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ABSTRACT

The East Asian Summer Monsoon (EASM) provides the majority of annual rainfall to countries in East Asia.
Although state-of-the-art models broadly project increased EASM rainfall, the spread of projections is large and
simulations of present-day rainfall show significant climatological biases. Systematic evapotranspiration biases occur
locally over East Asia, and globally over land, in simulations both with and without a coupled ocean. This study explores
the relationship between evapotranspiration and EASM precipitation biases. First, idealized model simulations are
presented in which the parameterization of land evaporation is modified, while sea surface temperature is fixed. The results
suggest a feedback whereby excessive evapotranspiration over East Asia results in cooling of land, a weakened monsoon
low, and a shift of rainfall from the Philippine Sea to China, further fueling evapotranspiration. Cross-model regressions
against evapotranspiration over China indicate a similar pattern of behavior in Atmospheric Model Intercomparison Project
(AMIP) simulations. Possible causes of this pattern are investigated. The feedback is not explained by an overly intense
global hydrological cycle or by differences in radiative processes. Analysis of land-only simulations indicates that
evapotranspiration biases are present even when models are forced with prescribed rainfall. These are strengthened when
coupled to the atmosphere, suggesting a role for land-model errors in driving atmospheric biases. Coupled
atmosphere—ocean models are shown to have similar evapotranspiration biases to those in AMIP over China, but different
precipitation biases, including a northward shift in the ITCZ over the Pacific and Atlantic Oceans.
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Article Highlights:

¢ Idealized model simulations suggest excessive evaporation over China can drive circulation shifts that support further
evaporation.

¢ Similarly, in AMIP, positive evaporation biases over China are correlated with circulation shifts and enhanced
precipitation over East Asia.

¢ Simulations where AMIP land models are forced by prescribed rainfall suggest land parameterizations contribute to the
evaporation biases.

¢ In coupled models, land evaporation biases appear linked to biases in meridional overturning over ocean basins.

1. Introduction

% This paper is a contribution to the 2nd Special Issue on Climate East A§1an Summer MOHSOO? (EASM) ral.nfall 1S
Science for Service Partnership China. expected to intensify under future climate change (Jin et al.,
* Corresponding author: Ruth GEEN 2020), but the spread of projections in successive Coupled
Email: r.geen@bham.ac.uk Model Intercomparison Project (CMIP) phases has
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remained large. For example, Chen et al. (2020) reported
10th—90th percentile end-of-century rainfall changes varying
from 2.63%—25.42% under a high emissions scenario (SSP5-
8.5;see O’Neill et al., 2016), or 0.41%—16.31% for low emis-
sions (SSP1-2.6). Confidence in future projections is further
reduced by the limitations of climate models, with significant
model biases in simulations of present-day monsoon rainfall
over Asia and the surrounding oceans (Jiang et al., 2020;
Xin et al., 2020).

Identifying the underlying causes of model biases is com-
plicated by bias compensation between model components.
In CMIP5, model skill at simulating the EASM was found
to benefit from coupling to an ocean versus simulations
forced by fixed sea surface temperatures (SSTs) (Song and
Zhou, 2014). Yang et al. (2019) showed that models with
larger precipitation errors in the atmosphere-only simulations
benefited more from coupling to an ocean. They concluded
that the coupled models were disguising compensating
errors between atmosphere and ocean model components,
highlighting the need to examine sources of error in the atmo-
sphere-only and coupled-ocean simulations separately. We
find that this bias compensation persists in CMIP6 [Fig. S1
in the electronic supplementary material].

A consistent issue across CMIP phases has been system-
aticoverestimation of evapotranspiration (Muellerand Senevi-
ratne, 2014; Wang et al., 2021), which forms a key component
of the atmospheric moisture and moist static energy budgets
over land (e.g., Trenberth et al., 2007, 2009). CMIP biases
and future change in Asian monsoon rainfall have been
shown to relate to energetic contrast between the Northern
and Southern Hemispheres, and land—sea thermal contrast
(Wang et al.,, 2020; Chen et al., 2022). In Atmospheric
Model Intercomparison Project (AMIP) simulations, SSTs
and sea ice are prescribed. Land characteristics, such as
hydrology, can then be expected to play a key role in setting
land—sea thermal contrast, with land temperatures influenced
by availability of soil moisture for evapotranspiration and
the consequent partitioning of turbulent fluxes between
latent heat and sensible heat (e.g., Seneviratne et al., 2010).
Altered land—sea thermal contrast may then induce circulation
changes that shift the location of precipitation (cf. Shukla
and Mintz, 1982).

For evapotranspiration to occur, two key requirements
are availability of soil moisture and evaporative demand
from the atmosphere. Where soil moisture is below the wilting
point, no evapotranspiration can occur and the surface must
warm to balance radiative heating via the sensible heat and
longwave radiative fluxes. When soil moisture is sufficiently
high it no longer limits evapotranspiration, which is instead
influenced by surface temperature and drag, vegetation, and
meteorological factors, particularly atmospheric humidity
and wind speed (e.g., Seneviratne et al., 2010). Berg and
Sheffield (2018) assessed the relationship between soil mois-
ture and evapotranspiration in CMIP5 models by looking at
the interannual correlation between the JJA surface soil mois-
ture and latent heat flux at each grid point. Their results

show that, although East Asia approaches the demand-limited
evapotranspiration regime in both observations and the
CMIPS5 multimodel mean, it is also a region with significant
intermodel variations (see Fig. 2 of Berg and Sheffield,
2018).

Intuition might suggest that enhanced evapotranspiration
over a region would chiefly feed back on precipitation by
altering moisture recycling within that region. However,
model simulations with altered soil moisture or evapotranspi-
ration show that resulting changes in surface temperature
can additionally induce geopotential anomalies and dramati-
cally influence the broader atmospheric circulation, including
the locations of moisture convergence and precipitation (e.
g., Shukla and Mintz, 1982; Agrawal and Chakraborty,
2016; Pietschnig et al., 2021). The EASM region lies
between the continental monsoon low, driven by summertime
warming of the continent, and the western North Pacific sub-
tropical high (Wang and LinHo, 2002). These circulations
converge moisture over East Asia, fueling the monsoon. Rain-
fall in this region is therefore sensitive to shifts in the interface
between these two pressure systems.

Modelling studies investigating the role of soil moisture
and evapotranspiration in the Asian monsoon indicate that
these affect precipitation via both moisture recycling and
advection. Enhanced soil moisture can lead to a strengthening
of the monsoon via moisture recycling and enhanced bound-
ary-layer moist static energy, resulting in enhanced convec-
tion (Meehl, 1994; Eltahir, 1998). Cooling or warming of
the land in response to evapotranspiration alters the circula-
tion and so influences moisture advection (Douville et al.,
2001). These effects can alter the range of the Asian mon-
soon. Chou et al. (2001) found that the monsoon expanded
northward in a simulation with saturated soil, with an intensi-
fication of rain over East Asia. A number of recent studies
have examined the role of soil moisture in interannual vari-
ability (Zhang and Zuo, 2011; Gao et al., 2019) and forecast-
ing of EASM rainfall (Zhang and Frederiksen, 2003; Shi et
al.,2021), demonstrating a strong influence of local soil mois-
ture anomalies on the monsoon circulation and resultant rain-
fall, and improved hindcast skill when soil moisture and soil
temperature are constrained.

Here, we use idealized model simulations to identify cir-
culation and precipitation patterns that may be introduced
by land evaporation biases, and examine the associations
between biases in East Asian latent heat flux, circulation
and precipitation in AMIP model simulations. Section 2 out-
lines the datasets and simulations used. In section 3.1 we
presentidealized model simulations with altered land evapora-
tion. These suggest a feedback whereby excessive land evapo-
ration can maintain a circulation that supports moisture con-
vergence and convection over East Asia, with the resultant
precipitation supplying moisture for further evaporation. Sec-
tion 3.2 presents regressions across AMIP simulations that
suggest a similar feedback is present in state-of-the-art mod-
els. In section 3.3, we discuss processes that may underlie
the AMIP evapotranspiration biases, and show the difference
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in behavior in simulations with a coupled ocean. Section 4
summarizes our findings.

2. Data and methods

2.1. Idealized model simulations

Idealized model simulations are run using the Isca mod-
elling framework (Vallis et al., 2018). The model is based
around the GFDL spectral dynamical core (Gordon and
Stern, 1982). A wide variety of configurations are available
in Isca, but here we use an atmospheric configuration similar
to that of Jucker and Gerber (2017). Convection is parameter-
ized via a simple Betts—Miller scheme whereby temperature
is relaxed towards a moist adiabat and specific humidity
towards a profile with 70% relative humidity, using a 2-h
relaxation time for both (Frierson et al., 2006; Frierson,
2007; O’Gorman & Schneider, 2008). Radiation is parameter-
ized using the RRTM scheme, a rapid and accurate multiband
radiative transfer model (Mlawer et al., 1997).

The model is run at T42 resolution (~2.8° grid-spacing
at the Equator), with 40 vertical sigma-pressure levels. Simu-
lations are designed to have Earth’s configuration of conti-
nents and orography, with SSTs prescribed to the AMIP cli-
matological mean. An Earth-like obliquity is used (23.439),
with no orbital eccentricity. Asis common inidealized simula-
tions (e.g., Jucker and Gerber, 2017), clouds are not
included, with their role in determining Earth’s albedo
accounted for via larger ocean and land albedos of 0.25 and
0.325, respectively. While surface temperatures over ocean
are prescribed, land temperatures can evolve, with land
described as a mixed-layer slab with heat capacity equivalent
to 2 m of water. Simulations are run for 50 years, with the
first 20 years discarded as spin-up and climatologies taken
over the remaining 30 years.

Three simulations are presented, differing only in their
description of evaporation over land. In the bucket simula-
tion, a simple bucket hydrology is used to describe evapotran-
spiration (cf. Manabe, 1969; Pietschnig et al., 2019; details
in supplementary material), allowing both moisture- and
demand-limited regimes to occur. To explore extremes of
hydrology, this simulation is compared with two perturbed
simulations: (1) dry-land, in which land evaporation is set
to 0, illustrating a soil moisture—limited regime; and (2)
ocean-land, in which the same bulk formula is used over
land as ocean, i.e., soil is effectively saturated and evaporation
is demand-limited.

2.2. CMIP6

We use simulation data from 40 CMIP6 models
(Eyring et al., 2016). One ensemble member is used for
each model. The models and simulation variant codes used
are detailed in Table S1. Data from all models and observa-
tional datasets are regridded to a 2.5° grid. This study primar-
ily focuses on the AMIP simulations, in which the atmosphere
and land model components are free-running, but SSTs, sea-
ice and CO, concentrations are prescribed based on observa-

tions. Simulations span the period from 1979 to 2014, but in
this study we focus on data from 1980 to 2014 to match the
availability of observational data, discussed below. Equiva-
lent data from the atmosphere—ocean coupled simulations
with these models are also presented, with the same simula-
tion variant used where possible. We refer to these coupled-
ocean simulations as the historical simulations, following
the CMIP naming convention. Further detail on the AMIP
and historical simulations of CMIP6 can be found in Eyring
et al. (2016).

In section 3.3, we additionally analyze latent heat flux
data from 11 land-only simulations (land-hist) from the
Land Surface, Snow and Soil moisture Model Intercompari-
son Project (LS3MIP; van den Hurk et al., 2016). In these sim-
ulations, only the land component is run, with climate forcings
(land-use, CO,) prescribed as in the historical simulations.
The land model is forced with meteorological variables
from the Global Soil Wetness Project Phase 3 input dataset
(GSWP3; Kim, 2017), which includes prescribed precipita-
tion, wind speed, near-surface air temperature and humidity,
surface pressure and downwelling radiative fluxes.

2.3. Reanalysis and observations

Reanalysis and observational data are used to assess the
skill of the CMIP6 models in simulating the present-day cli-
matology. Data for geopotential height, 2-m air temperature,
evaporation, and zonal, meridional and vertical wind compo-
nents are taken from JRA-55, which covers the period 1958
onwards (Kobayashi et al., 2015).

In addition to JRA-55, we use land evaporation data
from the Global Land Evaporation Amsterdam Model v3.6
(GLEAM; Martens et al., 2017). This combines satellite
retrievals of soil moisture, vegetation optical depth, land
cover, air temperature and radiation with precipitation and
reanalysis data. Data are input to an evapotranspiration
model, allowing estimates of actual evaporation and its com-
ponents to be derived. The output compares well against
flux tower measurements from FLUXNET (Martens et al.,
2017) and evapotranspiration and soil moisture estimates
from other sensors and techniques (Liu et al., 2016;
Dembélé et al., 2020; Sriwongsitanon et al., 2020). The
GLEAM v3.6 dataset runs from 1980 to 2021. GLEAM is a
land dataset; JRA-55 evaporation is used in figures where it
is helpful to also show ocean evaporation.

For precipitation, we use the Multi-Source Weighted-
Ensemble Precipitation dataset, version 2.8 (MSWEP; Beck
et al., 2019). This comprises merged rain gauge, satellite
and reanalysis data, and performs well against gauge observa-
tions relative to other datasets (Beck et al., 2017). Data are
available from 1979 onwards.

Throughout the paper, we use monthly mean climatolo-
gies calculated for 1980 to 2014, corresponding to the
period of overlap between GLEAM v3.6 and the AMIP simu-
lations.

2.4. Cross-model regressions

We use cross-model linear regressions to summarize rela-
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tionships between variables of interest across the AMIP and
historical model simulations. Specifically, variables are
regressed against the following indices: evaporation averaged
over land grid points between 110°-120°E and 20°-40°N;
global-mean precipitation; and global-mean precipitation
over land. As these indices have different magnitudes, all
are normalized as:

where x,, denotes the value of the index in a given model, X
the multimodel mean, o, the cross-model standard deviation,
and X, the normalized value for the model.

Regression coefficients are then calculated at each grid
point for the mapped variable y as o7,/ 0')2? . Note that as the
normalized standard deviation o; = 1, this is equivalent to
the cross-model covariance of y and the normalized index X
at each grid point, os,,.

3. Results

3.1. Idealized model simulations

Figure 1 shows the JJA mean climate for each Isca simu-

Dry-land

Bucket

lation. Differences compared with the bucket simulation are
shown in Fig. 2. The effects of the altered parameterizations
are evident in evaporation over land. In the dry-land simula-
tion the evaporative flux is O (Fig. 1a), while in ocean-land
(Fig. 1c) the evaporation over land is similar to that over
ocean and exceeds values over the South China Sea and
West Pacific, where wind speeds are small. In the bucket sim-
ulation (Fig. 1b), moderate evaporation occurs over China,
the Indochina Peninsula and India, with more limited evapora-
tion over the Tibetan Plateau and negligible evaporation
over the Middle East. This distribution of evaporation
broadly resembles that in the reanalysis (see Fig. 4, below),
although we note that the idealized model is not expected to
comprehensively reproduce the observed climate. Over
ocean, strong evaporation is co-located with the fastest wind
speeds in each simulation.

The altered latent heat flux has a clear impact on surface
temperature (Figs. 1d—f). The low heat capacity of land
means that it responds quickly to altered surface energy
fluxes, and the net surface flux is small. With no clouds, mini-
mal clear-sky absorption, and the same land (0.325) and
ocean (0.25) albedo values, the surface shortwave radiative
forcing across simulations is approximately identical, and dif-
ferences between simulations are attributable to the perturbed
land evaporation. In the dry-land simulation (Fig. 1d), with

Ocean-land
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Fig. 1. JJA climatologies for Isca simulations with no evaporation over land (dry-land, left), bucket hydrology (bucket,
center), and ocean-like evaporation over land (ocean-land, right). The top row shows evaporation. The second row shows
near-surface air temperature (filled contours) and 850-hPa geopotential height (contours; 1350 m in bright blue). The third
row shows precipitation (filled contours) and 850-hPa wind (arrows). The bottom row shows 500-hPa ascent, w.
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Fig. 2. Differences between JJA climatological-mean variables. Panels (a—d) show bucker minus dry-land and (e-h)
show ocean-land minus bucket. Panels show (a, €) latent heat flux (W m~2), (b, f) 2-m air temperature (K), (c, g) 850-
hPa geopotential height (m) and 850-hPa wind (m s~1), (d, h) precipitation (mm d-1). Welch’s #test is used to assess
statistical significance using JJA-mean data for each year. Stippling indicates where differences are statistically
different from O (p < 0.05). Wind vectors are plotted only where windspeed differences are statistically different

from O (p < 0.05). Figure S2 shows ocean-land minus dry-land.

no land evaporation, the net surface shortwave must be bal-
anced entirely by the sensible heat flux and longwave radia-
tive fluxes. As a result, temperatures over land become
warmer than the prescribed SSTs over the neighboring
oceans. At the other extreme, in the ocean-land simulation
(Fig. 1f), evaporation largely balances the shortwave radiative
flux, and, except for the regions with high orography, land
temperatures are similar to those prescribed over ocean. The
bucket simulation (Fig. le) again provides an intermediate
between these two extremes. Here, land-surface temperatures

are generally highest in locations where evaporation is
weaker, with the bucket water depth determining the partition-
ing between latent and sensible heat fluxes.

In the bucket simulation, low-level monsoon southwester-
lies are seen across the continental coast (Fig. 1h). The
Asian continental low meets the western North Pacific sub-
tropical high over the East China and Philippine Seas, and
the 850-hPa winds converge and turn northwards over
China. The monsoon flow picks up moisture over the Indian
and Pacific Oceans (Fig. 1b), and advects it over South and
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Southeast Asia and China. In combination with moisture sup-
plied to the boundary layer locally by evaporation, conver-
gence over East Asia drives convection (indicated by mid-
level ascent; Fig. 1k) and generates precipitation (Fig. 1h).
This in turn replenishes the bucket water depth, maintaining
the latent heat flux and land temperature.

The altered land—sea thermal contrast across the simula-
tions drives geopotential anomalies in the atmosphere, and
associated circulation and precipitation anomalies. In dry-
land, the strong thermal gradient between land and ocean is
associated with a stronger north—south 850-hPa geopotential
gradient over the South China Sea and an eastward-
extended geopotential low compared with bucket (Figs. 1d
and 2c). As a result, the low-level westerly flow across the
continental coast is enhanced, particularly over the South
China Sea (Figs. 1g and 2c). Strong evaporation occurs over
the ocean beneath this flow, but instead of converging mois-
ture over East Asia, these westerlies advect moisture further
east, generating intense precipitation over the Philippines
(Fig. 1g). In the absence of evaporation to moisten the bound-
ary layer or a supply of moisture from advection, descent
occurs over southern and eastern China (Fig. 1j).

In contrast, in ocean-land, the north—south thermal con-
trast and 850-hPa geopotential gradient are reduced over
East Asia (Fig. 1f). The westerlies across South and Southeast
Asia weaken, and so does ocean evaporation (Figs. lc, i and
2e-h). The continental low extends less far to the east and
the southwesterlies turn north earlier, with only weak wind
speeds over the South China Sea compared with the bucket
or dry-land simulations (Figs. 1g—i). Consequently, more
moisture is converged over China, and precipitation here is
enhanced, while precipitation over the Philippines and
South China Sea is reduced (Fig. 2h).

While dry-land and ocean-land represent limiting cases
of land evaporation, the behavior seen in these idealized simu-
lations suggests a possible land—atmosphere feedback that
could be present in more realistic simulations. Enhanced evap-
oration over eastern China could result in cooler land tempera-
tures, leading to reduced thermal and geopotential gradients,
and earlier turning of the monsoon flow over East Asia.
This altered circulation converges moisture over land in addi-
tion to that evaporated locally, fueling convective precipita-
tion and maintaining the supply of moisture for evaporation.

The differences between the idealized simulations
(Fig. 2) suggest how the signature of such a feedback might
appear in intermodel differences. Key features include:
enhanced land evaporation; a high pressure anomaly over
the Philippine and East China Seas and North Pacific;
enhanced rainfall over land, particularly South and East
Asia; and reduced rainfall over the Philippines and Philippine
Sea.

3.2. Evaporation biases in AMIP simulations

The AMIP simulations show a wide range of behaviors
of precipitation and evaporation over East Asia in JJA (Figs.
S3-S5 in the electronic supplementary material). The ideal-
ized model simulations suggest that an evaporation—circula-

tion—precipitation feedback may influence rainfall over
China and the Philippines, and could contribute to model
biases in these regions. In this section, we explore whether
differences in evapotranspiration across AMIP models are
associated with similar circulation and rainfall signals to
those seen in the idealized model.

In the idealized simulations, strong differences in evapo-
ration and surface temperature are seen over China when
the land evaporation parameterization is varied (Fig. 1).
This area showed a diverse range of soil moisture—evapora-
tion coupling across models in CMIP5 (Berg and Sheffield,
2018). To synthesize the range of behaviors in the AMIP sim-
ulations, we average the land evaporation over a box corre-
sponding to this strong-signal region (20°—40°N, 110°-120°
E) and normalize the value for each model by subtracting
the multimodel mean and dividing by the intermodel standard
deviation (see section 2.4). We regress other variables
against this index describing latent heat flux over China,
which we denote CH-LH. Results are not sensitive to the
choice of box — for example, similar results are found from
regressing against global-mean land evaporation (Fig. S6).

Figure 3 shows cross-model regressions of global fields
against CH-LH, which we compare against the idealized simu-
lation differences in Fig. 2. CH-LH is positively correlated
with evaporation over non-arid land regions across Asia
(Fig. 3a) and globally (Fig. S7), indicating that models with
an overly strong CH-LH are likely to have excessive land
evaporation elsewhere. Over ocean, relationships are gener-
ally weaker and statistically insignificant, with the strongest
relationship a negative regression coefficient over the South
China Sea, Philippines and western North Pacific.

Stronger CH-LH is associated with cooler 2-m air temper-
ature locally over China (Fig. 3b), as well as over tropical
Africa and South America, and northern Eurasia (Fig. S7).
The pattern is quite different to the broader continental cool-
ing seen in the idealized model differences (Figs. 2b and f).
This difference reflects that, although soils may dry to differ-
ent degrees across AMIP models, there is still partitioning
between latent and sensible heat fluxes, compared with, for
example, the dry-land simulation where net surface short-
wave radiation and temperature are strongly coupled in the
absence of evapotranspiration.

The cross-model regressions of 850-hPa geopotential
height and precipitation (Figs. 3c and d) show a strikingly sim-
ilar signal to that seen in the idealized model simulations
(Figs. 2c and d). Enhanced CH-LH is correlated with higher
geopotential over Southeast Asia and the North Pacific,
enhanced precipitation over tropical and midlatitude land,
and a deficit of precipitation over the Philippines. We note
that these correlations do not necessarily imply the same
causal pathway as is forced in the idealized simulations by
the experimental design. For example, other processes could
drive circulation changes, which then drive the correlations
observed. Some alternative hypotheses are explored in section
3.3.

To illustrate the behavior seen in individual models,
Fig. 4 compares models with negative (FGOALS-g3) and pos-
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Fig. 3. Cross-model regression of (a) evaporation (mm d-!), (b) 2-m air temperature (K), (c) 850-hPa geopotential
height (m) and wind (m s1), and (d) precipitation (mm d-!) against normalized land evaporation averaged over (20°
—40°N, 110°-120°E) (“CH-LH”, black box). All data are the JJA climatological-mean in 1980-2014 for the AMIP
models listed in Table S1. Stippling indicates where correlations are statistically different from 0 (p < 0.05). In panel
(c), vectors are plotted only where wind speed correlations against CH-LH are statistically different from O (p < 0.05).
Figure S7 provides the equivalent figure for the full globe.
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Fig. 4. JJA climatologies for models with deficient (FGOALS-g3, left column) and excessive (CMCC-CM2-SRS5, right
column) evapotranspiration over East Asia compared with values from observations and reanalysis (MSWEP and JRA-55,
center). From top to bottom, rows show evaporation, near-surface air temperature (filled contours) and 850-hPa geopotential
height (contours, 1475 m in bright blue), precipitation (filled contours) and 850-hPa wind (arrows), and 500-hPa ascent.
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itive (CMCC-CM2-SR5) CH-LH biases against reanalysis
and observations. Similar behavior is seen in these individual
cases to that in the idealized model simulations (Fig. 1). In
FGOALS-g3, where the latent heat flux is weaker, land tem-
peratures are warmer. Similar to the dry-land simulation,
the monsoon westerlies accelerate under the enhanced geopo-
tential gradient (Fig. 4g). Winds converge to the east of the
Philippines, and precipitation falls here, rather than over
China, where mid-level descent is observed (Fig. 4j). In
CMCC-CM2-SRS5, the strong latent heat flux results in
cooler air temperatures over China than are seen in JRA-55
and provides a local supply of boundary-layer moisture for
convection. The westerlies turn towards southerlies over the
Indochina Peninsula and South China Sea, converging addi-
tional moisture over China and driving enhanced precipitation
and convection (Figs. 4i and 1).

The majority of models show excess land evaporation
over (20°-40°N, 110°-120°E) compared with observed esti-
mates from GLEAM (38 excess, 2 deficit) and JRA-55
(35 excess, 5 deficit), and the multimodel mean value is
3.4 mm d-!' compared with 2.6 mm d-! (GLEAM) and
2.8 mm d-! (JRA-55). The multimodel mean precipitation
rate in this region is 5.4 mm d-!, which closely matches obser-
vations (MSWEP: 5.4 mm d-!), with wet and dry biased mod-
els more evenly spread around the mean. Precipitation and
evaporation values in this region are well correlated across
models (r =0.73, p =7 x 10-8). A comparison of values for
individual models is provided in Fig. S5. We find that the spa-
tial patterns seen in Fig. 3 remain when the two driest models
(FGOALS-g3 and FGOALS(f3-L) are excluded from the anal-
ysis (Fig. S8), supporting that the signal is not driven by out-
liers.

3.3. Roles of atmosphere, land and ocean

The Isca simulations indicate that similar precipitation

Evaporation

Latitude

Latitude
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Longitude
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-0.15

-0.45

shifts to those seen in Fig. 3 can be driven by differences in
land evaporation stemming from model parameterization
choices. However, in AMIP, multiple processes besides
land model errors can influence land—sea contrast and could
contribute to the observed behavior; and, as noted above,
the correlations observed do not necessarily indicate that evap-
otranspiration biases are the driver. This section first
explores other factors that might contribute to the intermodel
differences seen in AMIP — specifically:

e Differences in global hydrological cycle intensity and
thus in the availability of soil moisture for evapora-
tion;

e Differences in the demand for land evaporation, e.g.,
due to clouds and humidity influencing surface temper-
ature and atmospheric moisture demand.

Having explored these alternative hypotheses, we then
investigate the potential role of the land parameterizations
by examining differences in the behavior of land models
when given a specified supply of precipitation and forced
with identical atmospheric conditions.

3.3.1.

The strength of the global hydrological cycle varies
across models. For example, in the AMIP simulations pre-
sented here, global-mean precipitation rates vary from 2.8
to 3.3 mm d-!. One possible explanation for the global pattern
of enhanced/weak land evaporation biases seen in Fig. 3 is
that land is wetter and evapotranspiration is stronger in mod-
els with a stronger global hydrological cycle.

Figure 5 shows cross-model regressions of the same vari-
ables shown in Fig. 3 against the normalized global-mean pre-
cipitation for each model. As would be expected from
global moisture conservation, evaporation is well correlated
with global-mean precipitation across both land and ocean.
However, the regional precipitation and geopotential height

Effect of hydrological cycle intensity
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Fig. 5. As Fig. 3 but regressing against normalized global-mean precipitation.
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signals seen in Fig. 3 are not evident here, suggesting that
intermodel differences in global hydrological cycle strength
are not the primary cause of the intermodel differences in
land evaporation and the associated temperature, geopotential
and precipitation anomalies.

Global land-mean precipitation also varies across
AMIP, with a range of 1.6 to 2.7 mm d-! for the simulations
used here. Figure 6 shows the regression against normalized
global land-mean precipitation. Enhanced land precipitation
is positively correlated with land evaporation, and similar
geopotential and precipitation signals are seen as in Fig. 3.
This is consistent with stronger land precipitation supporting
land evaporation anomalies and associated circulation pat-
terns. However, it is not clear whether the enhanced land pre-
cipitation arises from circulation biases driven by other pro-
cesses (e.g., evapotranspiration), or from how convection
schemes behave over land in different models.

3.3.2.  Relationship with the surface energy budget

In addition to the differences in the supply of moisture
via hydrological cycle intensity, differences between models
could result from biases in evaporative demand. For exam-
ple, differences in the surface radiation budget relating to
clouds or water vapor might enhance or suppress evapora-
tion.

Figure 7 shows terms in the surface energy budget
regressed against CH-LH. Land has a low heat capacity,
meaning that the net surface energy flux is expected to be
small. Consistent with this, an enhanced latent heat flux is cor-
related with the net downward surface radiative flux over
land (Fig. 7a). However, it appears that this is a consequence
rather than cause of the enhanced latent heat flux. The net
shortwave flux is very weakly correlated with CH-LH over
land, with the dominant signal being a positive downward cor-

relation over Southeast Asia and the Philippines (Fig. 7b).
This likely relates to the precipitation signal seen in Fig. 3:
enhanced evaporation over land is associated with reduced
precipitation over the Philippines. This can be expected to
reduce cloud cover, and thus generate a positive shortwave
anomaly. Looking at the upward and downward longwave
fluxes (Figs. 7c and d), it can be seen that enhanced evapora-
tion over China is balanced by reduced upward longwave radi-
ation, with cooler land emitting less longwave radiation. At
higher latitudes over Eurasia and North America, a significant
correlation is seen with the downward longwave flux, likely
due to increased humidity providing a strengthened green-
house effect.

3.3.3.  Behavior in land-only simulations

The above subsections have explored possible sources
of simulation differences arising from the atmospheric
model. Differentiating these from issues arising from the
land model is not straightforward. China is a region on the
threshold between demand-limited and soil moisture—limited
evaporation regimes, with different models simulating each
of these states (e.g., Berg and Sheffield, 2018). We found
that diagnostics such as the interannual correlation between
soil moisture and evaporation (cf. Berg and Sheffield, 2018)
or the ratio or difference of evaporation and precipitation
(not shown) can inform on which regime individual models
are in, but do not allow the underlying driver of the bias to
be understood.

To examine whether the land models may contribute to
the evaporation biases seen in the AMIP simulations, we
use data from 11 land-only model simulations performed
for the LS3MIP land-hist experiment. Simulations are
selected where the land models correspond to that used in
the AMIP models presented here. Figure 8a shows the average
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Fig. 6. As Fig. 3 but regressing against normalized global-mean precipitation over land.
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JJA CH-LH in the land-hist versus AMIP simulations. Full
maps of JJA evaporation relative to GLEAM are shown in
Figs. S9-S11 in the electronic supplementary material.

The majority of models simulate excessive evaporation
compared to GLEAM and JRA-55 in both the AMIP and
land-hist simulations. Broadly, models with stronger CH-
LH in land-hist also have stronger CH-LH in AMIP. The
majority of wet-biased models lie above the 1:1 line, indicat-
ing that wet biases are enhanced by coupling to the atmo-
sphere. The CNRM models and EC-Earth3-Veg lie close to
and slightly below the 1:1 line, suggesting that biases
remain in these models but are not amplified with a coupled
atmosphere. FGOALS-g3 simulates the closestaverage evapo-
ration to the observational datasets in land-hist, but
becomes dry-biased in AMIP.

3.3.4. Differences in the coupled-ocean models

Figure 8b shows the CH-LH in AMIP versus the cou-
pled-ocean historical simulations for the subset of models
where data are available for land-hist. The values are highly
correlated (r =0.98, p = 1x1077) and lie close to the 1:1 line.
While coupling to an atmosphere tends to exacerbate errors
in the land-only simulations (Fig. 8a), coupling the AMIP
model to an ocean slightly reduces the difference relative to
GLEAM and JRA-55.

Figure 9 shows regressions against CH-LH for the 40
CMIP6 historical simulations. Similar to AMIP (Fig. S7),
CH-LH is correlated with stronger evaporation over other
land regions. A similar but weaker signal of cooler tempera-
tures over China can also be seen, but this relationship is
not statistically significant in the historical simulations.
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0.05).

Clear differences between the AMIP and historical simula-
tions are evident in the geopotential and precipitation regres-
sions. The weaker relationship between evaporation and
land temperature is reflected in the absence of the geopotential
high signal over the East China Sea and the China/Philippines
precipitation dipole in the historical simulations. Instead,
enhanced land evaporation appears associated with a north-
ward shift in the tropical convergence zone (Fig. 9d) over
the Pacific and Atlantic.

4. Conclusions

Idealized model simulations indicate that the positive
evapotranspiration biases seen in both CMIP5 and 6
(Mueller and Seneviratne, 2014; Wang et al., 2021) could
form part of a self-sustaining feedback, with excessive East
Asian summertime evapotranspiration supporting circulation
biases associated with excessive precipitation over China
and a deficit over the Philippines. This feedback is summa-
rized schematically in Fig. 10. Cross-model regressions in
40 AMIP simulations suggest a relationship between the
latent heat flux over China, the low-level circulation and pre-
cipitation that is consistent with this feedback.

The idealized simulations demonstrate that variations in
the strength of this feedback loop can arise from the parame-
terization of land hydrology. However, multiple processes
could contribute to the behavior in AMIP, and different pro-
cesses may underlie errors in individual models. Here, we
explore three possible aspects that might drive such a feed-
back loop in AMIP: differences in global hydrological cycle

intensity; errors in surface radiative fluxes — for example,
relating to cloud or water vapor; and land model errors.
Across models, we find that differences in global hydrological
cycle strength or surface radiative fluxes do not appear to
explain the evapotranspiration biases, but that land model
errors may play a role.

Using data from land-only simulations (land-hist), we
find that land models show varied evapotranspiration over
East Asia, even when driven by the same radiative and meteo-
rological conditions (Fig. 8a). The available land-hist data
suggest that models with strong evapotranspiration over
China in the land-hist simulations tend to have further
enhanced evapotranspiration when coupled to an atmosphere
in the AMIP simulations. This is consistent with excessive
evapotranspiration in land-only simulations driving circula-
tion anomalies that converge moisture over China when the
land model is coupled to an atmosphere, further amplifying
the bias in the land model. It is important to note that other
processes besides those explored here could drive the atmo-
spheric circulation biases observed, and thus result in the asso-
ciated precipitation and evaporation biases.

We highlight that AMIP data alone are not sufficient to
identify the root causes of the AMIP precipitation biases.
The evapotranspiration regime over East Asia in an individual
AMIP simulation may be soil moisture— or demand-limited,
and relationships between soil moisture, evaporation, precipi-
tation and runoff can be evaluated that reflect this. However,
the evaporative regime is strongly influenced by the amount
of precipitation falling over East Asia, which in turn is influ-
enced by pressure and circulation anomalies. The Isca simula-
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Fig. 10. Schematic illustrating the feedback loop discussed in sections 3.1 and 3.2. Grey boxes show some model
biases that might contribute to the feedback, as explored in section 3.3.

tions demonstrate that these, in turn, may be driven by an
excess or deficit of evapotranspiration. To identify sources
of bias within this loop requires the atmosphere and land
model components to be examined separately. Results from
only 11 land-only simulations were available for comparison
with the AMIP simulations in this study. Greater participation
in the land-hist simulation would be valuable for untangling
these important land—atmosphere interactions.

Evapotranspiration biases over China in the coupled-
ocean historical simulations are highly correlated with those
in AMIP simulations (Fig. 8b). However, the associated circu-
lation and precipitation patterns are very different. The corre-
lation with precipitation over the Philippines seen in AMIP
is absent in the coupled models (Fig. 9). This may be
explained by the bias compensation mechanism identified
by Yang et al. (2019), who found that AMIP models with pos-
itive precipitation biases over the northwestern Pacific had a
reduced surface energy flux in the same region. When coupled
to an ocean, this resulted in a cold SST bias, limiting evapora-
tion and generating pressure and circulation biases that
reduced precipitation, compensating for the bias in the atmo-
sphere and land models.

We note that in the coupled-ocean historical simula-
tions, excess evaporation over China appears correlated
with a slight northward shift of the ITCZ over the Pacific
and Atlantic basins. This suggests that while land evaporation
biases in fixed-SST simulations influence the circulation pri-
marily by altering stationary wave patterns (e.g., the 850-
hPa geopotential height anomalies over East Asia presented
here), in coupled simulations the altered land surface energy
budget might induce broader scale but weaker shifts in the
meridional overturning circulation. Further work and targeted
model simulations would be needed to explore this point.
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