Fig. 10b), the heating differential

between wet and dry patches decreases, weakening the me-

soscale circulation. Convergence of moisture over the dry

patch decreases, but evaporation within the dry patch in-

creases. In both cases, changes in convergence and evapora-

tion with soil moisture approximately cancel out, such that the

total supply of atmospheric moisture (Adry 1 Edry) is rela-

tively insensitive to changes in fdry. Therefore, changes in

atmospheric moisture supply play a minor role in the ob-

served relation between Pdry and fdry. Instead, the relation is

mainly determined by higher reevaporation of precipitation

over drier soils. Since the atmosphere is allowed to equilibrate

with the land surface in our simulations, a drier land surface

leads to a drier atmosphere, in which RH is lower (Fig. 3),

sedimentation efficiency is lower (Figs. 8c,f), and a smaller

proportion of precipitation avoids reevaporation on its way to

the land surface. The result is declining precipitation as

fdry / 0.

b. Relation to previous work

Our results contrast with those of CH18, who found that pre-

cipitation efficiency was higher when soil moisture was lower (hA

and hE in their notation are proportional to �min and �max in our
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notation, respectively). The reverse is true in our simulations.

Why? On the one hand, CH18 did not include such dry soil

moisture cases in their simulations as those in our study. On the

other hand, CH18 prescribed an atmospheric sounding as an

initial condition in their simulations. In contrast, the atmosphere

equilibrates with the land surface in our simulations, so that dry

soil leads to a dry atmosphere with high precipitation reevapo-

ration and low precipitation efficiency. The dominantmechanism

linking soil moisture and precipitation in our simulations is,

therefore, missing in their simulations, explaining the difference.

c. Limitations

Figure 10 is a schematic and is necessarily incomplete.

Differences between microphysics schemes cause additional

variability that is neglected in our conceptual model (Fig. 9).

Using the M2005 scheme, the conversion efficiency exhibits a

systematic increase with decreasing soil moisture at low soil

moisture values (Fig. 8b), which likely explains the peak in pre-

cipitation (Fig. 7a) at low soil moisture values using that scheme.

We chose not to include this feature in our conceptual model, as

it is not robust to changes in the microphysics scheme. However,

it would be straightforward to include dependence of a on soil

moisture and to reproduce the peak in precipitation, if desired.

Our RCE simulations are a highly idealized analog of a wet

soil in anotherwise dry continental environment. Their simplicity

facilitates insight, but at the price of decreased realism. For ex-

ample, our simulations use a fixed geometry for the dry and wet

patches, yet the relative sizes of the dry and moist patches have

been shown to influence total precipitation (Rieck et al. 2014). In

addition, the effects of a mean wind are not included in our

simulations. The presence of a mean wind tends to weaken the

mesoscale circulation and reduce precipitation over the drypatch

(Froidevaux et al. 2014; Baur et al. 2018; Schneider et al. 2019).

Nevertheless, RCE over land may be a useful first-order model

of the Sahel and has beenproposed as amodel to explain some of

the observed variability in the width of the intertropical con-

vergence zone over the region (Hohenegger and Stevens 2018).

5. Conclusions

Using cloud-permitting simulations of an idealized soil mois-

ture gradient, we have identified a new mechanism by which soil

moisture can control precipitation: all else being equal, drier soils

can lead to a drier atmosphere with more precipitation reeva-

poration and less surface precipitation. Including the new mech-

anism reverses the sign of the soil moisture–precipitation relation

identified in the most similar previous studies (two patches with

different soil moisture, and no relaxation to amean wind profile):

over the dry patch, decreasing soil moisture decreases precipita-

tion in our study but typically increases it in previous studies.

Unlike similar previous studies, our simulations allow the

atmosphere to first equilibrate to the land surface state (with

soil moisture fixed, to ensure the soil moisture gradient is not

eliminated), which is then used as the initial atmospheric

sounding in our simulations with interactive soil moisture.

Previous studies specified an arbitrary initial condition atmo-

spheric sounding, which effectively eliminated some important

coupling between the land and atmosphere that is critical to the

precipitation reevaporation mechanism we identify.

Themechanism is distinct from other proposed links between

soil moisture and large-scale precipitation efficiency proposed

over a homogeneous land surface. A proposed mechanism

based on the boundary layer moist enthalpy budget (Schär et al.
1999) does not translate to the heterogeneous land surface case

studied here. Another proposed mechanism based on the mi-

crophysical conversion efficiency (Cioni and Hohenegger 2017)

is found to be of secondary importance in our simulations

compared to the new precipitation reevaporation mechanism.

The mechanism we identify may be relevant in linking land

surface conditions to climate sensitivity, since climate sensitivity

is strongly related to precipitation efficiency in a warming en-

vironment (Mauritsen et al. 2012; Zhao 2014; Tomassini et al.

2015). Future work is needed to better connect the results of

these idealized simulations to mesoscale circulations in real-

world environments like the Sahel: for instance, by relaxing the

radiative–convective equilibrium simplification of the atmo-

sphere and by incorporating the effects of vegetation at the land

surface. In addition, as near-surface RH is likely to decrease

over land as the climate warms (O’Gorman and Muller 2010;

Simmons et al. 2010; Byrne and O’Gorman 2016), and near-

surface RH is correlated with precipitation efficiency in our

simulations, it may be interesting to further investigate the likely

impact of declining continental RH on precipitation efficiency.

Acknowledgments. K.A.M. acknowledges funding from the

Dean’s Competitive Fund for Promising Scholarship from

Harvard University. We thank Dr. Marat Khairoutdinov for

providing the models used in this study (SAM and SLM) and

Dr. Nick Lutsko for providing code for estimating the con-

version and sedimentation efficiencies from SAM outputs.

FIG. 10. Schematic of the main physical processes in two limiting

cases. (a) As fdry/ 0, Edry and �dry decrease, whileAdry increases.

Since changes in Edry and Adry approximately cancel out, changes

in �dry dominate and Pdry decreases. (b) As fdry / fwet, Edry and

�dry increase, while Adry decreases. Since changes in Edry and Adry

approximately cancel out, changes in �dry dominate and Pdry

increases.
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