University of
< Reading

Effect of global and regional SST biases
on the East Asian Summer Monsoon in
the MetUM GA7 and GCS3 configurations

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open Access

Franco-Diaz, A., Klingaman, N. P. ORCID:
https://orcid.org/0000-0002-2927-9303, Turner, A. G. ORCID:
https://orcid.org/0000-0002-0642-6876, Dong, B. ORCID:
https://orcid.org/0000-0003-0809-7911 and Guo, L. (2024)
Effect of global and regional SST biases on the East Asian
Summer Monsoon in the MetUM GA7 and GC3 configurations.
Climate Dynamics, 62. pp. 1535-1553. ISSN 1432-0894 doi:
10.1007/s00382-023-06954-w Available at
https://centaur.reading.ac.uk/113297/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1007/s00382-023-06954-w

Publisher: Springer

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.



http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://centaur.reading.ac.uk/licence

University of
< Reading

www.reading.ac.uk/centaur

CentAUR

Central Archive at the University of Reading

Reading’s research outputs online


http://www.reading.ac.uk/centaur

Climate Dynamics
https://doi.org/10.1007/500382-023-06954-w

ORIGINAL ARTICLE q

Check for
updates

Effect of global and regional SST biases on the East Asian Summer
Monsoon in the MetUM GA7 and GC3 configurations

Armenia Franco-Diaz' - Nicholas P. Klingaman®* - Andrew G. Turner®? . Buwen Dong? - Liang Guo?

Received: 23 December 2022 / Accepted: 7 September 2023
© The Author(s) 2023

Abstract

Climate-length experiments of the Met Office Unified Model Global Atmosphere 7.0 (GA7) and Global Coupled 3.0 (GC3)
configurations are evaluated against observations and reanalyses for the simulation of the East Asian summer monsoon
(EASM). The results show systematic model biases, such as overestimated rainfall over southern China and underestimated
rainfall over northern China, suggesting a monsoon that does not penetrate northward enough. We evaluate the effects on
the EASM of regional errors in sea-surface temperature (SST) conditions in three regions: the Pacific, the Indian, and the
Atlantic Oceans. The global SST biases in GC3 configuration substantially shift the EASM seasonal cycle: a late northward
progression of the EASM in the early/mid-monsoon season, and an early retreat of the monsoon that also reduces rainfall
over most of northern China. The EASM seasonal rainfall bias in the EASM region is linked to changes in the locations and
strength of the western North Pacific subtropical high, which is associated with biases in local evaporation and moisture
transport towards South China. GC3 biases in the El Nifio-Southern Oscillation (ENSO) and the Indian Ocean Dipole (I0D)
teleconnection pathways also influence the EASM biases. GC3 biases weaken the ENSO teleconnection to the EASM and
cause a strong dry bias in southeast China during developing El Nifio.

Keywords MetUM - ENSO - IOD - Interannual variability

1 Introduction

East Asian Summer Monsoon (EASM) rainfall is crucial
for one of the most densely populated regions in the world.
The population of China strongly depends on EASM rain-
fall for socio-economic development, such as agriculture,
industry, transportation, and infrastructure systems. The
EASM is subject to interannual variability that induces
floods and droughts and can cause casualties and economic
losses (Song and Zhou 2014; Jiang et al. 2021). Therefore,
it is necessary to develop weather and climate models that
can accurately predict variability and projected change in
summer monsoon rainfall over China. Despite recent suc-
cesses in seasonal predictions for specific regions in China
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[e.g., the Yangtze River Valley forecast from the Climate
Science for Service Partnership China; Li et al. (2016)], the
simulation of summer monsoon rainfall in global numerical
models is still challenging. Models often overestimate rain-
fall in southern China and underestimate rainfall in northern
China. For example, in the Coupled Model Intercompari-
son Project Phase 3 (CMIP3) and the Coupled Model Inter-
comparison Project Phase 5 (CMIP5) atmospheric general
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circulation models (AGCMs), these rainfall biases are often
associated with a weak and southeastward shifted western
North Pacific subtropical high (WNPSH), which is linked to
a southward shift in moisture transports to East Asia (EA;
Song and Zhou 2014; He and Zhou 2014). Also, coupled
general circulation models (CGCMs) underestimate the
southeast-northwest precipitation gradient, show a deficient
strength of the EASM circulation, and overestimate the spa-
tial and magnitude of interannual precipitation variability
in EA (Jiang et al. 2016). The Met Office Unified Model
(MetUM) produces too much rainfall in southern China and
too little rainfall in northern China [e.g., MetUM Global
Atmosphere 6.0; Stephan et al. (2018)]. Guo et al. (2020)
identified systematic errors of MetUM atmosphere-only and
atmosphere-ocean coupled configurations in simulating the
moisture sources of East Asian precipitation. Their results
suggest that MetUM precipitation biases in EA are linked
to underestimated moisture contributions from the tropi-
cal Indian Ocean and overestimated contributions from the
Eurasian continent.

Other hypothesised sources of EASM systematic model
errors include biases in the large-scale meridional tropo-
spheric temperature gradient (Dai et al. 2013) and coarsely
resolved topography over EA (Wu et al. 2017). The latter is
associated with an underestimated ascent over the mountains
of subtropical EA and the Tibetan Plateau. This creates over-
estimated southerly winds and, compared with observations
and high-resolution models, reduces East Asian pre-summer
precipitation further north. Another source of hypothesised
systematic errors in the thermal forcing is biasing in Pacific
and Indian Ocean SSTs. The latter is associated with the
representation of the Walker circulation and wave propaga-
tion from the Indian to the Pacific Oceans (Wang et al. 2013;
Lee et al. 2013). Finally, the monsoon front is often too weak
in models and shifted south (Kusonoki et al. 2006), which
leads to a wet bias in southern China. These biases are asso-
ciated with errors in representing the large-scale circulation
in the Pacific and the land-sea temperature contrast (Lau and
Ploshay 2009; Li et al. 2019).

The representation of the EASM interannual variability
and its relationship with interannual modes of variability,
such as the El Nifio-Southern Oscillation (ENSO; Wang
et al. 2008; Liu et al. 2008), has also been studied. Observed
El Nifio (La Nifia) winters correspond to wetter (drier) sum-
mers along EA in the following year (Li and Zhou 2012).
Wang et al. (2000) suggested that the EASM is influenced
by El Nifio (La Nifia) through anomalous lower-tropospheric
circulations over the western North Pacific (WNP). This
anomalous anticyclone (cyclone) effect persists over winter
and the following summer through positive atmosphere-
ocean feedback. Other studies have suggested that this
delayed correspondence implies an ENSO-induced tropi-
cal Indian Ocean-Philippine Sea convection teleconnection
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pattern, in which the Indian Ocean SSTs warming prevails
until summer (Li et al. 2008; Song and Zhou 2014). This
warming creates a response in tropospheric temperature
through a Matsuno—Gill-type mechanism (Matsuno 1966;
Gill 1980), in which a tropospheric Kelvin wave propagates
into the equatorial western Pacific and suppresses the con-
vection over the Philippine Sea (Xie et al. 2009, 2016).

Models show strong biases in the ENSO teleconnection
paths to EASM (Fu and Lu 2017). Fu et al. (2013) found that
some CMIP3 coupled general circulation models (CGCMs)
represent ENSO’s impact over the EA summer precipita-
tion only when the variability of ENSO is overestimated.
However, CGCMs are likely to improve the representation
of atmosphere-ocean interactions over the west Pacific and
the Indian Ocean for the ENSO teleconnection paths to
EASM (e.g., Ding et al. 2014; Fu and Lu 2017), compared
with AGCMs (e.g., Wu et al. 2006; Song and Zhou 2014).
Although there are signs of improvement in EASM biases in
the latest generation of models, most systematic errors have
defied years of investment in model development (Sperber
et al. 2013).

The effects of the Indian Ocean Dipole (IOD; Saji et al.
1999) on the EASM variability have also been studied. The
IOD is an interannual mode of variability characterised by
opposing SST anomalies in the western and eastern tropi-
cal Indian Ocean. The positive (negative) IOD is linked to
a normal (late) EASM onset in the following year (Yuan
et al. 2008). A summer following a positive (negative) IOD
episode shows an enhanced (weakened) 500-hPa western
Pacific subtropical high and an anomalous westwards (east-
wards) high ridge. In climate models, the representation of
the IOD strength and phases is challenging due to the exist-
ent biases in SSTs, and in thermocline and wind feedbacks
(Weller and Cai 2013; Ha et al. 2017; Wang et al. 2017).
Most CMIP3 and CMIP5 models show that the IOD biases
are led by a too-strong Bjerknes feedback simulated in the
equatorial Indian Ocean (Cai and Cowan 2013). These biases
are caused by a too-strong climatological easterly wind on
the east side of the IOD, which leads to an unrealistic ther-
mocline and a largely biased west-to-east SST gradient.

Previous studies have employed the MetUM atmosphere
model coupled with a mixed-layer ocean model (Hirons
et al. 2015) to understand the effect of global and regional
SST biases in Asian rainfall. Using this numeric approach,
Levine et al. (2021) identified the strengthening of the
atmospheric Indian monsoon base state due to SST biases
in the Indian Ocean. Even more, their regional coupled
simulations showed to be affected by both differences in
SST biases and interannual SST variability. Using MetUM
coupled simulations, Stephan et al. (2019) identified the
causes of decadal variability of the Silk Road pattern
(SRP) teleconnection. These coupled experiments allowed
testing the impact of simulated Atlantic and Pacific SST
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internal variability: on decadal time scales, the North
Atlantic and the North Pacific might indirectly affect the
SRP by modulating South Asian rainfall.

This study aims to identify the causes of model errors in
simulating the EASM rainfall with a MetUM atmosphere-
ocean coupled configuration while using hybrid configura-
tions of the ocean mean state for specific oceanic basins
in long-range simulations. Our study aims to identify the
effects of global and isolated regional SST biases on the
EASM within a coupled-model framework. Relatively
novel, this hybrid configuration technique is used for the
first time to diagnose the change in EASM systematic
errors between simulations, revealing how regional SST
biases affect the EASM identifying priority regions for
model development to reduce these biases. Also, we iden-
tify errors in representing key coupled modes of interan-
nual variability, such as ENSO and the IOD. Using this
approach, we investigate errors in mean EASM rainfall,
the position of EASM circulation features, such as the
WNPSH, and errors in moisture sources and transport
pathways for the EASM. The latter is crucial to understand
the links between biases in SSTs, evaporation, atmospheric
circulation, and convection.

This paper is structured as follows. Section 2 introduces
the model simulations, observational and reanalyses data,
and analysis methods. Next, results from numerical simu-
lations and analysis of the mean climate and teleconnec-
tions are discussed in Sect. 3. Finally, Sect. 4 is a discus-
sion and summarises the main findings of our study.

2 Data and methods
2.1 Met Office global coupled simulation

We analyse output from a climate simulation of an atmos-
phere-ocean coupled MetUM configuration at the fixed
scientific configuration Global Coupled 3.0 (MetUM-GC3;
Williams et al. 2017), which comprises Global Atmos-
phere 7.0 (MetUM-GA7; Walters et al. 2019) coupled
to the Nucleus for European Modelling of the Oceans
(NEMO) dynamical ocean model. MetUM-GA7 has a hor-
izontal resolution is 1.875° x 1.25° (N96) with 85 vertical
levels and a model lid at 85 km. NEMO uses a tri-polar
horizontal grid with an approximate resolution of 0.25°
with 75 levels unequally spaced in the vertical to provide
higher resolution in the upper ocean.

We analyse 100 years (nominally 2013-2112) of the
MetUM-GC3 present-day control simulation (GC3), which
has fixed greenhouse gases and aerosol concentrations
held at approximately 1990 values.

2.1.1 Met Office global ocean mixed layer model
experiments: effect of global and regional SST

To understand the effect of MetUM-GC3 SST biases on the
EASM, we perform and analyse a set of 30-year climate
simulations with the MetUM Global Ocean Mixed Layer
3.0 scientific configuration (MetUM-GOML3). MetUM-
GOML3 comprises the same MetUM-GA7 atmosphere
as in MetUM-GC3 but coupled to the Multi-Column K
Profile Parameterisation mixed-layer ocean model in lieu
of the NEMO dynamical ocean model. Since MetUM-
GOML3 lacks oceanic dynamics, the effects of the mean
ocean dynamics on the vertical and horizontal distributions
of ocean temperature and salinity are prescribed through
temperature and salinity corrections (Hirons et al. 2015;
Peatman and Klingaman 2018). These corrections also
account for biases in atmosphere-ocean surface fluxes that
cause the mean states of coupled models with dynamical
oceans to drift. For runs constrained to a single annual cli-
matology, the corrections are computed by first running a
ten-year MetUM-GOML3 simulation in which the ocean
temperature and salinity are relaxed with a 15-day timescale
to a chosen ocean temperature and salinity climatology. For
runs constrained to an ENSO or IOD cycle, the relaxation
simulations are 30 years long. The daily relaxation terms
are saved over the simulation; the mean seasonal cycle of
those relaxation terms is then prescribed in the fully cou-
pled simulation, which is run without relaxation. The tem-
perature and salinity corrections are sufficient to constrain
the MetUM-GOML3 mean state to the target climatology
while still permitting coupled atmosphere-ocean variability
on all temporal scales. A significant advantage of MetUM-
GOML3 for this study is that the model lacks coupled modes
of natural variability, such as ENSO, which often complicate
the interpretation of systematic errors in the mean state of
coupled models. For further details on MetUM-GOML and
the correction method, see Hirons et al. (2015).

We perform and analyse five 30-year MetUM-GOML3
experiments, each to a different ocean mean state. The first,
a control experiment (GOML3-OBS), is constrained to an
observation-based global ocean climatology: 1980-2009
mean seasonal cycle of the ocean temperature and salin-
ity dataset (Smith and Murphy 2007, hereafter SM07). The
second (GOML3-GC3gbl) is constrained to the global ocean
mean state from MetUM-GC3. Comparing GOML3-GC3 to
GOML3-OBS shows the effect of global MetUM-GC3 mean
SST biases. Importantly, MetUM-GOML3 allows the effects
of these coupled-model SST biases to be reproduced in a
(thermodynamic) coupled model configuration rather than
the traditional experiment design of using atmosphere-only
models with prescribed coupled-model SSTs. The final set
of three experiments are constrained hybrid configurations
of the observed and the MetUM-GC3 ocean mean states,
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with the MetUM-GC3 mean state imposed in only one ocean
basin: only in the Atlantic Ocean (GOML-GC3atl), only in
the Pacific Ocean (GOML3-GC3pac) and only in the Indian
Ocean (GOML3-GC3ind). Comparing any of these experi-
ments to GOML3-OBS shows the effect of biases in the
target ocean basin, again in an air-sea coupled model con-
figuration. The experiments are summarised in Table 1.
These five MetUM-GOML3 experiments are run for 30
years each, initialised from the end of the corresponding ten-
year relaxation simulation. All MetUM-GOML3 simulations
in this paper use the exact N96L.85 atmospheric resolution as
in MetUM-GC3. The atmospheric and oceanic resolutions
are identical as GOML3 runs with one mixed-layer ocean
column under each atmospheric gridpoint. The GOML3
ocean has 100 vertical points in a 1000 m column, unevenly
spaced to provide finer resolution in the upper ocean.

2.1.2 Met Office global ocean mixed layer model
experiments: effect of global SST on ENSO and 10D
teleconnections on the EASM

MetUM-GOML also permits simulations where the SST
variability from a large-scale climate mode (e.g., ENSO
or the IOD) is added to the ocean mean state as a repeat-
ing multi-annual cycle. The effect of MetUM-GC3 SST
biases on ENSO and IOD teleconnections to the EASM is
investigated. For this, we perform and analyse four 60-year
MetUM-GOML3 experiments, each constrained to a differ-
ent combination of mean state and variability. The first, a
control experiment (GOML3-OBS_ENSO), is constrained to
an observation-based global ocean climatology of the SMO07
dataset and a 3-year repeating observed ENSO cycle (e.g.,
a 3-year-repeating cycle of El Nifio, La Nifia and neutral

conditions; Klingaman and Demott 2020). The second
(GOML3-GC3_ENSO) is constrained to a hybrid configu-
ration of the global ocean mean state from MetUM-GC3 and
a 3-year repeating observed ENSO cycle. The comparison
of GOML3-GC3_ENSO to GOML3-OBS_ENSO shows the
effect of global MetUM-GC3 mean SST biases on the repre-
sentation of the ENSO teleconnection in GOMLS3.

The third is a control experiment (GOML3-OBS_IOD) is
constrained to an observation-based global ocean climatol-
ogy of the SM07 dataset and a 3-year repeating observed
10D cycle (a 3-year-repeating cycle of positive IOD phase,
negative IOD phase, and neutral conditions). Finally, the
fourth experiment (GOML3-GC3_IOD) is a constrained
hybrid configuration of the global ocean mean state from
MetUM-GC3 and a 3-year repeating observed 10D cycle.
The differences between GOML3-OBS_IOD and GOML3-
GC3_IOD reveal how biases in the GC3 ocean mean state
affect the teleconnections of the IOD to the EASM, separate
from the effects of biases in the GC3 representations of IOD
itself. The experiments are summarised in Table 2. For these
analyses, the MetUM-GOML3 experiments are run for 60
years, initialised from the end of the corresponding 30-year
relaxation simulation.

Table 3 indicates the purpose of the comparison among
the experiments detailed in Sect. 2 and helps to interpret
the highlights of the effect of global and regional GC3 SST
biases.

2.2 Water Accounting Model-2layers
The Water Accounting Model-2layers (WAM-2layers; van

der Ent et al. 2013, 2014) is an Eulerian moisture track-
ing method based on the atmospheric water conservation

Table 1 Key to MetUM and

Ocean mean state

. Simulation
MetUM-GOML3 experiments
performed and analysed in MetUM-GC3
Sects. 3.2 and 3.3, including the GOML3-OBS

name used in the text and the
ocean mean state to which the
simulation is constrained

GOML3-GC3gbl
GOML3-GC3atl

GOML3-GC3ind
GOML3-GC3pac

MetUM-GC3 globally

SMO7 (observed climatology) globally

MetUM-GC3 globally

MetUM-GC3 in Atlantic, SMO7 (observed climatology) elsewhere
MetUM-GC3 in Indian, SMO7 (observed climatology) elsewhere
MetUM-GC3 in Pacific, SM07 (observed climatology) elsewhere

Table2 Key to MetUM-GOMLS3 experiments performed and analysed in Sects. 3.4.1 and 3.4.2, including the name used in the text and the

ocean mean state to which the simulation is constrained

Simulation

Ocean mean state

GOML3-OBS_ENSO
GOML3-GC3_ENSO
GOML3-OBS_IOD
GOML3-GC3_IOD

SMO7 + 3-year repeating observed ENSO cycle
MetUM-GC3 + 3-year repeating observed ENSO cycle
SMO7 + 3-year repeating observed 10D cycle
MetUM-GC3 + 3-year repeating observed 10D cycle
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Table 3 Set of MetUM-

. Experiments confronted
GOML3 experiments performed

Result of the comparison between the two experiments

and analysed in Sects. 3.2, 3.3,
and 3.4, and the result of the
comparison with each other

GOML3-GC3_IOD vs. GOML3-OBS_IOD

GOML3-GC3gbl vs. GOML3-OBS
GOML3-GC3atl vs. GOML3-OBS
GOML3-GC3ind vs. GOML3-OBS
GOML3-GC3pac vs. GOML3-OBS
GOML3-GC3_ENSO vs. GOML3-OBS_ENSO

The effect of global MetUM-GC3 mean SST biases
The effect of Atlantic MetUM-GC3 mean SST biases
The effect of Indian MetUM-GC3 mean SST biases
The effect of Pacific MetUM-GC3 mean SST biases

The effect of global MetUM-GC3 mean SST biases on
the ENSO teleconnection

The effect of global MetUM-GC3 mean SST biases on
the IOD teleconnection

equation, that traces moisture sources or sinks using a com-
bination of precipitation, evaporation, and moisture flux
from a chosen domain. In this study, we apply the WAM-2
layers to trace atmospheric moisture from origin to destina-
tion or vice versa. We use the WAM-2layers output vari-
able that represents the tracked evaporation, which means
the evaporation from any grid point (globally) that becomes
precipitation in a defined study region (box). In addition,
this variable defines the source regions that represent the
sum of tracked evaporation equal to the precipitation in the
study region (box).

The region of study for the WAM-2layers analysis is
enclosed by 20°-33° N latitude and 105°-124° E longi-
tude, and is referred to as the “South China box” onwards.
The WAM-2layers has been successfully applied by Guo
et al. (2019) and Guo et al. (2020) to track sources or sinks
of moisture related to East Asian precipitation simulated
with GOML3. In this study, we apply the WAM-2layers to
the fifth-generation European Centre for Medium-Range
Weather Forecasts reanalysis (ERAS; Hersbach et al. 2020)
reanalysis, the experiments GOML3-GC3gbl, GOML3-
OBS, GOML3-GC3ind, GOML3-GC3pac and GOML3-
GC3atl (see Table 1 for reference), and all the GOML3
experiments for ENSO and 10D cycles described in Table 2.

2.3 Validation datasets

In Sect. 3, we compare simulated rainfall to rainfall from
ERAS reanalysis and the version-2 Global Precipitation Cli-
matology Project (GPCP; Adler et al. 2018), available for
1979-2019. ERAS rainfall dataset is used for consistency with
the WAM analysis described in Sect. 2.2. Jiao et al. (2021)
found that ERAS5 captures the annual and seasonal patterns
of rainfall in China, though slightly overestimates precipita-
tion during summer. Nogueira (2020) showed that, using the
GPCP data as a reference, ERAS has a good representation of
rainfall over southeast Asia, improving the performance of its
predecessor, the ERA-interim reanalysis (Dee et al. 2011). The
author suggests ERAS5 better represents tropical circulation,
deep convection intensity, and moisture flux convergence pat-
terns. In the present study, we also compare simulated winds

to those from ERAS, available for 1979-2019. Simulated sea
surface temperature (SSTs) are compared to observations
from the National Oceanic and Atmospheric Administration
(NOAA), fifth-version of the Extended Reconstructed Sea
Surface Temperature product (ERSSTvS; Huang et al. 2017),
available for 1979-2019. All validation data are interpolated
onto the MetUM N96 grid using the area-weighted interpola-
tion. Linear regression analysis and/or the statistical hypothesis
test (t-test) are used to analyse the experiments presented in
this study.

3 Results
3.1 GQC3 rainfall biases

In this section, we assess the representation of rainfall
over East Asia in the MetUM-GC3 present-day control
simulation (MetUM-GC3), comparing it to ERAS rainfall
and GPCP rainfall (1979-2019). MetUM-GC3 presents a
delayed northward progression of rainfall (in July rather than
in June), as well as too little northward propagation when
it does happen (to =~ 30-35° N rather than = 40° N). The
withdrawal occurs too early (in early August rather than mid-
August and September; figure not shown). During June-Sep-
tember (JJAS), GC3 underestimates rainfall over east China,
the Korean Peninsula, and the Sea of Japan, with biases up
to —3 mmday ™', whereas rainfall is overestimated in south-
eastern China, with biases up to +5 mm day~! (Fig. 1). Posi-
tive biases of rainfall are also found in most of the Indo-
chinese Peninsula, the South China Sea, and the Philippine
Sea, which indicates a systematic misrepresentation of the
northward progression of the EASM in GC3. The strongest
GC3 dry bias is found in most of the Maritime Continent, the
Bay of Bengal, and India, with underestimations of rainfall
of up to 11 mm day~".

3.2 Effects of global GC3 SST biases on EASM using
GOML3

In this section, we compare the GOML3 simulation con-
strained to the GC3 ocean mean state (GOML3-GC3gbl)
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Fig. 1 Rainfall bias of MetUM forced by the GC3 global ocean mean
state, during JJAS, from a MetUM-GC3 minus ERAS reanalysis rain-
fall, and b MetUM-GC3 minus GPCP rainfall (mm day_l)

with the GOML3 simulation constrained to the observed
ocean mean state (GOML3-OBS) to show the effect of
GC3 SST systematic errors on the EASM. This compar-
ison indicates that GC3 global SST biases, when taken
together, have little effect on the JJAS mean rainfall and

GOML3-GC3gbl GOML3-0OBS
1 L L L Il L L '

circulation in the EASM region (Fig. 6d). However, the
negligible seasonal mean differences hide a substantial
shift in the seasonal cycle. GC3 SST biases delay the onset
of the monsoon over southern China, reducing rainfall in
June and increasing rainfall in July (Fig. 2). GC3 global
SST biases also reduce rainfall in August and increase
rainfall in September, perhaps because the monsoon
retreats later across southern China in GOML3-GC3gbl
than in GOML3-OBS. These differences are associated
with an anomalous anticyclonic circulation in the West
Pacific near the Philippines, corresponding to an enhanced
WNPSH. As a result, convection over the West Pacific
shifts south and east, reducing the overestimated South
China Sea rainfall in atmosphere-only simulations (GC3
experiment). This shift is associated with a quadrupole
pattern of rainfall differences, with centres over the equa-
torial Indian Ocean, India, north of the Maritime Conti-
nent and the West Pacific (Fig. 3).

The GC3 global SST biases delay the EASM northward
progression over continental China, enhancing vertically
integrated moisture transport (VIMF) divergence over a
large portion of southeastern China and southern Japan in
June (not shown). On the other hand, VIMF convergence is
enhanced in the Pacific portion of the sea located around the
Ryukyu Islands region. In June, GC3 SST biases increase the
outgoing long-wave radiation (OLR; not shown) over south-
eastern China, India, Bangladesh and most of the Indian
Ocean, associated with reduced deep convection and rain-
fall (Fig. 3). Conversely, GOML3-GC3gbl strongly increases
convective activity and rainfall in the Maritime Continent
and, to a lesser extent, the North Pacific Ocean.

GOML3-GC3gbl - GOML3-OBS
1 L L L 1 L L

L 1 L

01 Oct

01 Sep

01 Aug

01 Jul

01 Jun

0 20N
Latitude

40N 0

[T T T ]

~ e AR

Latitude

40N 0 20N 40N
Latitude

___UENEEEEE

-1
mm-day
TR o r 302060 or

Fig.2 Time vs. latitude Hovméller diagrams of 115°-122° E averaged rainfall (mm day™") for a GOML3-GC3gbl, b GOML3-OBS experi-
ments, and c¢ the difference between them (GOML3-GC3gbl minus GOML3-OBS)
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45°N

30°N

15°N
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30°N

15°N

0°

Fig. 3 Effect of GC3 global SST biases used to force the GOML3 model in the GOML3-GC3gbl experiment on a June, b July, ¢ August, and d
September rainfall (shaded, mm day_l) and on 850 hPa winds (arrows, ms™")

As the EASM season progresses, GC3 global SST biases
promote a quadrupole pattern of rainfall and convection dif-
ferences that prevail through the rest of the monsoon season
(Fig. 3). The two left-side poles of this quadrupole are char-
acterised by enhanced precipitation in India and Bangladesh
(upper pole) and reduced precipitation over the equatorial
Indian Ocean (down pole). In addition, differences in 850
hPa winds indicate an enhanced Indian monsoon circulation
(Fig. 3).

In September, a late retreat of the EASM is associated
with increased deep convection and rainfall over southeast
China and the Indochinese Peninsula and reduced rainfall
over the Philippine Sea and most of the Maritime Continent.

We compute the moisture sources for June-September
rainfall in an area of South East China with strong differ-
ences between simulated and observed rainfall, which is
enclosed by the South China box (Fig. 4). The South China
box corresponds to most South East China and resembles
Region 1 in Guo et al. (2019). We determine moisture
sources of precipitation over EA in both ERAS5 reanalysis
and GOML3 experiments using the WAM-2layers method,
described in Sect. 2.2.

Through the EASM season, most of the differences
between GOML3-GC3gbl and GOML3-OBS are found in

the Philippine Sea, the Arabian Sea, the Indian Ocean,
Southern China, and the Tibetan Plateau (Fig. 4). The dif-
ferences of moisture sources of rainfall in the south China
box reach up to +6 mm day_l, where GC3 negative dif-
ferences are found in the Philippine Sea throughout the
season. During June, the GC3 simulations underestimate
moisture sources of rainfall over the Indian Ocean and the
Indochinese peninsula. Simultaneously, the GC3 anoma-
lies present weakened vertically integrated moisture flux
over the Indian Ocean, related to a weakened Indian mon-
soon circulation (Fig. 4a). Rodriguez et al. (2019) sug-
gested that mid-June dry biases over the Indian peninsula
and the Bay of Bengal are linked to an erroneous Hadley
circulation that connects biases of the West Pacific’s con-
vergence with the Maritime continent divergence.

As the EASM season progresses, the moisture flux
anomalies turn to follow an enhanced Indian monsoon
circulation (Fig. 4b). At the end of the monsoon season
(September), the largest GOML3-GC3gbl overestimates
of moisture are present in South China, the Tibetan Pla-
teau, and the Indochinese Peninsula (Fig. 4c), with up to
+6 mm day ™!, which is associated with the late withdrawal
of the EASM.
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Fig.4 Difference in the WAM-2layers tracked mean moisture source
for the precipitation in south China box delimited by the green poly-
gon (shaded, mmday™') and tracked vertically integrated moisture
flux (vectors, m®month™"), calculated with GOML3 with global

3.3 Effects of regional GC3 biases on EASM using
GOML3

We further explore the mechanisms by which GC3 SST
biases influence the EASM by using GOML3 simulations to
isolate the effects of regional GC3 SST biases in the Indian,
Pacific, and Atlantic Oceans. We compare GOML3-GC3ind,
GOML3-GC3pac and GOML3-GC3atl, respectively, to
GOML3-0OBS and results are shown in Figs. 5 and 6.

The GC3 Indian Ocean SST biases are characterised by
cold SSTs in the northern Indian Ocean (Fig. 5a). These SST
biases reduce JJAS rainfall by up to 2 mm day ™' over most
southeastern China and the East China Sea (Fig. 6a), linked
to an anomalous cyclonic upper-tropospheric circulation at
200 hPa near ~ 32° N.

GC3 Indian Ocean SST biases cause a dipole pattern
of precipitation anomalies with enhanced rainfall over
India and the Bay of Bengal and suppressed rainfall in the
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SST bias (GOML3-GC3gbl) minus GOML3 with observed SSTs
(GOML3-OBS) for a June, b July, ¢ August, and d September. Stip-
pling and vectors indicate significance at the 5% level using the Stu-
dent’s t-test

equatorial Indian Ocean. This is related to an enhanced
Indian monsoon circulation, which prevails most of the
summer. These cold SST biases have been found in stud-
ies using previous configurations of the MetUM (e.g., Lev-
ine and Turner 2012; Levine et al. 2021) and have been
attributed to errors in atmospheric wind stress forcing of
the Indian Ocean. The WAM-2layer analysis for GOML3-
GC3ind experiments shows that the reduction of rainfall in
the south China box is associated with cyclonic moisture
transport difference centred over continental India (Fig. 7a).
This decrease in rainfall is also related to negative moisture
sources of rainfall in the Indian Ocean and the Philippine
Sea, with up to —2 mm day ™ in both cases.

Cold SSTs characterise the GC3 SST biases in the Pacific
Ocean in most of the North Pacific and warm SSTs in the
extratropical South Pacific (Fig. 5b). These SST biases are
linked with an anomalous 850 hPa anticyclone centred in
the North Pacific. Simultaneously, the mean flow in the East
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Fig.5 Differences in JJAS SSTs (shaded, °C) and 850 hPa winds
(arrows, ms~!) for a GOML3-GC3ind minus GOML3-OBS, b
GOML3-GC3pac minus GOML3-OBS, ¢ GOML3-GC3atl minus
GOML3-0BS, and d GOML3-GC3gbl minus GOML3-OBS experi-
ments

Pacific, the Caribbean Sea and the North Atlantic subtropical
high circulation weaken. This link between the large-scale
features of the two oceans is known as the ’atmospheric
bridge’, which links the Hadley and Walker circulations in
the Pacific with the Atlantic Hadley circulation (e.g., Alex-
ander and Scott 2002).

Regionally, the GC3 Pacific SST biases strengthen the
WNPSH centred in the Philippine Sea (Fig. 5b) and increase
seasonal rainfall over most of southeastern China. This is
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Fig.6 Differences in JJAS rainfall (shaded, mmday~") and 850 hPa
winds (arrows, ms~!) for a GOML3-GC3ind minus GOML3-OBS,
b GOML3-GC3pac minus GOML3-OBS, ¢ GOML3-GC3atl minus
GOML3-0BS, and d GOML3-GC3gbl minus GOML3-OBS experi-
ments
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Fig.7 Differences in the JJAS moisture sources of rainfall (shaded, »
mmday™") and vertically integrated moisture transport (arrows, JJAS, GOML3-GC3ind - GOML3-OBS
m?® month™"), obtained using the WAM-2layers for the South China 75°N
box (green box) for a GOML3-GC3ind minus GOML3-OBS, b
GOML3-GC3pac minus GOML3-OBS, ¢ GOML3-GC3atl minus
GOML3-0BS, and d GOML3-GC3gbl minus GOML3-OBS experi- 45°N
ments. Stippling and vectors indicate significance at the 5% level

4e+10 m*-month”

60°N

; 30°N
using the Student’s t-test
15°N
. . . 0°
related to an earlier northward progression of the EASM in
15°S

June, characterised by a prominent band of enhanced rain
around 20-30° N, which extends over China and the East 30°S

China Sea, with up to 2—4 mm day~! more rainfall (Fig. 6b). 180°
On the other hand, the Pacific SST biases suppress rainfall
in the South China and the Philippine Seas and increase 75N ___
rainfall in the equatorial Pacific and the southern Maritime 0N E R feriom pont
Continent.

The GC3 Pacific Ocean SST biases increase rainfall over 45°N
India and the Bay of Bengal during July and August, with 30°N
up to +4 mmday~! more precipitation (Fig. 6b). These 15°N .
increases in rainfall are related to an anomalously enhanced o° -
monsoonal circulation that intensifies convective activity 1505 S
in South East China. However, the influence of the Pacific
Ocean SST biases on Indian monsoon rainfall is less pro- 80%S i
nounced than that of Indian Ocean SST anomalies. A last 1%
retreat of the EASM in September increases rainfall in most
of southeast China, Bangladesh, and the Bay of Bengal (not 75°N PPV p—
shown). On the other hand, the later monsoon retreat reduces 60°N
rainfall over the southern China Sea, extending towards the 45N
Philippine Sea.

The WAM-2layer analysis applied to the GOML3- S0
GC3pac experiment shows an anticyclonic moisture trans- 15°N
port difference centred over the Philippine Sea, which is 0°
associated with the increase of rainfall in the south China 15°S
box region during JJAS (Fig. 7b). This decrease in rainfall 30°S
is also associated with differences in moisture sources of 0 45°E 90°E 135°E 180°
rainfall with up to +4 mmday ™' in the Indian Ocean, and
—4 mmday~! the western Pacific. JJAS, GOML3-GC3gbl - GOML3-OBS

GC3 Atlantic SST biases show wide-basin cold biases, 75°N ﬂ B = T T T 4o 10 mimont”
except the extratropical latitudes and the South Atlan- 60°N
tic near Africa (Fig. 5¢). The effect of GC3 Atlantic SST 45°N
biases in JJAS is characterised by a dipole of suppressed and 30°N
enhanced rainfall between southeast China and the North
Pacific, respectively (Fig. 6¢). These SST biases are associ- 15N
ated with an anomalously enhanced low-level mean flow o
in the East Pacific and a weaker North Pacific subtropical 15°8
high circulation. The anomalous circulations are related to 30°S
reduced JJAS rainfall over most of southeast China by up to
2 mm day .

The WAM-2layers analysis applied to the GOML3-
GC3atl experiment shows that the reduced JJAS rainfall in
the south China box is associated with a reduction of mois-
ture sources of rainfall in the Indian Ocean, the Indochinese
Peninsula and the Philippine Sea (Fig. 7c)
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In summary, the three GOML3 simulations mentioned
above (GOML3-GC3atl, GOML3-GC3ind, and GOML3-
GC3pac) allow us to distinguish the effect of regional GC3
SST biases on the EASM. While the Indian and the Atlan-
tic SST biases cause dry conditions in southeast China by
up to —2 mm day~! (Fig. 6a, c, respectively), the Pacific
SST biases cause wet conditions by up to 2 mm day™ in
most of southeast China during JJAS (Fig. 6b). The sum of
these three regional SST biases results in rainfall differences
between + 0.5 mm day~' in most of southeast China, as seen
in the GOML3-GC3glb simulation (Fig. 6d).

3.4 Errorsin ENSO and IOD teleconnection
pathways to EASM

This section aims (a) to assess the simulated EASM telecon-
nections from near-perfect ENSO and IOD events, given
that GOML3 has small biases in the mean state and includes
ENSO and IOD cycles derived from observations; and (b)
to understand how GC3 mean-state SST biases affect the
representation of the ENSO and IOD teleconnections to the
EASM.

3.4.1 ENSO

To analyse errors in the ENSO teleconnection pathways to
the EASM, we linearly regress GOML3-OBS_ENSO and
GOML3-GC3_ENSO simulated seasonal meteorological
variables onto the standardised season-and-area-averaged
SSTs for the Nifio 3.4 region. Similarly, for observational
comparison, we compute linear regressions of season-
and-area-averaged SSTs of ERSSTv5 and ERAS mete-
orological variables onto ERSSTv5 SSTs for the Nifio 3.4
region.

First, we examine JJAS SSTs regressions and winds at
850 hPa (Fig. 8). In all cases, the regressions show the SSTs
and low-level wind anomalies typical of a developing central
Pacific El Nifio. The main difference between the regressed
SST for ERSSTv5 and GOML3 experiments is found in the
easternmost equatorial East Pacific, where ERSSTv5 SST
regressions reach about 1 °C anomalies. Both GOML3 sig-
nificant regressed SSTs get anomalies up to 0.3 °C; this may
occur due to the lack of variability in GOML since observed
SST variability is driven by ocean dynamics, which GOML
cannot simulate (e.g., Hirons et al. 2015; Levine et al. 2021).
Although not statistically significant, ERSSTv5 and both
GOML3 regressions also show differences in the SST mag-
nitude in the Indian Ocean. While ERSSTv5 reaches up to
0.3 °C in a large portion of the Arabian Sea and the equato-
rial Indian Ocean, SSTs in both GOML3 simulations reach
up to 0.05 °C.

During JJAS, ERAS and GOML3 regression analyses
show that western Pacific anomalous equatorial westerly
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Fig.8 Mean JJAS SSTs (shaded, °C) and winds at 850 hPa (arrows,
ms~!) regressed onto standardised JJAS Nifio 3.4 SSTs for a ERAS
and ERSSTvS5, b GOML3-OBS_ENSO, and ¢ GOML3-GC3_ENSO.
Stippling indicates SSTs significant at the 5%. Wind vectors are
drawn in navy blue color when at least one of the components of the
vector is significant at the 5% level using the Student’s t-test. The
green box delimits the Nifio 3.4 region

winds at 850 hPa positively correlated with ENSO. How-
ever, the anomalous westerlies over the West Pacific
extend northwards 15° N in both GOML3 experiments
(Fig. 9b, c¢) during JJAS. In both GOML3 experiments, the
anomalous westerly winds weaken the WNPSH, centred
at &~ 25° N, 175° E. These cyclonic circulation anoma-
lies extend to continental China. The 850 hPa anomalous
circulation is associated with reduced rainfall in South
East China in GOML3 experiments. Also, at low levels in
the troposphere, both GOML3-OBS_ENSO and GOML3-
GC3_ENSO simulations show an anomalous anticyclonic
circulation over India and anomalous northeasterlies
associated with a weakened Indian monsoon circulation
over the northern Indian Ocean in El Nifio years (Fig. 9b,
c, respectively). These anomalous regional circulations
are associated with errors in the signal of anomalous
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Fig.9 Mean JJAS rainfall (shaded, mmday~") and winds at 850 hPa
(arrows, ms™1) regressed onto standardised JJAS Nifio 3.4 SSTs for a
ERAS and ERSSTvS, b GOML3-OBS_ENSO, and ¢ GOML3-GC3_
ENSO experiments. Stippling indicates rainfall significance at the 5%
level using the Student’s t-test. Wind vectors are drawn in black color
when at least one of the components of the vector is significant at the
5% level using the Student’s t-test

precipitation simulated over India, the Bay of Bengal, and
the Arabian Sea located west of India with GOML3.

JJAS ERAS regressed winds onto Nino 3.4 suggest that
the entire North Pacific Subtropical High (NPSH, centred at
~ 35° N, 177° E) is weakened during developing El Nifio
(Fig. 9a). However, the anomalous circulation associated
with the NPSH is weaker in GOML3-OBS_ENSO during
developing ENSO, and it is centred about 7 degrees further
east in GOML3-GC3_ENSO regressions (~ 35° N, 170°
W).

To understand the overall effect of GC3 mean-state
errors influencing the ENSO teleconnection to the
EASM rainfall, we analyse the GOML3-OBS_ENSO and
GOML3-GC3_ENSO regressions. JJAS precipitation
anomalies over ~ 20° — 40° N, simulated with GOML3-
OBS_ENSO (Fig. 9b) and GOML3-GC3_ENSO (Fig. 9¢),
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are significantly anticorrelated with Nifio 3.4, with up to
~ —0.5 and ~ —1 mm day™', respectively. However, JJAS
ERAS rainfall is significantly anticorrelated with simultane-
ous SSTs from the Nifio 3.4 region (Fig. 9a), only over the
northernmost portion of South East China (~ 30° — 40° N).
This regression analysis suggests that during developing El
Nifio (La Nifia) episodes, this area experiences drier (wet-
ter) conditions.

The major biases in the ENSO teleconnection to the
EASM rainfall with GC3 are identified when directly com-
paring GOML3-GC3_ENSO against GOML3-OBS_ENSO
rainfall simulations. At the beginning of the EASM season,
GOML3-GC3_ENSO presents dry conditions in southeast
China, the Bay of Bengal, and the Indochinese Peninsula,
during both developing El Nifio and La Nifia (not shown).
Additionally, GOML3-GC3_ENSO presents wet conditions
in the Maritime continent. The aforementioned anomalous
conditions resemble the ones present in the GOML3-GC3gbl
experiment in June (Fig. 3a), implying that these ENSO-
teleconnection biases between GOML3-GC3_ENSO simula-
tion are predominately related to GC3 SST biases. In July,
GOML3-GC3_ENSO simulations are drier for a large area
of southeast China (between ~ 30° — 40° N) during develop-
ing El Nifio events (not shown). However, during developing
La Nifia, GC3 presents more rainfall in most of southeast
China. At this point of the simulations, the EASM rain-
fall does not penetrate northwards enough, implying that
GOML3-GC3_ENSO exacerbates the dry conditions during
the EASM in northern southeast China during both ENSO
phases.

In August, GOML3-GC3_ENSO enhances the Indian
Monsoon circulation in both developing ENSO phases,
leading to more rainfall in continental India and the Bay of
Bengal and less rainfall over the equatorial Indian Ocean
(not shown), similar to the ones in the GOML3-GC3gbl
experiment in August (Fig. 3c).

Most of the differences in JJAS precipitation between
ERAS and both GOML3 simulations are seen over south-
ernmost South East Asia (~ 20° — 30° N): while ERA5
rainfall is positively correlated with Nifio 3.4 SSTs in
southernmost East China and the Indochinese Peninsula
(Fig. 9a), GOML3-OBS_ENSO and GOML3-GC3_ENSO
are significantly anticorrelated over the region mentioned
above (Fig. 9b, c, respectively). These analyses suggest that
GOMLS3 presents a systematic bias of underestimated rain-
fall in South East China during El Nifio years. The GC3
ocean mean state bias exacerbates this error, which affects
the ENSO teleconnection to the EASM by simulating drier
(wetter) conditions over South East China during El Nifio
(La Nifia) events.

ERAS and both GOML3 experiments differ in the loca-
tion of anomalous rainfall along the central Pacific Ocean.
While both GOML3 experiments show a significant positive
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correlation of rainfall with ENSO, ERAS shows a negative
correlation that extends ~ 7 — 10° N latitude. This particu-
lar feature in ERAS-regressed JJAS rainfall is related to the
anomalous equatorward (poleward) shift of the Intertropical
Convergence Zone (ITCZ) during El Nifio (La Nifia) events
(e.g., Berry and Reeder 2014), which is not properly cap-
tured in either GOML3 experiment.

We investigate the errors in ENSO teleconnection path-
ways to the EASM and compute the moisture sources for
JJAS rainfall in the south China box (defined previously
in Sect. 2.2). Figure 10 shows the regressions of moisture
sources and moisture transport onto Nifio 3.4 SSTs. These
regression analyses suggest that ERAS rainfall in the south
China box is positively correlated with moisture sources
from continental India, the Arabian Sea, the Bay of Bengal,
the south Maritime Continent, and the region of Guizhou
and Guangxi in South East China during El Nifio. Simulta-
neously, anomalous northeastwards moisture transport from
the Tibetan Plateau and continental India is positively cor-
related with anomalies of rainfall in the South China box.

GOML3 errors in simulating the moisture sources of rain-
fall in the south China box are found mainly in the Indian
Ocean (Fig. 10), having the opposite sign to the ERAS
regressions. The GOML3 simulations also present a north-
ward bias in the location of moisture transport vectors over
the Pacific Ocean. As discussed, the precipitation in the
south China box during JJAS is weakened (enhanced) by
MetUM GOML3 experiments during El Nifio (La Nifia).
The regression analysis for GOML3 experiments suggests
that, during El Nifio events, the reduced rainfall in the
south China box simulated with GOML3-OBS_ENSO and
GOML3-GC3_ENSO is associated with reduced moisture
from a large area of the equatorial Indian Ocean, the Bay of
Bengal, the Arabian Sea and the Maritime Continent. These
regressions also suggest that during El Nifio, the reduced
rainfall simulated with both GOML3 experiments in the
south China box is associated with a weaker moisture trans-
port from the Indian monsoon circulation. In all cases, both
GOML3 simulations show opposite conditions during La
Nifia. The biases with GOML3 precipitation in the south
China box come from errors capturing important sources of
moisture and moisture transport from the Indian Ocean and
the Maritime Continent.

3.4.2 10D

To analyse errors in the IOD teleconnection pathways to
the EASM, we linearly regress GOML3-OBS_IOD and
GOML3-GC3_IOD simulations of seasonal meteorologi-
cal variables onto the standardised seasonal IOD index.
In this study, the IOD index is calculated as the difference
between SST anomalies of two regions of the tropical Indian
Ocean, named IOD west (50° E-70° E longitude, 10° S—-10°
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Fig. 10 JJAS tracked moisture sources of rainfall (shaded, mmday ™)
and tracked vertically integrated moisture transport (arrows,
m3 month™!) for the South China box (green box) obtained using the
WAM-2layers, regressed onto standardised JJAS Nifio 3.4 SSTs for
a ERA5, b GOML3-OBS_ENSO, and ¢ GOML3-GC3_ENSO. Stip-
pling indicates moisture sources significant at the 5% level using the
Student’s t-test. Vertically integrated moisture transport vectors are
drawn in black color when at least one of the components of the vec-
tor is significant at the 5% level using the Student’s t-test
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N latitude) and IOD east (90° E-110° E longitude, 10° S-0° S
latitude) (Saji et al. 1999). Similarly, we calculate observed
linear regressions of seasonal SSTs of ERSSTv5 and ERAS
meteorological variables onto standardised seasonal IOD
index calculated with ERSSTVS data.

JJAS ERSSTv5 SSTs regressed onto the observed I0D
index show a typical pattern of the positive IOD (Fig. 11a).
In addition, ERAS5 anomalous southeasterlies at 850 hPa,
which extend from the Tasman Sea to the equatorial Indian
Ocean (to =~ 60° E), are positively correlated with the IOD
index [as in Saji et al. (1999)]. Simultaneously, this regres-
sion analysis also shows significant anomalous low-level,
westerly winds over continental India and the Bay of Bengal,
extending east to reach the equatorial Pacific Ocean.

GOML3-OBS_IOD SSTs and 850 hPa wind regression
analysis show southeasterlies over the equatorial Indian
Ocean and the Bay of Bengal that are positively correlated
with the IOD index (Fig. 11b). This significant circulation
continues towards the Bay of Bengal, where anomalous
westerlies extend from the Indochinese peninsula to the
Pacific Ocean (at ~ 15° N latitude).

Differences between ERSSTv5 and GOML3-OBS_IOD-
regressed SSTs are found in the Tasman Sea, the east side
of the Maritime Continent, and the subtropical North
Pacific. GOML3-OBS_IOD circulation biases are found in
the Pacific Ocean, where anomalous 850 hPa easterlies in
positive IOD years are further north than in ERAS. This
change in the circulation influences the southward flank of
an anomalous weakened WNPSH centred over the Philip-
pine Sea. The GOML3-GC3_IOD 850 hPa easterlies over
the South China Sea and the Indochinese peninsula oppose
the direction of ERA5-regressed winds.

JJAS ERAS rainfall in southeast China is positively
correlated with the IOD index with regressions up to 0.5
mm day~! and negatively correlated with south Indian and
Australian rainfall (Fig. 12a). Regressed ERAS rainfall pre-
sents a dipole of negative anomalies in the IOD east region
with up to 1.5 mm day~! and positive anomalies in the IOD
west part of up to 2 mm day ™.

GOML3-OBS_IOD underestimates the magnitude of
anomalous rainfall in both IOD west and IOD east regions,
with about 1 mm day™' biases in both cases. For positive
10D, GOML3-OBS_IOD shows less rainfall than ERAS
over most South East China, the East China Sea, and Bang-
ladesh and more precipitation in Australia (Fig. 12b).

On the other hand, GOML3-GC3_IOD shows more rain-
fall in positive IOD than GOML3-OBS_IOD in southeastern
China, Bangladesh, Myanmar, and Australia (Fig. 12¢). This
analysis suggests that GOML3-GC3_IOD presents positive
changes in the regression slope against GOML3-OBS_IOD
during positive IOD events. As a result, GOML3-GC3_IOD
offers a better estimation of the sign of anomalous rainfall
over southeastern China. Different from the negative rainfall
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Fig. 11 Mean JJAS SSTs (shaded, °C) and winds at 850 hPa (arrows,
ms~!) regressed onto standardised JJAS IOD index for a ERAS and
ERSSTvS5, b GOML3-OBS_IOD, and ¢ GOML3-GC3_IOD. Stip-
pling indicates SSTs significant at the 5% level using the Student’s
t-test. Wind vectors are drawn in navy blue color when at least one of
the components of the vector is significant at the 5% level using the
Student’s t-test

biases in GOML3-GC3gbl (Fig. 6d) during JJAS, GOML3-
GC3_IOD regressed slope shows a positive difference in
rainfall over southeastern China. This analysis suggests that
during IOD episodes, GOML3_GC3 represents the correct
sign of rainfall anomalies over EASM rainfall over most of
southeast China.
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To investigate the errors in the IOD teleconnection
pathways to the EASM, we compute the moisture sources
for JJAS rainfall for the South China box. First, we deter-
mine the moisture sources for precipitation over this box in
ERAS and GOML3 experiments using the WAM-2layers
back trajectory tool (Fig. 13).

ERAS regressed moisture sources show that in IOD posi-
tive years, increased evaporation from the IOD west region,
the Bay of Bengal, and the Arabian Sea, precipitates over
the south China box (Fig. 13a). Increased moisture transport
from these regions is related to increased rainfall over the
South China box.

Regression analysis shows that GOML3-OBS_IOD
underestimates moisture sources over continental China
and the east IOD region, which contributes to less rainfall
in the south China box with GOML3-OBS_IOD (Fig. 13b).
GOML3-OBS_IOD experiments also have a strong posi-
tive moisture bias that extends from Laos to the Philippines,
larger than 1 mm month™!. Regressed moisture transports
from the Philippine Sea are weaker than that in ERAS.

GOML3-OBS_IOD underestimate moisture sources from
the South China Sea, IOD east, the Bay of Bengal, the Ara-
bic Sea, and India (Fig. 13c). However, GC3 SST biases
enhance the EASM flow. Therefore, GC3 corrects the under-
estimation of moisture sources in east IOD and southeast
China from GOML3-OBS_IOD, and the moisture transport
in the Indian Ocean is better represented with GC3.

4 Discussion and summary

In this study, we analyse simulations from the MetUM-
GOML3, coupled model of the MetUM GA7 atmosphere
to a mixed-layer ocean, which constrains the SSTs to obser-
vations (GOML3-OBS) or GC3 SSTs. Furthermore, the
GOML3-0OBS experiment is used as a reference to analyse
different coupled climate-length MetUM-GC3 runs.

GOML experiments with global GC3 SST biases allow us
to establish the effects of regional SST errors on the EASM,
in which GC3 global SST biases cause a substantial shift
in the seasonal cycle of the EASM: a late northward pro-
gression of the monsoon in June, and an early retreat of the
EASM (early August) reduces rainfall over most of northern
China.

Another set of GOML experiments with individual
regional SST biases in the Atlantic, Pacific, and Indian
Oceans allow us to establish the effects of basin-scale SST
errors on the EASM. This approach helps test the remote
influence of the three different ocean basins on the EASM.

It is found that the simulated rainfall over East Asia
is more sensitive to SST errors in the Indian and Pacific
oceans than those in the Atlantic Ocean. However, these
analyses show the cancellation of effects between Pacific
Ocean biases and Atlantic and Indian Ocean biases. GC3
SST biases in the Indian and Atlantic Oceans reduce JJAS
rainfall over most southeastern China. In both cases, these
conditions are related to a later northward EASM progres-
sion and an earlier monsoon retreat during September.
Conversely, GC3 Pacific SST biases increase rainfall over
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southeastern China, associated with a systematic increase
of moisture convergence in the equatorial West Pacific and
southeast China and moisture divergence in the Philippine
and South China Sea.

An essential finding of the GOML experiments is
the opposite effect of the Pacific and the Atlantic Ocean
SST biases on the North Pacific circulation. An increase
(decrease) in EASM rainfall is linked to an enhanced (weak-
ened) North Pacific subtropical high circulation. In both
cases, changes in the circulation in the West Pacific, near the
Philippines, play a key role in the biases of local evaporation
and moisture transport towards South China.

Our study shows that MetUM-GOMLS3 presents simi-
lar cold SST biases in the Indian Ocean as its predecessors
(Levine and Turner 2012; Levine et al. 2021). The low-level
winds and rainfall associated with these SST biases char-
acterise an enhanced Indian summer Monsoon. Addition-
ally, our WAM-2layers analysis shows that evaporation and
moisture transport biases in the Indian Ocean result in more
extensive EASM changes in rainfall. This coincides with
multiple studies that found that the Indian Ocean provides
the largest amount of moisture during boreal summer for
rainfall in southeastern EA (Guo et al. 2019; Sun et al. 2015;
Baker et al. 2015).

This study also determined how GC3 SST biases affect
the ENSO and the IOD teleconnection to the EASM. The
results indicate that ENSO-associated rainfall anomalies
over South China are not correctly simulated with the
GOML model, even with observed climatological SSTs
(Fig. 9).

GOML3 experiments do not accurately represent the
equatorward anomalous rainfall migration during the warm
episodes of ENSO, which is associated with an anomalous
equatorward migration of the ITCZ. In addition, among the
GOML3 biases during ENSO, we found anomalous lower
troposphere westerly winds located further northwards
along the tropical Pacific. Therefore, MetUM-GOML3
experiments have an incorrect sign of the anomalous mois-
ture sources related to the anomalous seasonal rainfall over
South China, simulating reduced moisture sources of rain-
fall in the Bay of Bengal and the Arabian Sea. GC3 SSTs
biases worsen the bias of ENSO-associated precipitation
over South China, being related to amplified biases of an
anomalous moisture source, mainly in the Philippine Sea,
the Indian Ocean, and the Tibetan Plateau.

Finally, the effect of GC3 SST biases on the simulated
10D teleconnection to the EASM is studied. The circulation
biases are widely found in the tropical Pacific Ocean, where
anomalous low-level winds are located further north. This
is associated with biases in the intensity and location of the
WNPSH and its variability, which strongly influences the
location and strength of the GOMLS3 representation of the
EASM rainfall.
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