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Abstract. In the Energy Exascale Earth System Model
(E3SM) Multi-scale Modeling Framework (MMF), where
parameterizations of convection and turbulence are replaced
by a 2-D cloud-resolving model (CRM), there are multi-
ple options to represent land–atmosphere interactions. Here,
we propose three different coupling strategies, namely the
(1) coupling of a single land surface model to the global grid
(MMF), (2) coupling a single land copy directly to the em-
bedded CRM (SFLX2CRM), and (3) coupling a single copy
of land model to each column of the CRM grid (MAML).
In the MAML (Multi-Atmosphere Multi-Land) framework,
a land model is coupled to CRM at the CRM-grid scale by
coupling an individual copy of a land model to each CRM
grid. Therefore, we can represent intra-CRM heterogeneity
in the land–atmosphere interaction processes. There are 5-
year global simulations run using these three coupling strate-
gies, and we find some regional differences but overall small
changes with respect to whether a land model is coupled to
CRM or a global atmosphere. In MAML, the spatial het-
erogeneity within CRM induces stronger turbulence, which
leads to the changes in soil moisture, surface heat fluxes, and
precipitation. However, the differences in the MAML from
the other two cases are rather weak, suggesting that the im-
pact of using MAML does not justify the increase in cost.

1 Introduction

The representation of land–atmosphere interaction processes
is important to improve the prediction skills of surface
weather and climate in numerical models (Betts, 2004). The
key role that land–atmosphere interactions plays in the de-
velopment of clouds and precipitation is demonstrated in a

diurnal timescale (Findell and Eltahir, 2003b, a; Gentine et
al., 2013; Vilà-Guerau de Arellano et al., 2014; Guillod et al.,
2015) and daily-to-seasonal timescales (Koster, 2010; Hirsch
et al., 2014; Dirmeyer and Halder, 2016; Betts et al., 2017).
There is also evidence that land–atmosphere interactions can
influence the persistence of extreme drought and heat waves
(Roundy et al., 2013; Miralles et al., 2014; PaiMazumder
and Done, 2016; Wang et al., 2015; Roundy and Santanello,
2017; Dirmeyer et al., 2021).

However, the complexity of land–atmosphere interactions
remains a challenge to weather and climate model develop-
ment. A contributing factor is that the land–atmosphere in-
teraction processes, which strongly control the surface water
and energy budget, encompasses a multitude of temporal and
spatial scales primarily due to the heterogeneous nature of
land surface characteristics (i.e., land cover types, soil types,
and terrain). There have been several observational studies to
better understand the linkage between the land–atmosphere
coupling and its influence on the cloud formation and pre-
cipitation processes. However, those study results suggest
that the land–atmosphere interaction processes are strongly
location-dependent and difficult to generalize (Betts et al.,
1996; Betts, 2000, 2004; Ek and Holtslag, 2004; Guo, 2006;
Jimenez et al., 2014; Teuling, 2017).

Previously, many numerical studies used a large-eddy sim-
ulation (LES) or cloud-resolving model (CRM) with an inter-
active land surface to better understand the land–atmosphere
coupling and its influence on the diurnal cycle of clouds and
precipitation (Huang and Margulis, 2009, 2013; Rieck et al.,
2014, 2015; Rochetin et al., 2017; Lee et al., 2019). Cloud-
resolving scales are more appropriate to resolve the processes
that are important to the cloud formation. However, running
the global cloud-resolving model is still computationally too
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expensive to assess the influence of land–atmosphere inter-
action processes across various temporal and spatial scales.

The Multi-scale Modeling Framework (MMF) approach
that is implemented within a global climate model (GCM)
can be a good candidate to assess the impact of land–
atmosphere coupling on the clouds and precipitation pro-
cesses. A MMF embeds a fine-scale, cloud-resolving model
in each cell of the host model to replace the traditional
parameterizations for cloud and turbulence. Therefore, the
GCM can explicitly represent convective circulations at a
reasonable computational cost. At a resolution on the order
of 1 km or shorter, the MMF model can explicitly resolve the
key processes for the formation of convective clouds without
having to run a global cloud-resolving model (Grabowski,
2004; Khairoutdinov and Randall, 2003; Khairoutdinov et
al., 2005).

Traditionally, in the MMF, the land and atmosphere cou-
pling is implemented between the GCM atmosphere and the
land model. The CRM embedded inside each GCM grid does
not interact directly with the land surface below (Baker et al.,
2019). Instead, the GCM interacts directly with the land sur-
face, and these effects are then felt indirectly by the CRM
through the tendencies provided by the host GCM. This
strategy does not seem to be appropriate, especially when
the land–atmosphere coupling plays a key role in the plane-
tary boundary layer (PBL) evolution and convection develop-
ments, which are explicitly resolved in the CRM. Therefore,
in this study, we propose two different ways to model the
coupling directly between CRM and the land model for the
MMF configuration of the U.S. Department of Energy’s En-
ergy Exascale Earth System Model (E3SMv1; Golaz et al.,
2019; Rasch et al., 2019). These two methods differ only by
whether the spatial heterogeneity in the land–atmosphere in-
teraction processes is allowed or not. Our approach is based
on the single-column model study of representing the hetero-
geneous land–atmosphere coupling by Baker et al. (2019).

The questions we would like to address in this study are as
follows: (1) how does the global climatology change when
the land–atmosphere coupling method changes? (2) Are
these changes in global climate related to the heterogeneity
in land–atmosphere coupling?

The remainder of this paper is organized as follows: Sect. 2
describes the model and the three land–atmosphere coupling
strategies in detail. Section 3 documents the simulation re-
sults of how different coupling methods influence the cloud
formation and land surface evolution. The summary is pre-
sented in Sect. 4.

This paper uses several acronyms, and Table A1 is pro-
vided in the Appendix to help the reader.

Figure 1. Illustrations of three methods to implement the land–
atmosphere coupling in the E3SM–MMF. The blue, green, and
yellow boxes represent the EAM (E3SM Atmosphere Model), 2-
dimensional CRM atmosphere, and ELM (E3SM Land Model) grid
boxes, respectively. The start and end points of each arrow, together
with their colors, reflect the interface that is created for the exchange
of near-surface meteorological conditions and surface heat fluxes
between the land surface and lower-atmospheric boundary layer. In
panel (a), the coupling interface is placed between the EAM and
ELM, while in panel (b) the interface is put between CRM and
ELM. In panel (c), each CRM grid is directly coupled to an inde-
pendent copy of the land grid.

2 Method

2.1 Model and experiment setup

The model used in this study is the U.S. Department of En-
ergy’s Energy Exascale Earth System Model (E3SMv1; Go-
laz et al., 2019; Rasch et al., 2019) in the Multi-scale Model-
ing Framework (MMF) configuration. In the MMF approach,
a cloud-resolving convective parameterization (i.e., super-
parameterization) is integrated into a global atmosphere
model. In E3SM–MMFv1, parameterizations for clouds and
turbulence in the E3SM Atmosphere Model (EAM) is re-
placed by a 2-D CRM that is based on the System for
Atmospheric Modeling (SAM; Khairoutdinov and Randall,
2003) CRM. The description and performance of the E3SM–
MMF is documented in Hannah et al. (2020). The E3SM
Land Model (ELM) inherits many of its functionalities from
its source model, the Community Land Model, version 4.5
(CLM4.5; Oleson et al., 2013). ELM simulates hydrologi-
cal and thermal operations in vegetation, snow, and soil for
a variety of land cover types, including bare soils, vegetated
surfaces, lakes, glaciers, and urban areas. The leaf area in-
dex is determined by utilizing satellite data and photosynthe-
sis, without any constraints from leaf nutrients. Since branch-
ing off from CLM4.5, ELM has undergone various improve-
ments (Golaz et al., 2019). The impact of aerosol and black
carbon on snow was added. The evaporation was reduced
over pervious roads under dry conditions. The equation for
stomatal conductance was revised to avoid an inaccurate rep-
resentation of the negative internal leaf CO2 concentrations.
Also, the nighttime albedo over land was updated to 1. In this
study, our focus is on exploring various strategies to model
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the land–atmosphere coupling in the E3SM–MMF and ana-
lyze their impact on cloud formation.

We performed three 5-year simulations with E3SM–MMF.
The simulations share the same model configuration, except
for the land–atmosphere coupling method. The horizontal
model grid spacing of the EAM is about 1.5◦, and the number
of vertical model levels is 72, while the model top extends to
60 km. For 2-D CRM, we use 32 columns, with a horizontal
grid spacing of 2 km. The CRM time step is 5 s, and the time
steps for the EAM physics and ELM (E3SM land model) are
20 min. The sea surface temperature (SST) and aerosol con-
centrations are prescribed using the climatology across the
10-year period and centered at year 2000. A one-moment mi-
crophysics scheme is used inside the CRM to compute clouds
and precipitation processes. The Smagorinsky scheme is re-
sponsible for parameterizing the sub-grid-scale turbulence in
the CRM. Since we use a 2-D CRM, the meridional compo-
nent of the wind can be too strong; therefore, this misleads
the land surface processes if CRM wind fields are coupled
to the ELM. To bypass this difficulty, we use the wind ve-
locities from EAM in all three methods. There is also a time
step difference between ELM and CRM, as CRM subcycles
with a much shorter timescale (dt) within a single time step
of the EAM (dT). EAM and ELM share the same time step.
Therefore, the CRM states that are passed to ELM are tem-
porally averaged over dT at the end of the subcycling, and
the land surface states do not change, while the CRM subcy-
cles. The land model’s initial conditions are spun-up, using
20 years of National Centers for Environmental Prediction
(NCEP) reanalysis data. For the radiation scheme, we used
RRTMGP (Pincus et al., 2019). To decrease the computa-
tional cost, we used a method with which a certain number
of CRM columns is grouped together for the radiation cal-
culations. In our study, we grouped two neighboring CRM
columns to compute radiation instead of computing the radi-
ation in each CRM grid.

2.2 The land–atmosphere coupling strategies for the
E3SM–MMF

The coupling between the land and atmosphere models is im-
plemented as the exchange of near-surface atmospheric states
and land surface energy fluxes. The near-surface meteorolog-
ical conditions include downwelling radiative fluxes, temper-
ature, moisture, wind speed, and precipitation rate from the
lowest model level. The land surface fields that are used as at-
mospheric lower-boundary conditions include surface latent
and sensible heat fluxes and land surface temperature. Also,
upwelling short- and long-wave radiative fluxes are returned
from the land model to the atmosphere’s radiation scheme. In
this study, we explore three strategies to implement the cou-
pled exchange of water and energy between an atmosphere
and a land surface in the E3SM–MMF, where the complex-
ity increases as numerical simulations of an atmosphere are
performed both in the EAM and CRM components.

Table 1. The 5-year global means over land for MMF, SFLX2CRM,
and MAML cases. SHFLX is sensible heat flux, and LHFLX is
latent heat flux. SOILWATER_10CM is top 10 cm integrated soil
moisture, and TSOIL_10CM is soil temperature for top 10 cm
depth. FCEV is direct evaporation from vegetation moisture. FCTR
is vegetation transpiration. FGEV is soil evaporation. PRECT is the
surface rainfall rate.

MMF SFLX2CRM MAML

SHFLX (W m−2) 24.54 23.73 23.81
LHFLX (W m−2) 23.18 23.19 22.51
FCEV (W m−2) 2.04 2.04 1.54
FCTR (W m−2) 11.49 11.59 11.89
FGEV (W m−2) 9.64 9.56 9.08
SOILWATER_10CM 27.61 27.51 27.52
(kg m−2)

TSOIL_10CM (K) 269.44 269.41 269.63
PRECT (mm d−1) 1.09 1.10 1.09

The default method to couple the land and atmosphere
models is to exchange fluxes directly between EAM and
ELM and use the modified EAM state to force the embedded
CRM, as shown in Fig. 1a. Therefore, the CRM experiences
the effect of land surface energy fluxes indirectly through the
large-scale forcing given by the EAM. This method allows
for both atmosphere and land physics to be updated at the
same timescale. E3SM and original version of the E3SM–
MMF adopt this strategy. This method is labeled as “MMF”
throughout this study.

Another method is presented in Fig. 1b, showing where
a set of near-surface meteorological conditions and a set of
land surface energy fluxes are exchanged between the CRM
and the ELM. The near-surface meteorological conditions
are averaged across the CRM domain, and these spatially av-
eraged fields serve as an input to the ELM. The surface heat
fluxes computed by the ELM are applied homogeneously
as a bottom boundary condition across the CRM domain.
This method prescribes surface buoyancy forcing that is hori-
zontally homogeneous. This method is called “SFLX2CRM”
hereafter.

The third method is based on SFLX2CRM and allows
spatial heterogeneity across the CRM domain by associat-
ing each CRM column with a separate copy of ELM. This
approach is made possible by the multi-instance functional-
ity of the E3SM, which was originally developed to perform
ensemble simulations. For instance, when the CRM is used
with nx (number of horizontal grids) horizontal grids, we set
up the model to run nx copies of ELM. The coupling is done
at the interface between the CRM and the ELM, where each
CRM grid is coupled to an independent copy of ELM but on
the timescale of the EAM time step. This is where the name
Multi-Atmosphere Multi-Land (MAML) comes from. These
nx copies of ELM feature the same land surface character-
istics. Also, CRM does not include CRM-scale topography.
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Figure 2. The 5-year averages of daytime (06:00–18:00 local time) mean of the (a, c, e) sensible heat flux (SHFLX) and (b, d, f) latent heat
flux (LHFLX) over land only. The top row is from a MMF case, and the remaining two rows are computed by subtracting the MMF from
SFLX2CRM and MAML (Multi-Atmosphere Multi-Land), respectively.

Therefore, this method does not fully represent a significant
level of surface heterogeneity. Using EAM wind to drive land
surface processes and grouping neighboring CRM columns
for radiation calculation decreases the heterogeneity induced
by atmosphere in MAML. We did not test how these modifi-
cations would affect the resulting climate.

SFLX2CRM and MAML were previously introduced in
Baker et al. (2019) for different atmosphere and land mod-
els. Baker et al. (2019) ran single-column model simulations
of the MMF model, with changes in terms of how the mod-
els couple to land surface for the Brazilian Forest, while
our study runs global simulations to assess the influence of
heterogeneous land–atmosphere interaction processes on the
global climate. Lin et al. (2023) also presented a method for
surface–atmosphere coupling at cloud-resolving scale within
the MMF configuration of E3SMv1. Lin et al. (2023) uses
the terminology of MAML for the framework in which the

land states are averaged across the land copies before being
coupled to the CRM columns. It is important to acknowledge
that the Lin et al. (2023) MAML is different to our MAML
method.

The cases in this study are referred to as MMF,
SFLX2CRM, or MAML, following the strategies introduced
in Fig. 1. The influence of land–atmosphere coupling on the
simulated climate is analyzed over land only for the entire
5-year simulation period.

3 Results

3.1 Climatology overview

Figure 2 a and b show the annual mean of daytime surface
sensible (SHFLX; left column) and latent heat fluxes (LH-
FLX; right column) of the MMF simulation. Surface sensi-
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Figure 3. Global map of plant functional types (PFTs) that cover
more than 50 % of each land unit grid cell in ELM. The vegeta-
tion types that each PFT number indicates are as follows: 1 for
bare soil, 2 for needleleaf evergreen temperate, 3 for needleleaf ev-
ergreen boreal, 4 for needleleaf deciduous boreal, 5 for broadleaf
evergreen tropical, 6 for broadleaf evergreen temperature, 7 for
broadleaf deciduous tropical, 8 for broadleaf deciduous temperate,
9 for broadleaf deciduous boreal, 10 for broadleaf evergreen tem-
perate shrub, 11 for broadleaf deciduous temperate shrub, 12 for
broadleaf deciduous boreal shrub, 13 for arctic C3 grass, 14 for cool
C3 grass, 15 for warm C4 grass, and 16 for crops.

ble heat fluxes over land experience a strong diurnal cycle,
which reaches maximum around local noon. Therefore, only
daytime values, which cover the period from 6:00 to 18:00
local time, were averaged to emphasize the differences be-
tween simulations. In comparison to the 5-year climatology,
the magnitudes of the daytime mean fluxes are higher than
the number of annual mean fluxes, and spatial patterns of
fluxes remain the same (not shown). However, one should
note that the day length in the extra-tropics is shorter in win-
tertime.

Spatial distributions of surface sensible and latent heat
fluxes show a strong dependency on the land cover types.
Figure 3 is a global map of the prescribed plant functional
types (PFTs) that are dominant for each land unit in ELM.
The dominant PFT is determined by any PFT of which the
coverage for each land unit is greater than 50 %. The areas
in which there is no dominant PFT, such as boundaries of
vegetation type changes or highly heterogeneous areas, are
marked white. It is notable that the evaporation in Fig. 2b is
the strongest in the tropical and sub-tropical regions, where
the primary vegetation types are broadleaf evergreen tropical
(PFT= 5), broadleaf deciduous tropical (7), cool C3 grass
(14), warm C4 grass (15), and crops (16). On the other hand,
regions in the tropics and the sub-tropics with no vegeta-
tion cover (1) produce stronger sensible heating, as shown
in Fig. 2a.

Figure 4a and b show 5-year means of soil moisture
(SOILWATER_10CM) and temperature (TSOI_10CM) of
the MMF simulation. In general, the MMF case shows that

areas with high soil saturation level and low soil tempera-
ture and high evaporative fraction (EF=LHF/(SHF+LHF)),
such as the Amazon Basin, eastern USA, tropical Africa, and
the Maritime Continent, overlap with the regions with high
surface evaporation, whereas areas with arid climate, such
as Australia and deserts in Africa, commonly show a low
soil saturation level, high soil temperature, and low evap-
orative fraction. As shown in Fig. 3, among the vegetated
regions, areas covered with shorter and less dense vegeta-
tion types, such as grass and crops, exhibit higher soil tem-
perature in comparison to the areas with dense forest. Fig-
ure 5a and b show annual means of near-surface temper-
ature (TSA) and specific humidity (Q2M) from the MMF.
The response of surface heat fluxes to the near-surface at-
mospheric temperature and moisture quantity presents a few
important features. Similar to the relationship between soil
moisture and temperature with surface heat fluxes, the near-
surface atmosphere also shows a dependency on the evap-
orative fraction. The regions where the evaporative fraction
is low, i.e., where the sensible heat flux is higher than the
evaporation, have a high atmospheric temperature and low
moisture content. Therefore, the relative humidity (RH) is
low over areas such as northern and southern Africa and Aus-
tralia, which also overlaps with the descending Hadley circu-
lation. On the other hand, the tropical rainforest regions ex-
hibit higher relative humidity in response to the higher latent
heat flux. Figure 6a shows that the climatological precipita-
tion over land tends to favor the areas with high atmospheric
humidity. Even in the Amazon Basin, where both large-scale
circulation from terrain and local-scale land–atmosphere in-
teraction processes are significant, we see that the location of
the enhanced precipitation grossly follows the areas of high
evaporation and high soil moisture level. Figure 6b shows
the net cloud radiative effect at surface (CRES) that is de-
termined by summing the differences in downwelling long-
wave radiation between clear-sky and cloudy-sky conditions
and in downwelling shortwave radiation between clear-sky
and cloudy-sky conditions. The surface net cloud radiative
effect that has a cooling effect indicates the presence of liq-
uid clouds, as they reflect more solar radiation than absorbing
terrestrial infrared radiation (IR). The spatial distribution of
clouds overlaps well with the location of precipitation over
land, which also has a strong dependency on the location of
the wet soil. Therefore, our MMF case shows that regions of
high precipitation overlap the areas with wet soil, especially
in a tropical belt.

3.2 Influences of heterogeneous land–atmosphere
interaction on global climate

Global means that are computed over land only suggest that
the differences between each case are small (Table 1). The
response of surface energy and water cycle to the land–
atmosphere coupling in E3SM–MMF is shown in terms of
the changes in SFLX2CRM and MAML from the MMF
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Figure 4. The 5-year annual climatologies of the (a, c, e) top 10 cm soil moisture (SOILWATER_10CM) and (b, d, f) top 10 cm soil
temperature (TSOI_10CM). The top row is from the MMF case, and the remaining two rows are computed by subtracting MMF from
SFLX2CRM and MAML, respectively.

simulation. As shown in Fig. 1 through 6 (except for
Fig. 3), when the land model is directly coupled with CRM
(SFLX2CRM and MAML), we see many small differences
but no systematic change that is consistent across differ-
ent regions. Notable differences tend to be co-located with
the areas of high net surface radiation, which is approxi-
mately equal to the sum of sensible and latent heat fluxes
(i.e., tropical–subtropical band). For example, precipitation
and cloud radiative effect at surface shows noticeable differ-
ences in SFLX2CRM and MAML over the Amazon, North
America, eastern Asia, and central Africa regions.

For a given net surface radiation at each grid cells,
the increase in the surface evaporation leads to the re-
duction in sensible heat flux (Fig. 2). While changes in
SFLX2CRM are small, MAML shows an appreciable re-
duction in the latent heat flux (therefore, an increase in the
sensible heat flux) over the tropical rainforest regions. In

comparison to the MMF, a global mean of land evaporation
in SFLX2CRM changes by 0.08 % (0.02 W m−2), while the
change is −2.9 % (−0.6 W m−2) in MAML (Table 1). The
total evaporation from the land surface is composed of (1) di-
rect evaporation from the water present on vegetation sur-
face, (2) transpiration, and (3) evaporation from soil top. Fig-
ure 7 shows ratios of each evaporation component to the total
evaporation for each grid cell from the 5-year annual mean.
The left column is the relationship for the MMF case, while
the other two columns are from SFLX2CRM and MAML
cases, respectively. For each row, the relationship is shown
for different PFT types. Each row represents the relationship
for the broadleaf evergreen tropical type (PFT= 5), cool C3
grass (14), warm C4 grass (15), and crops (16), respectively.
These four PFT types cover the largest area globally and are
mostly found in the tropics–subtropics belt.
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Figure 5. The 5-year annual climatologies of (a, c, e) 2 m surface air temperature (TSA) and (b, d, f) 2 m specific humidity (Q2M). The top
row is from a MMF case, and the middle two rows are the changes in SFLX2CRM and MAML from the MMF simulation.

In Fig. 7, the fact that the vegetation transpiration makes
up most of the total evaporation into the atmosphere regard-
less of vegetation types stands out. The ratio of transpira-
tion to the total evaporation is the highest for broadleaf ev-
ergreen tropical type. Direct evaporation from vegetation in
SFLX2CRM shows an insignificant change relative to the
MMF case, while the same field in the MAML case de-
creases overall by 33 % (3.8 W m−2). The source of mois-
ture present on the vegetation surface is dependent on rainfall
and nighttime dew formation. The fact that MAML shows
a reduction in the direct evaporation from vegetation could
be related to the decrease in rainfall and increase in tem-
perature, which could prevent dew formation. In addition,
MAML indicates an increase in the transpiration approx-
imately 1.31 W m−2 in the tropical regions in Africa and
South America, despite a slight reduction in the soil mois-
ture in comparison to the other two cases. This feature also
suggests that land–atmosphere coupling via MAML method

increases surface temperature; therefore, the vapor deficit at
the vegetation layer level worsens, which leads to the higher
potential for transpiration. Since the transpiration of a rain-
forest withdraws soil moisture in the root zone, there was less
impact by near-surface soil moisture. For tropical rainforest
regions, the reduction in the latent heat flux in MAML is due
to the reduction in the direct evaporation of moisture stored
on vegetation surfaces.

In comparison to tropical evergreen broadleaf trees, C3
and C4 grasses and crops are shorter and have a lower leaf
area index. These phenology makes grasses and crop types
are more sensitive to the soil moisture when determining the
total evaporation into the atmosphere. In fact, the ratio of soil
evaporation to the total increases for grasses and crop types.
The most dominant land type in India is crops and fields, as
shown in Fig. 3. MAML has increased soil moisture over In-
dia (Fig. 4e), which results in the increased transpiration and
soil evaporation. Similarly, C3 and C4 grass-covered areas
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Figure 6. Same as Fig. 5 but for the (a, c, e) surface rainfall rate (PRECT) and (b, d, f) net cloud radiative effect at surface (CRES).

also show a strong dependency on the soil moisture. For in-
stance, the northern side of the Democratic Republic of the
Congo (DRC) experiences reduced soil moisture and there-
fore a decrease in surface evaporation, while the southern
side of the DRC exhibits increased soil moisture and there-
fore an increase in surface evaporation. Figure 5 shows how
the lower-atmosphere meteorological condition is influenced
by below-surface heat fluxes and soil moisture. Regions with
higher (lower) evaporation align with regions with a humid
(dry) PBL. Comparison with Fig. 6 confirms that precipi-
tation is favorable over the regions where the PBL is hu-
mid. Figure 8 shows scatterplots for each segment of soil
moisture–PBL–precipitation interactions. These scatterplots
show that a positive correlation exists between the soil mois-
ture and evaporative fraction (EF), the EF and near-surface
humidity, and the near-surface humidity and precipitation.
There are no noticeable differences between each case. As
suggested before, coupling a CRM and land model affects
the PBL thermodynamics and therefore affects cloud pro-

cesses that are triggered by PBL turbulence. However, the
MAML case demonstrates that the land–atmosphere interac-
tions are at CRM-grid scales and that the spatial heterogene-
ity within each CRM domain contributes to warmer and drier
PBL; therefore, there are fewer liquid clouds and less precip-
itation over land.

3.3 Spatial heterogeneity within CRM column

The states of land and atmosphere experience stronger ad-
justments when the CRM is coupled with land, and these
adjustments are enhanced when the spatial heterogeneity of
the coupling inside the CRM is allowed in MAML. Fig-
ure 9 shows the normalized standard deviation of surface
heat fluxes, soil temperature, soil moisture content, 2 m at-
mospheric humidity, and precipitation across 32 land model
copies. We use the standard deviation as a measure of the
CRM-scale spatial heterogeneity (Fig. 9). Strong spatial het-
erogeneity in land surface processes is found where the
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Figure 7. Scatterplots of total evaporation (x axis) and its compo-
nents (y axis), with the (black; FCEV) direct evaporation rate from
the moisture intercepted by vegetation; (blue; FCTR) evaporation
rate from vegetation transpiration, and (red; FGEV) evaporation rate
from the soil surface against total evaporation. Each column repre-
sents different cases, including (left) MMF, (center) SFLX2CRM,
and (right) MAML. Each row denotes a different vegetation by PFT
type. The equations denote the slope and y intercept of a given lin-
ear regression line.

MAML differs from the MMF the most by visually inspect-
ing Figs. 2 and 4–6. Therefore, where the differences be-
tween MMF and MAML are the largest in the land sur-
face states, precipitation roughly overlaps with the areas with
a strong standard deviation. Therefore, the stronger global
mean deviation in the MAML can be attributable to the spa-
tial heterogeneity in land–atmosphere interactions.

However, the spatial heterogeneity in the lower atmo-
sphere in terms of the temperature and moisture seems to
be insignificant in comparison to that in the land states.
This is due to the mixing inside the CRM that homogenizes
the atmosphere, while such horizontal mixing processes are
missing within 32 ELM copies. This could explain the little
changes induced by the MAML land–atmosphere coupling
method.

Figure 8. Scatterplots of 5 d averages of (a) near-surface soil mois-
ture versus evaporative fraction, (b) evaporative fraction versus
near-surface specific humidity, and (c) near-surface specific humid-
ity versus precipitation averaged over Amazon. MMF, SFLX2CRM,
and MAML are denoted by black, blue, and red dots, respectively.

3.4 Stronger PBL turbulence in MAML

Figure 10 shows the scatterplot between surface buoyancy
flux in x axis and production of TKE in the y axis. Surface
buoyancy flux (BFLX) is diagnosed inside the code as

BFLX=
SHF
cp
+ 0.61Ts

LHF
Lv

, (1)

where SHF (LHF) is sensible (latent) heat flux, cp is the spe-
cific heat of the air, Ts is the near-surface temperature, and Lv
is latent heat of vaporization. For the MAML case, BFLX is
computed for each land model copy. Each dot in Fig. 10 rep-
resents a 5-year mean of daytime (06:00–18:00 local time)
mean values for a given land grid point. Figure 10 shows
that there is a linearly positive relationship between the sur-
face buoyancy flux and TKE. Therefore, it is shown that a
stronger buoyancy flux at the surface results in stronger TKE
in all cases. All land points show a stronger TKE in MAML
for a given buoyancy flux, while there is little difference be-
tween MMF and SFLX2CRM. This is due to the fact that in
SFLX2CRM, the ELM computes the buoyancy flux based on
the homogeneous meteorological condition within a CRM,
which is similar to that of the MMF. On the other hand,
in MAML, the heterogeneity in the surface buoyancy fluxes
contributes to the stronger PBL turbulence.

Figure 11 presents a globally averaged profile of the TKE
and liquid cloud water content over land. In MMF, excessive
condensation in the lowest model level over land is a globally
common feature, as shown in Fig. 11. Gettelman et al. (2020)
reported that CAM5 also develops clouds in the lowest-
model-level layer (“stratofogulus”) because the boundary
layer circulation is inefficient for transporting water vapor
from the near-surface to higher levels. However, the model
with CRM with an interactive land surface (SFLX2CRM and
MAML) shows a significant reduction in such cloud forma-
tion in the lowest model level. This is due to the PBL tur-
bulence triggered by the surface buoyancy that is effectively
transporting the near-surface air mass vertically. This pro-
cess, unlike SFLX2CRM and MAML, where CRM is cou-
pled to ELM, was missing when EAM had an interactive
land surface (MMF), as these turbulent transport processes
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Figure 9. Standard deviation of 5-year climatology of (a) sensible heat flux, (b) latent heat flux, (c) top 10 cm soil moisture, (d) top 10 cm
soil temperature, (e) lower-atmosphere relative humidity, and (f) surface precipitation across 32 land copies.

in response to the land surface heating were not adequately
resolved. In MMF, CRM does not receive surface heat fluxes
from ELM and therefore computes TKE based on the ther-
modynamic profile. Since MMF and SFLX2CRM have a
similar thermodynamic profile, both produce a similar TKE
profile. However, near the surface, SFLX2CRM has slightly
higher TKE due to the non-zero surface buoyancy flux. This
is the reason why there is a large difference in the liquid cloud
water profile when the TKE is similar. TKE in MAML is
stronger than SFLX2CRM (Fig. 10), which explains the fur-
ther reduction in the condensation at the model level.

4 Conclusions

Here, we present a numerical study that explores three meth-
ods to model the local-scale land–atmosphere interaction
processes in the MMF version of E3SM. Traditionally, in
Earth system models, an atmosphere and a land are cou-
pled at each large-scale grid, which is generally of the order
of 100 km. Land surfaces are characterized by land cover,

terrain, and soil texture, which are naturally heterogeneous
across various spatiotemporal scales. Therefore, a coupling
scale that is too large between land and atmosphere can easily
undermine the importance of land–atmosphere interactions
and their impact on convective cloud formations. The MMF
allows a global atmospheric model to run at a cloud-resolving
scale, which gives us a motivation to explore the impact
of coupling land–atmosphere at cloud-resolving scales on
the energy and water budget at land surface. Alongside the
traditional method of coupling land–atmosphere in E3SM,
two strategies are assessed at the global scale from Baker et
al. (2019), both using a 2-D CRM with an interactive land
surface. Therefore, these two methods can exchange energy
and water directly between CRM and a land model. The first
method exchanges CRM-domain-averaged values with a sin-
gle copy of the land model; therefore, only homogeneous
interactions are allowed (SFLX2CRM). The second method
allows an intra-CRM heterogeneity by coupling each CRM
grid with its own land model. In our study, we used a 2-
D CRM with 32 grid points, and each of these 32 CRM
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Figure 10. Scatterplot of surface buoyancy flux and lowest model-
level turbulence kinetic energy (TKE), with a fitted linear regres-
sion line for each case. Each dot represents an annual mean of the
daytime mean (06:00–18:00 local time) of a single model grid over
land. Each case is drawn in a different color. MMF, SFLX2CRM,
and MAML are marked in black, blue, and red dots, respectively.
The linear regression equation and the correlation coefficient R are
written in a color matching that of each case.

Figure 11. Globally (land-only) averaged vertical profile of (a) tur-
bulent kinetic energy (TKE) and (b) liquid cloud moisture content.
MMF, SFLX2CRM, and MAML are marked in different colors us-
ing black, blue, and red, respectively.

columns has its own land surface (MAML). By analyzing
the 5-year model output, we see that the model simulation
demonstrates the positive feedback between soil moisture,
evaporation, PBL humidity, and precipitation, as stronger
precipitation is observed over the areas with higher soil mois-
ture. We find that the global means of SFLX2CRM are simi-
lar to that of MMF. However, MAML tends to produce drier
and warmer surface weather. In MAML, the warmer tem-
perature increases the transpiration of the rainforest, while
there is an insignificant change in the direct soil evaporation.
However, the evaporation of the moisture stored on vegeta-
tion surfaces decreases, and this reduction overpowers the
increase in the transpiration. On the other hand, for C3 and

C4 grasses and crops and/or fields tend to be more sensitive
to the soil moisture when determining the total evaporation.
As the MAML simulation produces lower soil moisture, the
total evaporation over grasses and crops and/or fields also de-
creases. Therefore, the total evaporation is reduced, regard-
less of vegetation type, in MAML in comparison to MMF
and SFLX2CRM. A future study can do a follow-up investi-
gation on the sensitivity of precipitation to the soil moisture
in E3SM–MMF.

The current model configuration of the MAML frame-
work, where each land copy is configured with the same land
surface characteristics, produces a heterogeneity in land–
atmosphere interactions that is too weak. Therefore, we do
not see any drastic changes in the precipitation and cloud
formation. However, this work provides a modeling frame-
work in which MAML can be used an advanced model-
ing tool. In this framework, it is simple to prescribe each
ELM copy with different land surface characteristics. How-
ever, it is non-trivial to prescribe realistic heterogeneity in
land surface characteristics for a 2-D modeling space. There-
fore, an additional study can help us to investigate the role of
the truly heterogeneous land surface characteristics in land–
atmosphere interactions in a global-scale model.

Appendix A: Table of acronyms

Acronym Meaning
BFLX Surface buoyancy flux
CRES Net cloud radiative effect at surface
CRM Cloud-resolving model
EAM E3SM Atmosphere Model
EF Evaporative fraction
ELM E3SM Land Model
E3SM Energy Exascale Earth System Model
GCM Global climate model
LHFLX Latent heat flux
MMF Multi-scale Modeling Framework
PBL Planetary boundary layer
PFT Plant functional type
Q2M Specific humidity at 2 m height
RH Relative humidity
SAM System for Atmospheric Modeling
SHFLX Sensible heat flux
SST Sea surface temperature
TKE Turbulence kinetic energy
TSA Temperature at 2 m height
TSOI_10CM Soil temperature in the upper 10 cm
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cessed at https://doi.org/10.5281/zenodo.6554887 (Lee, 2023).

Author contributions. JL and WMH contributed to the heteroge-
neous land–atmosphere interaction modeling conception and de-
sign, and they wrote the software code together. Model simulations
and data analysis were performed by JL. The first draft was writ-
ten by JL, and both authors commented on previous versions of the
paper. DCB was responsible for funding acquisition and oversaw
project delivery.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This research used resources of the National
Energy Research Scientific Computing Center, which has been sup-
ported by the U.S. Department of Energy Office of Science User
Facility (grant no. DE-AC02-05CH11231). This research has been
supported by the Exascale Computing Project (grant no. 17-SC-20-
SC), a collaborative effort of the U.S. Department of Energy Office
of Science and the National Nuclear Security Administration. This
work has been performed under the auspices of the U.S. Depart-
ment of Energy by Lawrence Livermore National Laboratory (grant
no. DE-AC52-07NA27344).

Financial support. This research has been supported by the Exas-
cale Computing Project (grant no. 17-SC-20-SC).

Review statement. This paper was edited by Tomomichi Kato and
reviewed by two anonymous referees.

References

Baker, I. T., Denning, A., Dazlich, D. A., Harper, A. B., Bran-
son, M. D., Randall, D. A., Phillips, M. C., Haynes, K. D.,
and Gallup, S. M.: Surface-Atmosphere Coupling Scale, the
Fate of Water, and Ecophysiological Function in a Brazil-
ian Forest, J. Adv. Model. Earth Syst., 11, 2523–2546,
https://doi.org/10.1029/2019MS001650, 2019.

Betts, A. K.: Idealized model for equilibrium boundary layer over
land, J. Hydrometeorol., 1, 507–523, 2000.

Betts, A. K.: Understanding hydrometeorology using
global models, B. Am. Meteorol. Soc., 85, 1673–1688,
https://doi.org/10.1175/BAMS-85-11-1673, 2004.

Betts, A. K., Barr, A. G., Beljaars, A. C. M., Miller, M. J., and
Viterbo, P. A.: The land surface-atmosphere interaction: A re-
view based on observational and global modeling perspectives,
J. Geophys. Res., 101, 7209–7225, 1996.

Betts, A. K., Tawfik, A. B., and Desjardins, R. L.: Revisit-
ing hydrometeorology using cloud and climate observations, J.
Hydrometeorol., 18, 939–955, https://doi.org/10.1175/jhm-d-16-
0203.1, 2017.

Dirmeyer, P. A. and Halder, S.: Sensitivity of numerical weather
forecasts to initial soil moisture variations in CFSv2, Weather
Forecast., 31, 1973–1983, https://doi.org/10.1175/waf-d-16-
0049.1, 2016.

Dirmeyer, P. A., Balsamo, G., Blyth, E. M., Morrison, R.,
and Cooper, H. M.: Land-Atmosphere Interactions Exacer-
bated the Drought and Heatwave Over Northern Europe
During Summer 2018, AGU Advances, 2, e2020AV000283,
https://doi.org/10.1029/2020AV000283, 2021.

Ek, M. B. and Holtslag, A. A. M.: Influence of soil moisture on
boundary layer cloud development, J. Hydrometeorol., 5, 86–99,
2004.

Findell, K. L. and Eltahir, E. A. B.: Atmospheric controls
on soil moisture–boundary layer interactions: Part II:
Feedbacks within the continental United States, J. Hy-
drometeorol., 4, 570–583, https://doi.org/10.1175/1525-
7541(2003)004<0570:Acosml>2.0.Co;2, 2003a.

Findell, K. L. and Eltahir, E. A. B.: Atmospheric
controls on soil moisture–boundary layer interac-
tions: Part I: Framework development, J. Hydrom-
eteorol., 4, 552–569, https://doi.org/10.1175/1525-
7541(2003)004<0552:Acosml>2.0.Co;2, 2003b.

Gentine, P., Holtslag, A. A. M., D’Andrea, F., and Ek, M.:
Surface and Atmospheric Controls on the Onset of Moist
Convection over Land, J. Hydrometeorol., 14, 1443–1462,
https://doi.org/10.1175/JHM-D-12-0137.1, 2013.

Gettelman, A., Bardeen, C. G., McCluskey, C. S., Järvi-
nen, E., Stith, J., Bretherton, C., McFarquhar, C., Twohy,
J., and D’Alessandro, W. Wu: Simulating observations
of Southern Ocean clouds and implications for cli-
mate, J. Geograph. Res.-Atmos., 125, e2020JD032619,
https://doi.org/10.1029/2020JD032619, 2020.

Golaz, J.-C., Caldwell, P. M., Van Roekel, Luke P., et al.: The DOE
E3SM Coupled Model Version 1: Overview and Evaluation at
Standard Resolution, J. Adv. Model. Earth Syst., 11, 2089–2129,
https://doi.org/10.1029/2018MS001603, 2019.

Grabowski, W. W.: An improved framework for superparameteriza-
tion, J. Atmos. Sci., 61, 1940–1952, 2004.

Guillod, B. P., Orlowsky, B., Miralles, D. G., Teuling, A. J., and
Seneviratne, S. I.: Reconciling spatial and temporal soil mois-
ture effects on 300 afternoon rainfall, Nat. Commun., 6, 6443,
https://doi.org/10.1038/ncomms7443, 2015.

Guo, Z.: GLACE: The Global Land–Atmosphere Coupling Experi-
ment. Part II: Analysis, J. Hydrometeorol., 7, 611–625, 2006.

Hannah, W. M., Jones, C. R., Hillman, B. R., Norman, M. R., Bader,
D. C., Taylor, M. A., Leung, L. R., Pritchard, M. S., Branson, M.
D., Lin, G., Pressel, K. G., and Lee, J. M.: Initial Results From
the Super-Parameterized E3SM, J. Adv. Model. Earth Syst.,

Geosci. Model Dev., 16, 7275–7287, 2023 https://doi.org/10.5194/gmd-16-7275-2023

https://doi.org/10.5281/zenodo.6554887
https://doi.org/10.1029/2019MS001650
https://doi.org/10.1175/BAMS-85-11-1673
https://doi.org/10.1175/jhm-d-16-0203.1
https://doi.org/10.1175/jhm-d-16-0203.1
https://doi.org/10.1175/waf-d-16-0049.1
https://doi.org/10.1175/waf-d-16-0049.1
https://doi.org/10.1029/2020AV000283
https://doi.org/10.1175/1525-7541(2003)004<0570:Acosml>2.0.Co;2
https://doi.org/10.1175/1525-7541(2003)004<0570:Acosml>2.0.Co;2
https://doi.org/10.1175/1525-7541(2003)004<0552:Acosml>2.0.Co;2
https://doi.org/10.1175/1525-7541(2003)004<0552:Acosml>2.0.Co;2
https://doi.org/10.1175/JHM-D-12-0137.1
https://doi.org/10.1029/2020JD032619
https://doi.org/10.1029/2018MS001603
https://doi.org/10.1038/ncomms7443


J. Lee et al.: Atmosphere interactions in E3SM–MMFv2 7287

12, e2019MS001863, https://doi.org/10.1029/2019MS001863,
2020.

Hirsch, A. L., Kala, J., Pitman, A. J., Carouge, C., Evans, J. P.,
Haverd, V., and Mocko, D.: Impact of land surface initializa-
tion approach on subseasonal forecast skill: A regional analy-
sis in the Southern Hemisphere, J. Hydrometeorol., 15, 300–319,
https://doi.org/10.1175/jhm-d13-05.1, 2014.

Huang, H.-Y. and Margulis, S. A.: On the impact of surface hetero-
geneity on a realistic convective boundary layer, Water Resour.
Res., 45, W04425, https://doi.org/10.1029/2008WR007175,
2009.

Huang, H.-Y. and Margulis, S. A.: Impact of soil moisture het-
erogeneity length scale and gradients on daytime coupled land-
cloudy boundary layer interactions, Hydrol. Process., 27, 1988–
2003, https://doi.org/10.1002/hyp.9351, 2013.

Jimenez, P. A., de Arellano, J. V., Navarro, J., and Gonzalez-Rouco,
J. F.: Understanding land–atmosphere interactions across a range
of spatial and temporal scales, B. Am. Meteorol. Soc., 95, ES14–
ES17, 2014.

Khairoutdinov, M. F. and Randall, D. A.: Cloud-resolving model-
ing of the ARM summer 1997 IOP: Model formulation, results,
uncertainties, 315 and sensitivities, J. Atmos. Sci., 60, 607–625,
2003.

Khairoutdinov, M. F., Randall, D. A., and DeMotte, C.: Simulations
of the atmospheric general circulation using a cloud-resolving
model as a super-parameterization of physical processes, J. At-
mos. Sci., 62, 2136–2154, 2005.

Koster, R. D.: Contribution of land surface initialization to
subseasonal forecast skill: First results from a multi-
model experiment, Geophys. Res. Lett., 37, L02402,
https://doi.org/10.1029/2009gl041677, 2010.

Lee, J.: E3SM-MMF code with MAML implementation
and data used to produce figures, Zenodo [data set],
https://doi.org/10.5281/zenodo.6554887, 2023.

Lee, J. M., Zhang, Y., and Klein, S. A.: The Effect of Land Sur-
face Heterogeneity and Background Wind on Shallow Cumulus
Clouds and the Transition to Deeper Convection, J. Atmos. Sci.,
76, 401–419, https://doi.org/10.1175/JAS-D-18-0196.1, 2019.

Lin, G., Leung, L. R., Lee, J., Harrop, B. E., Baker, I. T.,
Branson, M. D., Denning, A. S., Jones, C. R., Ovchin-
nikov, M., Randall, D. A., and Yang, Z.: Modeling Land-
Atmosphere Coupling at Cloud-Resolving Scale Within the
Multiple Atmosphere Multiple Land (MAML) Framework in
SP-E3SM, J. Adv. Model. Earth Syst., 15, e2022MS003101,
https://doi.org/10.1029/2022MS003101, 2023.

Miralles, D. G., Teuling, A. J., van Heerwaarden, C. C., and de Arel-
lano, J. V.-G.: Mega-heatwave temperatures due to combined soil
desiccation and atmospheric heat accumulation, Nat. Geosci., 7,
345–349, 2014.

Oleson, K., Lawrence, D. M., Bonan, G. B., Drewniak, B., Huang,
M., Koven, C. D., and Yang, Z.-L.: Technical description of ver-
sion 4.5 of the Community Land Model (CLM) (No. NCAR/TN-
503+STR), https://doi.org/10.5065/D6RR1W7M, 2013.

PaiMazumder, D. and Done, J. M.: Potential predictability sources
of the 2012 U.S. drought in observations and a regional
model ensemble, J. Geophys. Res.-Atmos., 121, 12581–12592,
https://doi.org/10.1002/2016JD025322, 2016.

Pincus, R., Mlawer, E. J., and Delamere, J. S.: Balancing Accu-
racy, Efficiency, and Flexibility in Radiation Calculations for
Dynamical Models, J. Adv. Model. Earth Syst., 11, 3074–3089,
https://doi.org/10.1029/2019MS001621, 2019.

Rasch, P. J., Xie, S., Ma, P.-L., Lin, W., Wang, H., Tang, Q., Bur-
rows, S. M., Caldwell, P., Zhang, K., Easter, R. C., Cameron-
Smith, P., Singh, B., Wan, H., Golaz, J.-C., Harrop, B. E.,
Roesler, E., Bacmeister, J., Larson, V. E., Evans, K. J., Qian,
Y., Taylor, M., Leung, L. R., Zhang, Y., Brent, L., Branstet-
ter, M., Hannay, C., Mahajan, S., Mametjanov, A., Neale, R.,
Richter, J. H., Yoon, J.-H., Zender, C. S., Bader, D., Flan-
ner, M., Foucar, J. G., Jacob, R., Keen, N., Klein, S. A., Liu,
X., Salinger, A., Shrivastava, M., and Yang, Y.: An Overview
of the Atmospheric Component of the Energy Exascale Earth
System Model, J. Adv. Model. Earth Syst., 11, 2377–2411,
https://doi.org/10.1029/2019MS001629, 2019.

Rieck, M., Hohenegger, C., and van Heerwaarden, C. C.: The influ-
ence of land surface heterogeneities on cloud size development,
Mon. Weather Rev., 142, 3830–3846, 2014.

Rieck, M., Hohenegger, C., and Gentine, P.: The effect of moist
convection on thermally induced mesoscale circulations, Q. J.
Roy. Meteorol. Soc., 141, 2418–2428, 2015.

Rochetin, N., Couvreux, F., and Guichard, F.: Morphology of breeze
circulations induced by surface flux heterogeneities and their im-
pact on convection initiation, Q. J. Roy. Meteorol. Soc., 143,
463–478, 2017.

Roundy, J. K. and Santanello, J. A.: Utility of satellite remote sens-
ing for land–atmosphere coupling and drought metrics, J. Hy-
drometeor., 345, 863–877, 2017.

Roundy, J. K., Ferguson, C. R., and Wood, E.: Temporal variabil-
ity of land–atmosphere coupling and its implications for drought
over the Southeast United States, J. Hydrometeor., 14, 622–635,
2013.

Teuling, A. J.: Observational evidence for cloud cover enhancement
over western European forests, Nat. Commun., 8, 14065, 2017.

Vilà-Guerau de Arellano, J., Ouwersloot, H. G., Baldoc-
chi, D., and Jacobs, C. M. J.: Shallow cumulus rooted
in photosynthesis, Geophys. Res. Lett., 41, 1796–1802,
https://doi.org/10.1002/2014GL059279, 2014.

Wang, S.-Y. S., Santanello, J., Wang, H., Barandiaran, D., Pinker, R.
T., Schubert, S., Gillies, R. R., Oglesby, R., Hilburn, K., Kilic, A.,
and Houser, P.: An intensified seasonal transition in the Central
U.S. that enhances summer drought, J. Geophys. Res.-Atmos.,
120, 8804–8816, https://doi.org/10.1002/2014JD023013, 2015.

https://doi.org/10.5194/gmd-16-7275-2023 Geosci. Model Dev., 16, 7275–7287, 2023

https://doi.org/10.1029/2019MS001863
https://doi.org/10.1175/jhm-d13-05.1
https://doi.org/10.1029/2008WR007175
https://doi.org/10.1002/hyp.9351
https://doi.org/10.1029/2009gl041677
https://doi.org/10.5281/zenodo.6554887
https://doi.org/10.1175/JAS-D-18-0196.1
https://doi.org/10.1029/2022MS003101
https://doi.org/10.5065/D6RR1W7M
https://doi.org/10.1002/2016JD025322
https://doi.org/10.1029/2019MS001621
https://doi.org/10.1029/2019MS001629
https://doi.org/10.1002/2014GL059279
https://doi.org/10.1002/2014JD023013

	Abstract
	Introduction
	Method
	Model and experiment setup
	The land–atmosphere coupling strategies for the E3SM–MMF

	Results
	Climatology overview
	Influences of heterogeneous land–atmosphere interaction on global climate
	Spatial heterogeneity within CRM column
	Stronger PBL turbulence in MAML

	Conclusions
	Appendix A: Table of acronyms
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

