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ABSTRACT: The representation of groundwater dynamics in land surface models and their roles in global precipitation
variations has received attention in recent years. Studies have revealed the overall higher soil moisture but rather diverse
precipitation changes after incorporating the groundwater component in climate models. However, groundwater effects on
large-scale atmospheric energy transport, the fundamental atmospheric variable regulating Earth’s climate, have not been
explored thoroughly. In this study, a pair of idealized experiments corresponding to contrast globally fixed water table
depths by AMIP-type simulations in the Community Earth System Model was conducted. In the wet (shallow water table)
experiments, an increased meridional surface temperature gradient makes the mean meridional energy transports and
Hadley circulation stronger than dry (deep water table) experiments over the tropics. Such energy transport changes are
primarily attributed to the dynamic contribution (intensified Hadley circulation). The wet experiments make the simulated
world be like an aquaplanet simulation with less land-sea temperature contrast and the enhancement (reduction) of mean
meridional circulation (stationary eddies) energy transports. Furthermore, the South Asian monsoon circulation in the wet
experiment shows a southward shift in the premonsoon season (April-June) and slight weakening in the mature phase
(July and August). This study explores the impacts of the soil conditions caused by various water table depths on global en-
ergy transport and has further implications for climate model developments and experiment designs.

KEYWORDS: Atmosphere-land interaction; Energy transport; Hadley circulation; Soil moisture

1. Introduction 2002). Besides, the representation of groundwater compo-
nents in climate models has received attention in recent years,
with the groundwater dynamics calculated by using 1) simple
conceptual models based on the historical time series (Cooper
et al. 1995), 2) empirical models linking the climate variations
and the groundwater changes (Chen et al. 2002), and 3) more
complicated models derived from streamflow simulation,
groundwater storage changes, and near-surface atmospheric
variables in general circulation models (Croley and Luukkonen
2003). Furthermore, Zeng and Decker (2009) used the equilib-
rium soil moisture distribution to fix the deficient numerical
solution in the land surface model when the water table below
the specified soil layers.

The global rainfall and temperature strongly depend on soil
moisture and land evaporation (Milly 1992; Shukla and Mintz
1982; Walker and Rowntree 1977). Seneviratne et al. (2006)
pointed out the causality of land—atmosphere interaction and
soil memory through atmospheric general circulation model
experiments. Soil moisture, albedo, and roughness changes
have broad impacts on the local hydrological cycle and large-
scale atmospheric circulation that can lead to precipitation
changes, although the empirical claims of these phenomena

Soil moisture conditions are influenced by many factors,
such as atmospheric forcings (e.g., radiation, precipitation var-
iations, atmospheric humidity, and temperature), land-use
change, and groundwater variations. The vertical distribution
of soil moisture is strongly dependent on water table dynam-
ics. In general, the shallow water table usually results in wet
soil conditions and vice versa; meanwhile, changes in the
soil moisture memory are not linear to the variations of water
table depths (Giintner et al. 2007; Liang et al. 2005; Lo and
Famiglietti 2010). Because of its slow variations, the ground-
water could affect the soil moisture variations at longer time
scales, thus furthering the precipitation, surface water, and
energy budget partitioning, and atmospheric circulations
through land-atmosphere interactions (DeAngelis et al. 2010;
Lo and Famiglietti 2011; Puma and Cook 2010; Wang et al.
2018; Yeh et al. 1984). In contrast, the groundwater’s response
to climate variations is usually delayed, and how long the de-
lay is depends on the properties and variations of the aquifer
and the atmospheric forcings (Chen et al. 2004). Thus, the
groundwater has potential impacts on the soil moisture pro-

file, evaporation rate, and surface temperature (Chen and Hu . . : o
2004; Gutowski et al. 2002; Liang et al. 2003; York et al. were based on specific regions, climate conditions, and ex-
’ treme cases (Betts and Silva Dias 2010; Chen et al. 2019; Chou

et al. 2001; Koster et al. 2010; Lagué et al. 2019; Lawrence and

Vandecar 2015; Lin et al. 2016; Hirsch et al. 2013; Santanello

P Supplemental information related to this paper is available at et al. 2018; Seneviratne et al. 2010). These studies have shown
the Journals Online website: https://doi.org/10.1175JCLI-D-20- 1,4 importance of representing shallow groundwater and its

0753:s1. interaction with soil moisture in land surface hydrologic simu-
lations. Also, the large-scale circulation can be subjected to
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Hong 2007; Koster et al. 2016; Lo and Famiglietti 2011;
Medvigy et al. 2013; Schneck and Mosbrugger 2011; Snyder
2010; Swann et al. 2012; Werth 2002). Such soil moisture
changes might not be confined to small spatial or temporal
scales; on the contrary, soil moisture anomalies could cause
changes in large-scale atmospheric circulation or planetary
waves. For example, Chou et al. (2001) demonstrated that the
precipitation location and intensity depend on whether the soil
moisture is active in intermediate climate model simulations.

Previous studies have reported the significant widening of
Hadley circulation under global warming by using general cir-
culation models and reanalysis datasets (Adam et al. 2014;
Held and Soden 2006; Lu et al. 2007; Ma and Xie 2013;
Seo et al. 2014). Such widening and weakening Hadley circu-
lation can be partly attributed to reducing the meridional sur-
face temperature gradient (Adam et al. 2014; Levine and
Schneider 2011; Williamson et al. 2013; Seo et al. 2014). Geen
et al. (2020) also mentioned that circulation intensity and en-
ergy transport are associated with gross moist stability. Evans
et al. (2012) and Seager et al. (2003) proposed that warmer
tropical sea surface temperature (SST) under the El Nifio
events, increasing the meridional temperature gradient, can
induce a narrower, stronger, and equatorward shifting of
Hadley circulation; on the contrary, La Nifia events are usu-
ally linked with a broader, weaker, and poleward shifting of
Hadley circulation. Land-use changes can also lead to north-
ward shifts of global precipitation and change circulation in-
tensity. For example, midlatitude afforestation leads to an
enhanced meridional temperature gradient, and then the
changes in general circulation redistribute the anomalous en-
ergy absorbed in the midlatitudes of the Northern Hemi-
sphere (Swann et al. 2012). On the other hand, irrigation
artificially fetches water from groundwater storage, which af-
fects the surface soil conditions and atmospheric stability (Lo
and Famiglietti 2013). In addition to the surface temperature
gradient, land-sea temperature contrast changes could also
influence large-scale circulation. For example, Jin and Wang
(2017) pointed out that the increased precipitation over the
Indian peninsula is due to a stronger Indian monsoon circula-
tion associated with the land-sea temperature contrast
changes over the past 15 years. Hohenegger and Stevens
(2018) proposed that the circulation might penetrate inland
regions and construct a stronger circulation due to the en-
hancement of sensible heat flux gradient. Therefore, the me-
ridional temperature gradient and the land-sea temperature
contrast, which result from the changes in soil moisture or
land surface conditions, might alter the intensity and position
of the Hadley and monsoon circulations.

The impacts of surface latent heat flux on the atmosphere
and their nonlinear interactions have been considered (Lagué
et al. 2019; Shukla and Mintz 1982); however, the involvement
of atmospheric energy transport (Hill et al. 2015; Hwang and
Frierson 2010; Hwang et al. 2013; Kang and Held 2012; Kang
et al. 2018) has not been discussed thoroughly in the perspec-
tive of changes in the water table dynamics. While previous
studies have shown the effects of SST and CO, forcings (Held
and Soden 2006; Seager et al. 2003) and land-use changes
(Swann et al. 2012) on the atmospheric energy transport, this
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study further focuses on the role of the soil wetness condi-
tions. This study investigates the global-scale responses of at-
mospheric energy transport between the hemispheres through
model experiments with different water table depths and
analyses, particularly for the Hadley and South Asian mon-
soon circulations. We thus conduct idealized experiments
with globally fixed shallow and deep water table depths at 1 m
and 8 m, respectively, via the Community Earth System
Model (CESM) Atmospheric Model Intercomparison Project
(AMIP)-type simulations, which use prescribed sea surface
temperatures and sea ice fractions from 1949 to 2008.

2. Model simulations and methodology
a. CESM experiments

The SST pattern usually plays a crucial role in affecting the
thermodynamic and dynamic components of the rainfall
changes over the tropics (Grose et al. 2014; Long et al. 2016;
Ma and Xie 2013). When the observational SST is utilized to
drive the climate models, the uncertainties of precipitation
projection over the tropics can be reduced in the model simu-
lations owing to the tight coupling between the atmosphere
and ocean (Long et al. 2016). Thus, in this study, we conduct
AMIP-type simulations to investigate the changes in tropical
and South Asian monsoon circulations and the global energy
transport under different fixed water table depths over land-
masses. The atmospheric model [Community Atmosphere
Model (CAM); Neale et al. 2012] of CESM and its land com-
ponent [Community Land Model (CLM); Oleson et al. 2010;
Lawrence et al. 2011] are run at 1.9° X 2.5° global resolution,
with 30 vertical layers for the CAM. The simulations use the
prescribed SST and sea ice fractions from 1949 to 2008.

Figure 1a shows the schematic plot of the soil layer in CLM
and the experiment settings. Soil depth in CLM is 3.8 m, with
10 soil hydrologic active layers. Vertical soil water fluxes are
calculated using a revised numerical solution of the one-
dimensional Richards equation (Zeng and Decker 2009). Two
coupled experiments conducted with CAM version 5 and
CLM version 4 run in satellite phenology mode are presented
here: a shallow water table run (D1) and a deep water table
run (D8). In the D1 and D8 simulations, we add (subtract)
water into (from) the saturated zones to the fixed water table
at 1 and 8 m everywhere over landmasses, as illustrated in
Fig. 1a. The D1 experiment can represent wet conditions,
while the D8 experiment is for dry conditions. The dry experi-
ment is very close to the simulations of free gravity drainage.
The vertical soil water exchanges between the unsaturated
and saturated zones through the exchange of soil water flux
and capillary rise at the bottom of the unsaturated soil col-
umn, but without horizontal soil water fluxes between neigh-
boring grid cells. The soil moisture above the water table
depth is active and can interact with other soil layers verti-
cally. Additionally, Figs. 1b and 1c demonstrate the climatol-
ogy of water table depth and soil moisture in the top 10 cm
for the control experiment, with active water table depth. The
results show that most subtropics have deep water tables and
low soil moisture, such as California, the Sahara Desert, and
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FIG. 1. (a) The schematic plot of the soil layer in CLM and the experiment setting for the fixed shallow water
table (D1) and deep water table runs (D8). (b) The climatology of water table depth and (c) the climatology of soil
moisture in the top 10 cm from 1979 to 2008 for the control run, with active water table depth, in CESM AMIP-type

simulation.

the Middle East; on the contrary, the tropics, monsoon re-
gions, and mid- to high latitudes reveal relatively shallower
water tables and high soil moisture (Figs. 1b,c). In the wet
experiments, we can expect that the vertical upward water
flux (capillary rise) from the groundwater aquifer into the
unsaturated soil layers is significantly increased and then
causes higher soil moisture. In the meantime, the evapora-
tion into the atmosphere increased much more in the arid
regions but increased less in the humid regions when com-
paring to the dry experiment. As a result, the impacts of
water table depth on atmospheric energy responses can be
identified from the two experiments’ differences (anoma-
lies). We also conducted an ensemble of 10 members with
different initial conditions at 0000 UTC (coordinated uni-
versal time) on 1 January from 1949 to 1958 for D1 and DS.
The simulation processes data from 1959 to 2008 and we
only analyze the results from 1979 to 2008, while the
1959-78 period is treated as a spinup period. In this study,
although such experiments are idealized simulations, we
make the land continent wetter to approach the aquaplanet
simulations (zonally symmetric planet with less land-sea
contrast) and investigate how such soil moisture variations
affect the atmospheric energy transports.

b. Moist static energy analysis

In the view of global energy conservation, moist static en-
ergy (MSE) is utilized as follows:

h=CT+®+Lyg, 1)

where h is moist static energy (MSE), T is absolute air tem-
perature, g is specific humidity, ® is geopotential, C, is the
specific heat at constant pressure (1004.0 J kg~! K™'), and L,
is the latent heat of vaporization (2.5 X 10° J kg™ !). Equation (1)
includes specific heat, geopotential energy, and latent heat en-
ergy. The sum of the first two terms indicates dry static energy
(DSE), exclusive of latent energy (LE). Equation (2) is further
used to describe the various terms of total atmospheric energy
transport (left-hand side), which followed Wu et al. (2010), Hill
et al. (2015) and Kay et al. (2012):

[vh] = [[D[A]] + [¥'h ] + [vh'], @

where the overbar () denotes annual mean or monthly mean
from 1979 to 2008, the prime ()" denotes the anomaly from
the annual mean or monthly mean, square brackets [ | repre-
sent the zonal mean, an asterisk ( )* equals the zonal mean
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FI1G. 2. The difference of the soil moisture of the top 10 cm in spatial climatology and the zonal
mean between the wet and dry experiments in CESM AMIP-type ensemble simulations. The
stippling indicates regions where the ensemble means deviate significantly from the simulated
1979-2008 period (by at least two standard deviations of internal variability) and where all of the

members agree on the sign of the change of the ensemble mean.

subtracted from the total value, # means the moist static energy,
and vindicates the meridional wind. The first term ([[7][/]]), the
zonally mean part, on the right-hand side of Eq. (2) gives the con-
tribution from mean meridional circulation (MMC). The second

term ([D*ﬁ*]), the nonzonal mean part, gives the contribution
from stationary eddies, and the third term ([vh’]) gives the
one from transient eddies mostly attributed to the midlati-
tudes (Hill et al. 2015; Trenberth and Stepaniak 2003). The
transient eddies are calculated from the difference between
total and quasi-stationary eddies, directly from the monthly
dataset. Due to the numerical errors when applying the inte-
gration on the terrain, we used the source and sink of net
atmospheric energy flux to obtain the MSE and LE. Kay et al.
(2012) also proposed such residual methodology regarding
the calculation of the northward energy transports. Hence,
the MSE in the left term of Eq. (2) is calculated from the net
energy flux into the atmospheric column. LE is from the
precipitation minus surface latent heat flux. The difference
between MSE and LE is DSE. On the other hand, the right-
hand side terms are calculated from the monthly divergence
of MSE and DSE, but the difference (MSE minus DSE) is
LE. Note that each term of energy transport is vertically inte-
grated from the surface to the top of the model, and there
are only monthly model outputs used.

Furthermore, to figure out the primary contributions to
the difference of MSE transport through the tropical circu-
lation between wet and dry experiments, we decompose the
MSE of MMC into the thermodynamic (MSE, DSE, and
LE) and dynamic (circulation intensity) components. The
meridional wind and MSE in the wet experiment can be de-

scribed as
Wi

Yyer = OV T+ Uygrys

Ry = 6h + hdry,

where § is the difference between wet and dry experiments;
thus, the MSE of MMC transport ([[7][#]]) for wet experi-
ments can be represented as follows:

([0, 1311 + [[80][7gy, 11

+ [[5lloh]] + [y gy 1. ()

([T Py 11 =

The first term of the right-hand side in Eq. (3) is the contri-
bution from the changes of MSE itself, which is denoted as
the thermodynamic component related to the MSE changes.
The second term is attributed to the changes in meridional
wind, which indicates the dynamic component associated with
the changes in circulation intensity. The third term is the non-
linear term. As shown in Eq. (1), the MSE includes DSE and
LE parts; thus, the equation is still conserved when the DSE
and LE replace the MSE in Eqgs. (2) and (3).

3. Results
a. Surface flux changes

Figures 2-4 demonstrate the climatological difference of
soil moisture in the top 10 cm, surface latent heat flux, and
2-m temperature between the D1 (wet soil condition) and D8
(dry soil condition) simulations. Figure 2 illustrates more in-
creased soil moisture in the top 10 cm over subtropical arid
regions, such as Australia, western North America, South
America, North Africa, and central Asia, but less increased
soil moisture over the deep tropics in the wet experiments.
The regions with robustly increased soil moisture are consis-
tent with climatic deep water table depths and dry soil mois-
ture, as shown in Figs. 1b and 1c. Over these regions, because
of drier climate conditions, there is more vertical water flux
into the unsaturated soil layers from groundwater via capil-
lary fluxes in the wet experiments; then, the excess water
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FIG. 3. As in Fig. 2, but for the surface latent heat flux.

evaporates into the atmosphere through the land—atmosphere
interactions. In contrast, the deep tropics and mid- to high lat-
itudes have a climatic shallow water table depth and wet soil
moisture generally, and thus less vertical water flux into the
unsaturated soil layers. Consequently, the 10-cm soil moisture
over the subtropical arid climatic regions increases much
more than those over the tropics and mid- to high latitudes;
more importantly, notable quantities of water vapor are trans-
ported into the atmosphere by land evapotranspiration in the
wet experiments (Figs. 2 and 3). Such increased surface latent
heat flux could cause surface cooling, particularly in the low-
to midlatitude land areas (Fig. 4). Note that all 10 members
agree on the sign of change in the ensemble mean and the var-
iation of the 10 members is much smaller than the ensemble-
mean difference between the wet and dry experiments.

In fact, some ocean areas demonstrate surface latent heat
flux changes in spite of conducting the AMIP-type simulations
in this study (Fig. 3). The most likely reason is that the wet ex-
periments cause more surface latent heat fluxes over land,

leading to land surface cooling and different temperature con-
trasts between land and ocean. This then results in changes of
local and large-scale circulation as well as the net radiation.
On the other hand, in the tropics the decreased surface latent
heat flux over northern Congo and northern South America is
partly associated with more cloud cover (Fig. S1 in the online
supplemental material), leading to less net surface shortwave
radiation (Fig. S2). Conversely, increased surface latent heat
flux in the desert regions and southwest of North America is
in relation to robustly increased soil moisture from the
groundwater. In the mid- to high latitudes, there are fewer
changes because of the climatic shallow water table and wet
soil moisture conditions. It is worth noting that the decreased
surface albedo in association with the wet soils in the tropics
and subtropics results in more surface shortwave radiation ab-
sorption; however, the surface cooling from the latent heat
flux is much stronger than the effect of decreased surface al-
bedo, which in sum causes the reduced surface temperature
(Fig. S3).

1979-2008 CESM Annual 2M_Temperature (Wet-Dry)
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FIG. 4. As in Fig. 2, but for the 2-m air temperature.
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The zonal mean differences in surface latent heat flux and
2-m temperature (right panels of Figs. 3 and 4) show that the
corresponding maximum and minimum anomalies occur near
30°N and 30°S. In contrast, 2-m temperature around the equa-
tor does not change significantly (Fig. 4), combined with the
decreased 2-m temperature between wet and dry experiments
near 30°N and 30°S that corresponds to an enhancement of
the meridional temperature gradient under wet soil condi-
tions. Moreover, the surface latent heat flux and 2-m tempera-
ture changes are insignificant in the humid parts of the boreal
areas and the mid- to high latitudes, north of 60°N. That is
probably because the climate is wet enough in the model to
prevent significant water stress onto evapotranspiration (i.e.,
the energy-limited environment).

b. Total moist static energy transports

Figures 5a and 5b show that the climatology of dry experi-
ments and the difference between wet and dry experiments
in total MSE, DSE, and LE transports with the spreads of
10 members. The climatology of the dry experiments demon-
strates that the MSE is transported poleward in both hemi-
spheres; additionally, the large-scale tropical circulation
would tend to transport DSE poleward and LE equatorward,
as shown in Fig. 5a. The spread of 10 members in the climatol-
ogy of dry experiments in total MSE, DSE, and LE transports
is very small. Conceptually, the DSE poleward transport is
moved by the upper branch of tropical circulation and subsi-
dence on the subtropical surface. The subtropical surface has
more solar energy input due to relatively clear skies. Hence,
relatively more water vapor from excess evaporation feeds
into the atmosphere and supplies the equatorward flow of
latent energy into the upward branch of the Hadley circula-
tion in the tropics (Trenberth and Stepaniak 2003).

Because much more surface latent heat flux compensates
the noticeably decreased net surface longwave radiation and
sensible heat flux, the total MSE in the Northern Hemisphere
between wet and dry experiments is nearly neutral. On the
contrary, the Southern Hemisphere, near 20° to 40°S, does
not show robustly declined net surface longwave radiation
and sensible heat flux, but has slightly increased surface latent
heat flux and net radiation on the top of model (Fig. S4).
Therefore, the total MSE is slightly increased in the midlati-
tudes of the Southern Hemisphere in the wet experiments
(Fig. 5b). The enhancement of DSE poleward and LE equa-
torward transports is associated with the redistribution of to-
tal MSE and the intensity of tropical circulation, instead of
different net energy flux into the atmospheric column. Figure 5b
represents the enhancements of poleward transport of total
DSE with extreme changes at around 8°N and slightly equator-
ward transport of total LE over the Northern Hemisphere sub-
tropics. The changes in surface latent heat fluxes and surface
temperature are rather small in the Southern Hemisphere be-
cause of fewer arid lands. As a consequence, the DSE and LE
changes in the southern branch of tropical circulation are
weaker than those of the northern branch. Such enhancements
in the total DSE and LE might be related to both the stronger
and equatorward shift in the tropical circulation of the northern
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1979-2008 CESM_AMIP Annual Northward Transport
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FIG. 5. (a) The climatology of the dry experiment and (b) annual
mean difference between the wet and dry experiments in total
MSE, DSE, and LE transports in CESM AMIP-type ensemble
simulations. Positive (negative) values indicate northward (south-
ward) transport. The dashed lines indicate the ensemble mean, and
the shadings are the range between maximum and minimum values
in ensemble members.

branch. Note that our investigated regions, the tropical and
South Asian monsoon regions, coincide with the location of
the maximum changes in the total DSE and LE, around
40°S—40°N.

¢. Responses of circulation to the MMC and
SE transports

Following Eq. (2), the zonal mean of energy transport is de-
composed into its main transport components, the mean me-
ridional circulation (MMC) and the stationary eddies (SE).
Figures 6a and 6b confirm that total DSE and LE have much
stronger anomalies in the Northern Hemisphere tropics than
in the Southern Hemisphere. Figures 6a—d show that the
enhancements in DSE and LE transports of MMC are very
similar to those in DSE and LE of total atmospheric energy
transport, indicating that most changes in atmospheric energy
transport are through the changes of MMC. Moreover, a
noticeably monthly mean difference in DSE and LE of MMC
exists from January to June in the Northern Hemisphere and
from August to January in the Southern Hemisphere. To put
it another way, the atmospheric energy transport is also
adjusted in accordance with the different water table depths.

We next turn to investigate what the primary contribution
to such changes of MMC transport is. The MMC transport is
then decomposed to the thermodynamic (related to the
changes of MSE, DSE, and LE themselves) and dynamic
components (associated with the general circulation intensity
changes), as shown in Fig. 7. Regarding the MSE of MMC,
Fig. 7a illustrates that the differences between wet and dry ex-
periments are tiny, particularly in the Northern Hemisphere.
Figures 7b and 7c demonstrate the apparent complementarity
for DSE and LE of MMC; meanwhile, primary contributions
of such changes are attributed to the dynamic component
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1979-2008 CESM_AMIP MSE Northward Transport (Wet-Dry)

a) T(?tal DISE |

b) Total LE

30N

308

o
I IR NI S

30N

o

308

[CONTOUR FROM -10 TO 10 BY 2]

c) M(Iean I\Illeriv:jlionalI Circlulati(l)n (Z?nal Il\/Iear|1) | PW

30N

30S

o
I I RN S
T

30N

30S

o
I I RN S
T

30N

308

30N

308

o
T TR IR S
— T T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

CONTOUR FROM -2 TO 2 BY .2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

BT [ [ ]

[T

-1.2 -0.8 -0.4

0

0.4 0.8 1.2

FIG. 6. The monthly mean difference between wet and dry experiments (shading) and climatology of the dry experi-
ment (contours) in (a) total DSE, (b) total LE, (c) mean meridional circulation of DSE, (d) mean meridional circula-
tion of LE, (e) stationary eddies of DSE, and (f) stationary eddies of LE in CESM AMIP-type ensemble simulations.

(red dashed lines), particularly over the tropics. The thermo-
dynamic component (blue dashed lines) is much smaller than
the dynamic part, indicating that the enhancing Hadley circu-
lation invokes the changes in tropical energy transport in
DSE and LE of MMC. In addition, the dynamic component
has its extrema at around 8°N, consistent with the changes in
DSE and LE transports, which also indicate a partly equator-
ward shift of Hadley circulation in the wet experiments.

The climatology and its difference in the zonal mean mass
streamfunction also demonstrate a stronger Hadley circula-
tion with slightly equatorward shifting and narrowing of the
wet soil condition (Fig. 8; see also Fig. S5). The results are
consistent with the changes of LE and DSE transports in
Fig. 5b, where the strongest signals occur at around 8°N and
slightly cross the equator. The 2-m temperature in 30°N is
lower about 2 K in the wet experiments than in the dry experi-
ments, but nearly the same at the equator (Table 1). As a re-
sult, the meridional temperature gradient over the tropics
(the difference between the equator and 30°N) is more robust
in the wet experiments (7.24 K) compared to that of the dry
experiments (5.45 K). Relative to the dry soil experiments,

the Hadley circulation of the wet soil experiments becomes
stronger, slightly narrower, and shifted equatorward over the
Northern Hemisphere because of the stronger meridional
temperature gradient (Seo et al. 2014). Hwang et al. (2013)
proposed that the cooling in the Northern Hemisphere owing
to the sulfate aerosol could induce the southward shift of the
Hadley circulation, tropical precipitation, and energy trans-
ports across the equator attributed to the temperature asym-
metry changes between two hemispheres.

d. South Asian monsoon circulation

Under our experiments design, because less land-sea ther-
mal contrast reduces the zonal asymmetry, the nonzonal (SE)
energy transport reduces but the zonal mean (MMC) enhan-
ces, as shown in Figs. 6¢c—f. The climatology of stationary ed-
dies shows equatorward DSE and poleward LE transports
with robust reductions of DSE and LE transports near 30°N
in July and August (Figs. 6e,f). In terms of the spatial diver-
gence of DSE and LE in July (Fig. S6), the maximum reduc-
tion of equatorward DSE and poleward LE transports is over
the western Indian peninsula and East Africa. The anomalous
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FIG. 7. The annual mean difference between the wet and dry
experiments in decomposed the mean meridional circulation for
(a) MSE, (b) DSE, and (c) LE transports in CESM AMIP-type en-
semble simulations. Positive (negative) values indicate northward
(southward) transport. The dashed lines indicate the ensemble
mean, and the shadings are the range between maximum and mini-
mum values in ensemble members.

DSE and LE of SE shown in Figs. 6e and 6f are likely associ-
ated with the mature South Asian monsoon circulation weak-
ening. To further investigate the changes in South Asian
monsoon circulation, we used the Webster-Yang Monsoon
Index (WYMI) (Webster and Yang 1992), which calculates
the averaged difference between U at 850 and 200 hPa
(0°-20°N, 40°-110°E), and represented the fixed geographical
structure of the South Asian monsoon circulation at 850 and
200 hPa. Figure 9 demonstrates the obviously weakened mon-
soon index in the premonsoon period from April to June in
the wet experiments. Because of the consistent months be-
tween WYMI and MMC changes, such robustly weakening
WYMI might be associated with enhancing MMC energy
transport, as shown in Figs. 6¢ and 6d. On the other hand, the
WYMI in the mature phase of the South Asian monsoon
(July and August) slightly weakened in the wet experiments,
possibly in relation to the reduction of poleward (equator-
ward) LE (DSE) transport in SE.

Walker and Bordoni (2016) show that the wind transition
at 200 and 850 hPa can be linked to the monsoon circulation
and onset timing. Figures S7 and S8 demonstrate the wind
transition at 850 and 200 hPa from April to September in the
wet and dry experiments, respectively. In the wet experi-
ments, the cross-equatorial flow from the Southern Hemi-
sphere is near the equator in May but penetrates the Indian
peninsula in the dry experiment. In June, the monsoon circu-
lation of the wet experiment is located over farther southern
India than that of the dry experiment, as shown in Fig. S7.
Additionally, regarding the circulation at 200 hPa, the South
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FIG. 8. Zonal-mean mass streamfunction of climatology difference
(shading) between the wet and dry experiments and climatology
in the dry experiment (contour) in CESM AMIP-type simulations.
The stippling indicates regions where the ensemble means deviate
significantly from the simulated 1979-2008 period (by at least two
standard deviations of internal variability) and where all of the
members agree on the sign of the change of ensemble mean. The
positive values of the streamfunction indicate clockwise zonal
circulation.

Asian high with anticyclonic circulation is over southern India
in May in the wet experiment, but it is over northeastern India
in the dry experiment (Fig. S8). In July and August, circula-
tions at 850 and 200 hPa in the wet and dry experiments are
similar, but slightly weaker in the wet experiment. In addition,
Fig. S9 demonstrates that the maximum U-wind at 850 hPa
from May to August appears more southward in the wet
experiment (D1.0) compared to that of the dry experiment
(D8.0). The findings of anomalous wind transitions in the
wet and dry experiments are consistent with the differences of
the fixed geographical monsoon index, which is the WYMI. In
accordance with the findings of wind transition, the smaller
WYMI in the wet experiments is most likely attributable to
the southward shifts of the South Asian monsoon circulation,
rather than its intensity changes. Consequently, the Hadley
and southward shifts of the South Asian monsoon circulations
in the wet experiments would possibly interact with each

TABLE 1. The averages of 2-m temperature at the equator and
30°N, and their differences in the wet and dry experiments. The
ensemble mean * one standard deviation across the distribution of
10 ensemble members are shown.

Expt Equator 30°N Difference
Wet 298.68 = 0.004 291.44 = 0.018 7.24 = 0.017
Dry 298.97 = 0.004 293.52 + 0.015 5.45 = 0.016
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FIG. 9. The seasonal cycle of the WYMI of the wet and the dry
experiments in CESM AMIP-type simulations. The black lines in-
dicate the ensemble mean, and the shadings are the range between
maximum and minimum values in ensemble members.

other (Geen et al. 2020; Hu et al. 2018). As a whole, the South
Asian monsoon circulation shifts robustly southward in the
premonsoon season, and is slightly weakened in July and
August. Moreover, South Asia also has a delayed monsoon
onset in the wet experiment due to the wet soil conditions
with longer persistence compared to the dry conditions.
Figure 10a represents the reduction of precipitation over
the South Asian monsoon regions and enhanced precipitation
in tropics in wet experiments from May to June, which might
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be related to the combined effects of the southward shift of
monsoon circulation and the equatorward shift of the stronger
Hadley circulation in the premonsoon season. The zonal
mean, shown in the right panel of Fig. 10a, demonstrates the
decreased precipitation near 15°N, which is related to the re-
duction of precipitation over the South Asian monsoon
regions. We further evaluate the averages of 2-m temperature
over the subcontinent and tropical Indian Ocean in wet and
dry experiments during the premonsoon season (May and
June), following Jin and Wang (2017). They suggested that
the temperature contrast between the subcontinent and tropi-
cal Indian Ocean is consistent with the monsoonal precipita-
tion. Table 2 presents that the land-sea temperature contrast
in the dry experiments (0.81 K) is significantly larger than in
the wet experiments (0.56 K) with 99.9% confidence level. As
a consequence, this means that such weaker land—sea temper-
ature contrast changes altered by different water table depths
in the wet experiments could cause the southward shift of
monsoonal circulation and the precipitation reduction over
South Asia, and further cause the delayed South Asian mon-
soon onset (Fig. 10a).

In Fig. 10b, there is significantly increased precipitation
over the tropical Indian Ocean, tropical Atlantic Ocean, and

1979-2008 CESM Precipitation (Wet-Dry)
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FIG. 10. As in Fig. 2, but for (a) the precipitation of the climatology difference in May and
June and (b) the precipitation of the annual climatology difference. The cyan dashed lines indi-
cate the regions with precipitation climatology greater than 6 mm day ! in the ensemble mean
of dry experiments.
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TABLE 2. The averages in the Indian subcontinent (10°-30°N,
70°-90°E) and tropical Indian Ocean (10°S-25°N, 40°-100°E)
boxes during May-June in the wet and dry experiments. The
ensemble mean * one standard deviation across the distribution
of 10 ensemble members are shown.

Expt Indian subcontinent Tropical Indian Ocean Difference

300.79 = 0.062 300.23 = 0.014 0.56 + 0.052
302.46 = 0.068 301.65 = 0.018 0.81 = 0.053

Wet
Dry

western Mexico. In contrast, there is decreased precipitation
over the Amazon rain forest, Congo rain forest, South Asian
monsoon region, and ITCZ in the Pacific Ocean. Such inho-
mogeneous changes might be in relation to the Hadley, mon-
soonal, and local circulation changes. Although the annual
zonal mean of precipitation is increased over the equator, the
tropical precipitation is reduced over the upward motion re-
gions (cyan contour) due to the anomalous downward motion
(Fig. 10b). In the meantime, there is enhanced precipitation
over the Atlantic Ocean and the western Indian Ocean. The
result indicates that the stronger Hadley circulation of the
global zonal mean in the wet experiments is most likely attrib-
uted to the enhancement of local Hadley circulation over the
Indian and Atlantic Oceans.

4. Discussion
a. Experimental design and AMIP-type simulations

This study analyzes the difference between experiments
with a fixed water table of 1 and 8 m to obtain significant re-
sults. Although the experimental design might not be realistic,
we can more clearly investigate the impacts of different water
tables on atmospheric circulations through such idealized sim-
ulations. As shown in Figs. 2—4, despite the same difference of
the water table depths globally, because of the original cli-
matic conditions the soil moisture and surface latent heat flux
do not reveal homogenous increases, with much more over
the subtropical arid regions and less over the humid regions.
In addition, Figs. S10 and S11 show the climatological differ-
ence of surface latent heat flux and precipitation between
control and dry (8 m) experiments. The results demonstrate
that the D8 experiments dry more areas (outside the arid
regions) than the control experiments do, such as monsoon
regions, the Amazon, and the midlatitudes. The changes in
surface latent heat flux and precipitation are much smaller
between control and dry experiments than those between wet
and dry, roughly one-tenth the magnitude. Thus, we use a dry
experiment instead of the control simulation in this study to
have the maximum difference. Furthermore, the simulated
water table depth varies spatially in the control experiment,
as shown in Fig. 1b, which provides another dimension in
such comparisons. More importantly, in this study, the robust
moistening in subtropical arid regions is responsible for the
Hadley and monsoon circulation changes. When the water ta-
bles change, the arid regions are crucial and sensitive to the
large-scale circulation, even to the monsoon circulation’s posi-
tion in the premonsoon season, because of mostly water-limited
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climates in the arid regions (Fraedrich et al. 2014; McVicar et al.
2012). Consequently, such changes are primarily attributed to
the contribution of the arid regions in wet simulations rather
than dry simulations.

Regarding the AMIP-type simulations, Lagué et al. (2019)
explored the effect of changes in terrestrial evaporation in
CESM with varied SSTs. Hill et al. (2015) conducted the
model simulation based on the prescribed SST and investi-
gated the aerosol forcing response by calculating energy
transport. In short, in this study, the MSE transport and atmo-
spheric circulations are primarily driven by the prescribed
SSTs. Nevertheless, the terrestrial forcing can still cause a
significant impact on the atmospheric circulation via the
land—sea temperature contrast, then resulting in a robust en-
hancement of tropical energy transport. In other words, the
changes in the terrestrial evaporation altered by the fixed wa-
ter table depth might be modulated by SSTs. To figure out
the signal from different water table depths and avoid feed-
backs from the ocean dynamics, we use the fixed SSTs experi-
ments. Undoubtedly, the nonlinear interactions in the Earth
system model might play some modulation roles on the im-
pacts of altering water table depth; hence, including the ocean
dynamic or SST variations in the model experiments can fur-
ther modulate the atmospheric meridional energy transport,
which will be useful follow-up work.

b. Moist static energy transports

The wet experiments of the study reduce the land-sea tem-
perature contrast and enhance zonal symmetry. The station-
ary eddy energy reduces, but the mean meridional circulation
enhances, coinciding with the southward shifts of South Asian
monsoon circulation and stronger Hadley circulation. Such
energy transport characteristics are similar to aquaplanet sim-
ulations, with enhanced MMC and reduced SE. Additionally,
in the wet experiments, the precipitation from the South
Asian monsoon circulation in the premonsoon season might
become part of Hadley circulations owing to its southward
shift. From an energetic point of view, the energy transport in
the weakened premonsoon circulation might be correlated
with the changes in MMC energy transport.

The model results show that the maximum and minimum
peaks of atmospheric energy transport changes in total DSE
and LE are approximately +1.0 and —1.0 PW, respectively, in
the tropical Northern Hemisphere (Fig. 5b). Seager et al.
(2003) demonstrated that El Nino events with warmer tropi-
cal SST have stronger Hadley circulation compared to that in
the La Nina events. In analysis from the ERA-Interim dataset
(Dee et al. 2011), the differences of the total DSE and LE cli-
matology in the tropics between El Nino and La Nina events
(averaged from July of the developing year to June of the fol-
lowing year) are approximately +0.6 and —0.6 PW, respec-
tively. Besides, the total DSE and LE changes from the SRES
A1B scenario between the first and the last 20 years of the
twenty-first century are approximately —0.2 and +0.2 PW in the
tropical Southern Hemisphere, and roughly +0.1 and —0.1 PW
in the Northern Hemisphere tropics (Held and Soden 2006).
In terms of the monsoon circulation changes, the seasonality

Unauthenticated | Downloaded 11/22/22 03:08 PM UTC



1 NOVEMBER 2022

of stationary eddies in LE changes near 30°N during June is
roughly —0.6 PW from different water table depth experi-
ments (Fig. 6f), but the difference between El Nifio and La
Nifa events is less than —0.3 PW in the ERA-Interim data-
set. In summary, this study raises the importance of land hy-
drological processes affecting large-scale energy transport,
which have a comparable magnitude of atmosphere energy
transport to the interannual variabilities and global warming
forcing.

5. Conclusions

We use the idealized experiments with globally fixed water
tables to explore how the global energy transport responds to
the groundwater variations. In the wet conditions associated
with shallow water table depths, there are increased surface
latent heat flux and robust surface cooling over the subtropi-
cal regions, particularly in the subarid and arid areas. Wet soil
moisture anomalies induce a stronger meridional temperature
gradient, leading to the enhancement of the poleward DSE
and equatorward LE transports by the mean meridional circu-
lation over the tropics in the wet experiments. Such changes
are mainly contributed by the dynamic component (i.e., stronger
Hadley circulation). Moreover, the land-sea temperature con-
trast in the premonsoon season is decreased in the wet experi-
ments and causes a southward shift of South Asian monsoon
circulation, leading to a delayed monsoon onset accompanied by
lower precipitation over South Asia. The southward shifts of
monsoon circulation in the premonsoon season was confirmed
by the monsoon index and wind transition.

Because of the prescribed uniform water table at 1 m below
the soil surface, the wet soil condition experiments with ex-
tremely humid land conditions globally conducted here show
similarities with the aquaplanet simulation. In this study, the
simulated change in the zonal mean of surface temperature
corresponds to a stronger meridional gradient and a reduced
land-sea temperature contrast, favoring stronger Hadley cir-
culation (Chen et al. 2010; Gastineau et al. 2011; Levine and
Schneider 2011; Williamson et al. 2013) and southward shifts
of monsoon circulations in the premonsoon season (Liang
et al. 2005; Yano 1998). Moreover, the response of atmo-
spheric energy transport to the contrasting soil conditions, as
simulated by the averages from 10 CESM simulations, seems
significant against the responses to interannual SST variability
and the anthropogenic CO, forcing. This study also demon-
strates that land surface conditions can be an essential driver
of global atmospheric energy transport.
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surface temperature, accessible from http://www.cesm.ucar.
edu/models/cesm1.0/. The zip files of the buildconf folder, the
spatial annual mean, and monthly mean datasets with
NetCDF format (T2m, precipitation, surface latent heat flux,
soil moisture in top 10 cm, and energy transport) in CESM
simulations we conducted have been put in the GitHub re-
pository (https:/github.com/JeffBlue1125/NTU-Responses_of_
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