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Abstract

The features of monsoon systems in the Northern and Southern Hemispheres are
analysed in climate simulations of two atmospheric models: the Brazilian Global
Atmospheric Model version 1.2 (BAM-v1.2) and the UK Met Office Hadley Centre
Global Environment Model version 3 (HadGEM3). The results are compared to
GPCP precipitation and ERA5 datasets. Although they have different configura-
tions and parameterizations, the purpose is to evaluate their ability in representing
key features of the global monsoon system. The spatial extent of the monsoon
domains is well simulated by the models, as well as the main characteristics of
the monsoons, although precipitation biases are noticed in the regions affected by
the systems, consistent with vertical motion and moisture flux biases. The largest
precipitation biases are found in the West Pacific Monsoon Region, extended to
the east, and in the Australia Monsoon Region extended to the Maritime conti-
nent. Deficiencies in precipitation can be related to inaccuracy of vertical motion
and humidity flux, as well as to the lack of air—sea interaction. However, the
atmospheric circulation features at low and high levels are well represented in all
monsoon regions, as well as the annual cycle of precipitation in those regions by
both models. The divergence at high levels and convergence at low levels associ-
ated with ascending air movement and precipitation in monsoon regions are well
represented by the models. An analysis of two monsoon indices at eight monsoon
regions showed the models are generally able to simulate the relationship between
precipitation and circulation features. In the majority of years, the signs of indices
from the models agree with observations. Correlations of precipitation and circu-
lation indices between models and observations show statistically significant
values for some monsoon regions. The results obtained contribute to improving
knowledge about global monsoon features and their representation in the two
models.
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1 | INTRODUCTION

Monsoon regions present a defined precipitation cycle
and associated circulation features, which characterize
aspects of the climate in several continents. The precipi-
tation variability in these regions can affect many socio-
economic sectors, including agriculture and worldwide
water resources. The concept of global monsoon was dis-
cussed by Wang and Ding (2008) and Wang et al. (2011)
as the representation of the two main modes of precipita-
tion and low-level winds variability: a solstitial mode and
an equinoctial mode. The solstitial mode is identified in
the first empirical orthogonal function (EOF) pattern of
precipitation and it is similar to the global precipitation
domain configuration obtained by the precipitation
annual range (MJJAS minus NDJFM) in the Northern
Hemisphere (NH) and (NDJFM minus MJJAS) in the
Southern Hemisphere (SH). The equinoctial mode is
obtained in the second EOF of precipitation and the pat-
tern is similar to the precipitation difference between
April-May and October-November. Trenberth et al.
(2000) discussed the global monsoon through the mean
annual cycle of the large-scale overturning in the diver-
gent atmospheric circulation. He analyses the atmo-
spheric cells as part of the overturning.

The global monsoon domain comprises regions where
the precipitation annual range exceeds 300 mm (Wang
and Ding, 2008) or 2.5 mm-day' (Wang et al., 2011) and
the Monsoon Precipitation Index (MPI), calculated by the
annual range normalized by the annual mean precipita-
tion, exceeds 0.5. These regions characterize the highest
precipitation in each summer hemisphere and show a
reversal pattern in the winter hemisphere. Using the
monsoon domain definition, Yim et al. (2014) identified
eight monsoons in the global system: Indian, Western North
Pacific, East Asian, North American, South American,
Australian, Northern African and Southern African.
Although they have regional features, the seasonal pre-
cipitation and circulation cycles present similar
characteristics.

Climate predictions and projections using dynamic
models are important tools for management strategies
and planning actions to cope with precipitation variabil-
ity and changes. The ability of dynamic models in rep-
resenting the global monsoon has been presented in
several studies such as Kim et al. (2008), analysing
Coupled Model Intercomparison Project (CMIP)-Phase
3 (CMIP3) models, Kitoh et al. (2013) and Hsu et al.
(2013), using CMIP-Phase 5 (CMIP5) models and Wang
et al. (2020), evaluating CMIP-Phase 6 (CMIP6) models.
The main global monsoon climatological features are rep-
resented in these models and although the performance
has improved in CMIP6, there are still precipitation

biases in several regions around the world (Wang
et al., 2020). A CMIP6 model intercomparison for global
monsoons is presented in Zhou et al. (2016), where sev-
eral experiments are described, including orographic per-
turbations and sea surface temperature changes in the
Pacific and Atlantic Oceans, among others. The purpose
was to improve the understanding of processes that affect
the global monsoon variability. Global monsoon changes
in CMIP6 projections were discussed in several studies,
such as Zhang et al. (2018a, 2018b), Zhang et al. (2019),
Chen et al. (2020), Zhou et al. (2020a) and Zhou et al.
(2020b).

The representation of regional monsoons in climate
models has also been investigated in several studies, as
the Indian Monsoon (Jain et al., 2018; Kumar and
Sarthi, 2021), Asian Monsoon (Boo et al., 2011; Song and
Zhou, 2014a; 2014b; Xin et al., 2020), Asia-Australia
Monsoon (Zhou et al., 2009a), North American Monsoon
(Pascale et al., 2016; Garcia-Franco et al., 2020), South
American Monsoon (Carvalho and Cavalcanti, 2016; Cav-
alcanti and Raia, 2017; Coelho et al., 2021a), Australia
Monsoon (Colman et al., 2011; Huang et al., 2019) and
African Monsoon (Hannak et al., 2017; Raj et al., 2019).
While regional monsoons studies assess the ability of
models to represent regional monsoon features, global
monsoon analyses focus on the representation of large-
scale features from a global perspective. There is there-
fore a need to further assess global monsoon features in
global climate models to advance knowledge of the abil-
ity of these models to simulate this important climatic
feature, and to build confidence for the use of these
models for climate predictions and projections for the
future.

The objective of this paper is to evaluate the main fea-
tures of the global monsoon system in two atmospheric
models, the Brazilian Global Atmospheric Model (BAM-
v1.2) and the atmospheric component of the UK Met
Office Hadley Centre Global Environment Model version
3 (HadGEM3). This is the first comparative assessment of
these two models in representing global monsoon fea-
tures, providing a detailed analysis of eight specific mon-
soon regions all around the world. The common typical
features of atmospheric circulation, precipitation and
other variables in eight monsoon regions are discussed.
Particular attention is devoted to performing a quantita-
tive assessment of monsoon features by comparing
model-simulated and observed patterns, as well as tem-
poral association between precipitation and circulation
monsoon indices. The knowledge of these two models
behaviour in monsoon regions is important to further use
in climate predictions and projections.

Datasets and methods are shown in section 2, and the
global monsoon features are discussed in section 3. The
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annual cycle and indices of the regional monsoons are
presented in section 4, and discussion as well as conclu-
sion are disclosed in section 5.

2 | DATASETS AND METHODS

2.1 | Datasets

For the observational datasets, the precipitation is from
the Global Precipitation Climatology Project (GPCP),
(Adler et al., 2003), horizontal wind (u and v), vertical
wind (omega), specific humidity and precipitable water
from European Centre for Medium-Range Weather Fore-
casts Reanalysis (ERA-5) (Hersbach et al., 2020) and Out-
going Longwave Radiation (OLR) provided by NOAA
(Liebmann and Smith, 1996) for the period of 1981
to 2010.

Climatological simulations of the period 1981-2010
obtained from two atmospheric models were used to ana-
lyse the global monsoon. One is the Brazilian Atmo-
spheric Model (BAM-v1.2), which is the current weather
and seasonal climatic prediction operational CPTEC
global model (Coelho et al., 2021b) and it is the atmo-
spheric component of the Brazilian Earth System Model
(BESM) used for climate integrations (Veiga et al., 2019).

TABLE 1 Physical processes components of BAM-v1.2

Deep convection

of Climatology

As described in Figueroa et al. (2016), the BAM dynami-
cal core is a hydrostatic semi-implicit spectral model
designed with two options, one for weather forecasting
with the semi-Lagrangian scheme and other for climate
integration with the Eulerian transport scheme. The last
option is used in this study, except for the moisture and
microphysical variables, when a monotonic two-time-
level semi-Lagrangian scheme is used. The BAM-1.2
physical processes components used for performing the
climate simulation are the same as described in Coelho
et al. (2021b) and presented in Table 1. The climate simu-
lation was performed with resolution of T126L42, which
corresponds to a horizontal resolution of ~100 km and 42
vertical levels.

The other model is the atmospheric component of the
UK Met Office Hadley Centre Global Environment
Model version 3 (HadGEM3; Ridley et al., 2018; Williams
et al.,, 2018), with ~60km horizontal resolution and
85 wvertical levels. This model was used by Zhang
et al. (2018a, 2018b), who showed improvements of pre-
cipitation and atmospheric circulation in global monsoon
simulations with increased resolution. Both simulations
were produced using observed Sea Surface Temperature
(SST) and sea ice prescribed as boundary conditions.

For BAM-1.2 simulations, carbon dioxide (CO,) con-
centration was kept constant at 370 ppm during the

Revised simplified Arakawa-Shubert deep convection scheme (Han and Pan, 2011), with the

following adjustments: 1 - momentum calculation including pressure gradient generated by
convective cells, 2 — entrainment parameters calibration

Shallow convection
Microphysics

Land surface

Longwave radiation scheme
Shortwave radiation scheme

Planetary boundary layer

Thermal plume for convective
boundary layer

Aerosol optical depth

Cloud fraction

Optical properties

Tiedtke (1989)

Morrison et al. (2005, 2009)

IBIS/CPTEC (Kubota, 2012)

CLIRAD-LW (Chou et al., 2001)

CLIRAD-SW (Chou and Suarez, 1999) modified by Tarasova and Fomin (2000)

Moist diffusion scheme (Bretherton and Park, 2009) and the following adjustments: 1 — interactive
calculation between stratiform cloudiness and the vertical diffusion coefficient, and 2 — improved
saturation vapour pressure calculation (Souza et al., 2019)

Rio and Houdin (2008)

Yu et al. (2006)

Scheme based on Slingo (1987). The scheme generates four types of clouds: convective, high, middle
and low clouds. In this scheme, the influence of the cloud fraction calculation based on probability
distribution function (PDF) generalized log-normal distribution, was incorporated

Ice optical properties for shortwave (Ebert and Curry, 1992)

Liquid optical properties for shortwave (Slingo's data for cloud particle radiative properties;
Slingo, 1989)

Liquid optical properties for longwave (Slingo's data for cloud particle radiative properties;
Slingo, 1984)

Ice optical properties for longwave (Ebert and Curry, 1992) modified by Andrew Conley
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(a) Monsoon Domain/Prec Index
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FIGURE 1
areas taken to calculate the circulation index

integration. Except for this concentration, the simula-
tions follow the protocol of the Atmospheric Global
Models Intercomparison Project (AMIP), where the only
forcing is the observed SST (in AMIP the CO, concentra-
tion varies annually, as stated in Coelho et al., 2021b).
The same variables of observations are analysed using
the ensemble of four (five) BAM-v1.2 (HadGEM3) mem-
bers. These two models were used to analyse land-
atmosphere interactions over South America (Baker
et al., 2021), showing results consistent with several
CMIP6 models, and also to assess the South America
Monsoon System representation (Coelho et al., 2021a).

2.2 | Methods

The spatial extent of the global monsoon domain was
analysed following Wang et al. (2011), who used 2.5
mm-day " as the threshold for the summer-winter pre-
cipitation difference (annual range) to define the mon-
soon regions. Normalizing the annual range by the
annual mean precipitation (i.e., dividing the annual
range by the annual mean precipitation), the monsoon
precipitation intensity (MPI) is calculated in each grid
point. The intensity can also be obtained using two mon-
soon indices established by Yim et al. (2014): a precipita-
tion index (PI) and a circulation index (CI). The
nomenclature used in Yim et al. (2014) as Summer Mon-
soon in the eight regions is changed to Monsoon System;
for example, Indian Summer Monsoon (ISM) is called
Indian Monsoon System (IMS) here. The other monsoon
systems are East Asian Monsoon System (EAMS), West-
ern North Pacific Monsoon System (WNPMS), North
America Monsoon System (NAMS), Northern African
Monsoon System (NAFMS), Southern African Monsoon

(b) Monsoon Domain/Circ Index

80°N -

40°N

EQ |

40°S -

80°S |
0 40°E 80°E 120°E 160°E 160°W 120°W 80°W 40°W 0

Monsoon domains for (a) areal precipitation and precipitation index (PI), (b) circulation index (CI). Numbers in (b) refer to

TABLE 2
index and the annual cycle of precipitation for each monsoon

Areas that were taken to calculate the precipitation

region

Regional monsoon

Precipitation domain Areas

IMS 10°-30°N, 70°-105°E
WNPMS 12.5°-22.5°N, 110°-150°E
EAMS 22.5°-45°N, 110°-135°E
NAMS 7.5°=22.5°N, 110°-80°W
NAFMS 5°-15°N, 30°W-30°E
SAFMS 7.5°-25°S, 25°-70°E

SAMS 5°-25°§, 70°-40°W
AUSMS 5°-20°S, 110°-150°E

TABLE 3 Areas that were taken to calculate the circulation

index for each monsoon region indicated in Figure 1b

Region  Definition of the circulation index

IMS U2 (5°-15°N, 40°-80°E) minus U1 (25°-35°N,
70°-90°E)

WNPMS U4 (5°-15°N, 100°-130°E) minus U3 (20°-35°N,

110°-140°E)
EAMS V5 (20°-40°N, 120°-140°E)

NAMS U7 (5°-15°N, 130°~100°W) minus U6 (20°-30°N,
110°-80°W)

NAFMS U8 (0°-15°N, 60°-10°W)

SAFMS U9 (15°S-0°, 10°~40°E) minus U10 (25°-10°S,
40°-70°E)

SAMS Ul1 (20°-5°S, 70°-40°W) minus U12 (35°-20°S,
70°-40°W)

AUSMS  U13(15°S-0°, 90°~130°E) minus U14 (30°~20°S,

100°-140°E)

Note: U and V are wind anomaly components at 850 hPa.
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System (SAFMS), Australian Monsoon System (AUMS)
and South American Monsoon System (SAMS). The
North Hemisphere monsoons are analysed in the boreal
summer: June, July, August (JJA) and the South Hemi-
sphere monsoons, in the austral summer: December,
January, February (DJF).

The monthly PI is obtained by calculating areal aver-
age precipitation anomalies over each monsoon region,
shown in Figure 1a and Table 2, divided by the standard
deviation of the area-average precipitation time series
(1981-2010). The monthly circulation index, related to
circulation that affects each monsoon, in Figure 1b and
Table 3, is calculated using the meridional shear of zonal
wind anomaly at 850 hPa for WNPMS, IMS, NAMS in
the Northern Hemisphere; and SAMS, SAFMS, AUSMS,
in the Southern Hemisphere. In EAMS, the index is
obtained from the meridional wind anomaly at 850 hPa,

(a) GPCP MPI (Annual range/Annual mean)
1981-2010 NH (JJA-DJF)
> IRES

40°N -~ )
20°N S
EQ £ S
0 30°E 60°E 90°E 120°E 150°E 180 150°WI20°W 90°W 60°W 30°W 0
) B —
2 -15 -1 05 05 1 15 2

(b) BAM MPI (Annual range/Annual mean)
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(c) HAD MPI (Annual range/Annual mean)
1981-2010 NH (JJA-DJF)
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FIGURE 2

of Climatology

and in NAFMS, from the zonal wind anomaly at 850 hPa.
The zonal and meridional winds anomalies are normal-
ized also by the standard deviation, before doing the areal
mean in each monsoon region. The precipitation and cir-
culation indices are well correlated and represent the
strength of the monsoon. They can be used for monitor-
ing, predictions and studies of variability and predictabil-
ity of regional monsoons (Yim et al., 2014). Therefore,
these monthly indices and their correlations were calcu-
lated for the eight monsoon regions.

In order to verify the regions where the models over-
estimate or underestimate precipitation, vertical motion
and humidity flux divergence, biases of these variables
were calculated through differences between model sim-
ulations and observational climatology (GPCP and
ERAS5). To assess the correspondence in terms of associa-
tion between models simulated and observed spatial

(d) GPCP MPI (Annual range/Annual mean)
1981-2010 SH (DJF-JJA)
MPC:1.000
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() BAM MPI (Annual range/Annual mean)
1981-2010 SH (DJF-JJA)
20°N _[MPC:0.861

EQ
20°s 1
40°S g

T T T T T T T T T T T
0 30°E 60°E 90°E 120°E 150°E 180 150°W120°W 90°W 60°W 30°W 0

I [ [
2 -15 -1 -05 05 1 15 2

() HAD MPI (Annual range/Annual mean)
1981-2010 SH (DJF-JJA)
20°N _MPC:0.890

EQ
20°S
40°S

0 30°E 60°E 90°E 120°E 150°E 180 150°W120°W 90°W 60°W 30°W 0

=]

I [ |
2 <15 -1 -05 05 1 15 2

Monsoon precipitation intensity (MPI): colour and precipitation >2.5 mm-day: contour. Observed (top), BAM-v1.2

(middle), HadGEM3 (bottom). left panel: NH (JJA-DJF), right panel: SH (DJF-JJA). The numbers at the upper right corners of each panel
are the MPI pattern correlation (MPC) values computed between the models and observed (GPCP) MPI values shown in these figure panels

[Colour figure can be viewed at wileyonlinelibrary.com]
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patterns, pattern correlation values between climatologi-
cal mean patterns of models simulations and observa-
tions (GPCP or ERA5) were calculated. Additionally,
correlations between observed precipitation (GPCP) and
models simulated precipitation over the 1981-2010
period for JJA and DIJF were calculated at each grid
point.

3 | GLOBAL MONSOON FEATURES
The spatial extent of the global monsoons domain is pres-
ented in Figure 2 (contours), where the intensity is dis-
played (colours). Figure 2a indicates the observed
Northern Hemisphere Monsoons, where we can see three

(a) ERA5StreamLine 200 hPa and Omega 500 hPa

OPC:1.00 | 1'981'2010 JA N CPC:1.00
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(b) BAMStreamLine 200 hPa and Omega 500 hPa
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(c) HADStreamLine 200 hPa and Omega 500 hPa
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FIGURE 3

regions delimited by the threshold of 2.5 mm-day'. The
largest area comprises the IMS, EAMS and WNPMS and
the former two present the highest MPI. It is seen that
the NAMS comprises Central America, Mexico and the
extreme north of South America, extending to the Pacific
Ocean. NAFMS domain extends to the Atlantic Ocean,
linked to the Intertropical Convergence Zone (ITCZ) sea-
sonal variability. In the Southern Hemisphere (Figure 2d)
there are also three monsoon regions, SAFMS, AUMS
and SAMS. While in SAFMS and AUSMS, the domains
extend to large areas of the Indian and Pacific Ocean,
respectively, SAMS extends to a small area eastward over
the South Atlantic Ocean and also to the Atlantic ITCZ
region. These areas over the southern oceans indicate
regions of the Convergence Zones: Indian Convergence

(d) ERA5StreamLine 200 hPa and Omega 500 hPa
1981-2010 DJF SH
CPC:1.00

20°N
Q-
20°s
40°S |
0

30 60E 90°E 120°F 150 180 150'WI20W 90°W 60°W 30W 0

—=ll T T T ] \ [ [ \ [ I
-0.2 -0.15 -0.1 -0.07 -0.05 -0.01 0.01 0.05 0.07 0.1 0.15 0.2

(e) BAMStreamLine 200 hPa and Omega 500 hPa
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(f) HADStreamLine 200 hPa and Omega 500 hPa
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Omega (Pa-s™) at 500 hPa and streamlines at 200 hPa. ERAS5 (top), BAM-v1.2 (middle), HadGEM3 (bottom). Left panel:

NH, right panel: SH. The numbers at the upper right corners of each panel are the circulation pattern correlation (CPC) values computed

between the models and observed (ERAS5) zonal and meridional wind components values used to produce these figure panels. The numbers
at the upper left corners of each panel are the vertical velocity (omega) pattern correlation (OPC) values computed between the models and
observed (ERA5) values shown in these figure panels [Colour figure can be viewed at wileyonlinelibrary.com]
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Zone (ICZ), South Pacific Convergence Zone (SPCZ) and
South Atlantic Convergence Zone (SACZ). In the NH
(SH) there are three relatively dry regions (drier in sum-
mer than winter) to the northwest (southwest) of the
three monsoon domains at the subtropical latitudes. The
strong ascending motion in the monsoon regions, which
can be seen through negative values in the omega field of
Figure 3, results in subsidence over these dry areas (seen
by the positive values in the omega field of Figure 3).
Except in the Asia monsoon region, the continental
spatial extent and intensities of monsoon precipitation
are reasonably well captured by the BAM-v1.2
(Figure 2b,e) and HadGEM3 (Figure 2c,f) models, but the
intensities over the Pacific Ocean are overestimated in
the NH and underestimated in the SH. The intensity in

(a) ERA5 Stream Line 850 hPa and GPCP Precip (mm)
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the relatively dry areas to the west of North America and
North Africa are overestimated by BAM-v1.2, while
HadGEM3 represents similar observed intensities. How-
ever, for the SH, HadGEM3 overestimates the dry areas
to the southwest of South America and west of Australia,
while BAM-v1.2 overestimates the intensities of all three
dry areas to the southwest of the monsoon regions. This
overestimation is related to the deficiency of interactions
between radiation and clouds in those regions, which
was detected in previous studies (Tarasova and
Cavalcanti, 2002; Barbosa et al., 2008; Cavalcanti
et al., 2020; Coelho et al., 2021a; 2021b). In these areas,
there is insufficient absorption of longwave radiation in
the model atmosphere, which is related to the reduced
optical depth in the clouds. These previous studies also

(d) ERA5 Stream Line 850 hPa and GPCP Precip (mm)
1981-2010 DJF SH
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FIGURE 4 Precipitation (mm) and wind field at 850 hPa. GPCP and ERA5 (top), BAM-v1.2 (middle), HadGEM3 (bottom). Left panel:
NH, right panel: SH. The numbers at the upper right corners of each panel are the circulation pattern correlation (CPC) values computed
between the models and ERAS5 zonal and meridional wind components values shown in these figure panels. The numbers at the upper left
corners of each panel are the precipitation pattern correlation (PPC) values computed between the models and observed (GPCP) values
shown in these figure panels [Colour figure can be viewed at wileyonlinelibrary.com]|
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FIGURE 5 Precipitation bias (mm) calculated between models BAM-v1.2 (a, c), HadGEM3 (b, d) and GPCP. Left panel: NH, right
panel: SH. Monsoon areas (black boxes) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Correlation between observed precipitation (GPCP) and simulated precipitation by BAM-v1.2 and HadGEM3, over the
1981-2010 period for boreal summer (JJA, first column) and austral summer (DJF, second column). Left panel: NH, right panel:

SH. Correlation values above 0.31 (black contour) are statistically significant using the ¢ test for correlation at the 10% level [Colour figure
can be viewed at wileyonlinelibrary.com]

show an overestimation of shortwave radiation, due to  pattern correlation values between the observed and
reduced trace gases and aerosols as well as misrepresen-  model simulated patterns for BAM-v1.2 and HadGEM3
tation of clouds-atmosphere interactions. The MPI in the NH are 0.865 and 0.879, respectively, and in the
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SH are 0.861 and 0.890, respectively, indicating good per-
formance of both models in representing the global mon-
soon spatial structure.

The typical anticyclonic feature of monsoon at high
levels are well reproduced by the models: the Tibetan
High and the Mexican High in the NH (Figure 3a-c) and
Bolivian High, African and West Pacific anticyclonic cir-
culations in the SH (Figure 3d-f). The models also cap-
ture the mean trough at high levels to the east of the
anticyclonic circulations, although the Mexican High is not
reproduced by the HadGEM3 model (Figure 3c). This defi-
ciency reduces the circulation pattern correlation at high
levels in the NH between ERA5 and HadGEM3. While the
circulation pattern correlation for BAM-v1.2 is 0.97, for
HadGEM3 the circulation pattern correlation is 0.93. In the
SH the circulation pattern correlation is 0.98 for both models.

Meanwhile, the ascent and subsident regions, identi-
fied with negative and positive omega values respectively
in Figure 3, are well represented by the two models,
although the omega pattern correlations between ERA5
and model simulations are lower than the circulation pat-
tern correlations. For the NH, the omega pattern correla-
tions are 0.81 (BAM-v1.2) and 0.82 (HadGEM3), while
for the SH the omega pattern correlations are 0.80 (BAM-
v1.2) and 0.84 (HadGEM3). These circulation features are
common in the monsoon regions, which were discussed
by Chen (2003) from a planetary perspective.

The models reproduce the mean characteristics of
precipitation and low-level flow (Figure 4). In the NH,

(a) BAMxERA BIAS Omega (Pa/s)
1981-2010 JJA NH

¢/

] 20°N —

4 40°S +

e B [ [ \ =
-0.1 -0.05-0.02 -0.01 0.01 0.02 0.05 0.1

(b) HADXERA BIAS Omega (Pa/s)

0 30°E 60°E 90°E 120°E 150°E 180 150°W120°W 90°W 60°W 30°W 0

1981-2010 JJA NH

\ b N

- | 20°N
%

7 2008 -

I [ I [=
-0.1 -0.05-0.02 -0.01 0.01 0.02 0.05 0.1

T T T 1 T T T T T
0 30°E 60°E 90°E 120°E 150°E 180 150°W120°W 90°W 60°W 30°W 0

of Climatology

the typical inland flow from Indian Ocean brings humid-
ity to India and southeastern Asia, where large precipita-
tion values are noticed (Figure 4a). BAM-vl1.2 and
HadGEM3 models simulate this typical pattern
(Figure 4b,c), but overestimate rainfall over southeastern
Asia and the maximum precipitation extends further
eastward than in the observations. The northward flow
from Indonesia and from the North Pacific Subtropical
High (NPSH), which brings the humidity to increase pre-
cipitation in eastern Asia during the boreal summer sea-
son, are shifted eastward in the model simulations. As
this subtropical high has an important role on the EAMS
(Lu and Dong, 2001; Song and Zhou, 2014b), changes in
its position can affect monsoon features. NPSH inter-
annual variability is influenced by SST anomalies of the
North and equatorial Pacific and by changes in the sensi-
ble heating over the Tibetan High, as discussed in
Cherchi et al. (2018). Therefore, the model errors in the
NPSH can be related to errors in these other variables.
The typical pattern of more precipitation in the southern
area of EAMS but less in the northern area (Figure 4a—c)
is captured by the models. Nevertheless, BAM-v2.1
underestimates large areas of EAMS and HadGEM3 over-
estimates the precipitation in some areas of the western
sector (Figure 5ab). This typical pattern was also
reproduced by CMIP5 and CMIP6 multimodels (Xin
et al., 2020). They attribute the precipitation bias to the
topography in the region. Model biases in reproducing
the monsoon rainfall over East Asia are partly due to

(c) BAMxERA BIAS Omega (Pa/s)
1981-2010 DJF SH
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FIGURE 7 Omega bias (Pa-s™") calculated between models BAM-v1.2 (a, c), HadGEM3 (b, d) and ERAS. Left panel: NH, right panel:
SH. Monsoon areas (black boxes) [Colour figure can be viewed at wileyonlinelibrary.com]
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missing air-sea interactions in the model (Zhou
et al., 2008; Zou et al., 2016) and the bias of the western
Pacific subtropical high (Song and Zhou, 2014b). A com-
parison between atmospheric models and coupled
models of CMIP3 and CMIP5 showed an improvement in
the models performance when there are air-sea interac-
tions in the coupled models (Song and Zhou, 2014a;
2014b).

Over India and Bay of Bengal, the two models have
opposite behaviour in representing the observed typical
summer precipitation pattern. BAM-v1.2 overestimates,
while HadGEM3 underestimates precipitation. HadGEM3
underestimates the ascent motion over these regions
(i.e., positive omega bias values in Figure 6b), which could
explain the negative precipitation bias. Another reason
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could be the underestimation of moisture convergence
shown in Figures 7c and 8b. Kumar and Sarthi (2021), ana-
lysing precipitation in the IMS obtained from four CMIP6
models, concluded that the large variability found among
model results could be related to the variations in wind and
moisture incursion from the Arabian Sea and Bay of Ben-
gal. The maximum JJA precipitation in Africa, related to
humidity from the tropical Atlantic and Indian Ocean, is
well simulated by both models, although with a slight nega-
tive bias (Figure 5a,b) related to the reduced moisture flux
compared to the observation (Figures 7a—c and 8a,b). Raj
et al. (2019) mention that the ability of a climate model to
simulate the NAFMS depends on the representation of the
interactions among the main elements of this system, such
as the African Easterly Jet, African Easterly Waves, Tropical
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FIGURE 8 Vertically integrated moisture flux divergence (10-4 kg-m~2s™"). ERAS5 (top), BAM-v1.2 (middle), HadGEM3 (bottom). Left
panel: NH, right panel: SH. The numbers at the upper right corners of each panel are the vertically integrated moisture pattern correlation
(IMPC) values computed between the models and ERAS5 values shown in these figure panels. The numbers at the upper left corners of each
panel are the vertically integrated moisture flux divergence pattern correlation (DIMPC) values computed between the models and observed
(GPCP) values shown in these figure panels [Colour figure can be viewed at wileyonlinelibrary.com]
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Easterly Jet, the Saharan Heat Low and the ITCZ. Then,
the precipitation bias could be associated with model defi-
ciencies in representing some of these features, which likely
require higher spatial resolutions for producing improved
simulations of these elements.

The models also reproduce precipitation in the Cen-
tral and North America monsoon region, related to the
southeasterly flow from the South Atlantic, which crosses
northern South America and to the easterly flow from
the south branch of the North Atlantic Subtropical High
(Figure 4a—c). In the oceanic area of the NAMS, precipi-
tation is underestimated by BAM-v1.2 and overestimated
by HadGEM3 (Figure 5a,b). These biases are related to
the correspondent underestimation or overestimation of
ascent motion (Figure 6a,b) and moisture flux conver-
gence (Figure 8a,b).

In the NH, the common precipitation biases in the
two models (Figure 5a,b) are over the Pacific and West
Atlantic Oceans (more precipitation than observed), as
well as Indonesia (less precipitation than observed). The
models have opposite biases in India (wet in BAM-v1.2
and dry in HadGEM3), parts of eastern Asia (dry in
BAM-v1.2 and wet in HadGEM3) and east tropical Pacific
near Central America (dry in BAM-v1.2 and wet in
HadGEM3).

In the SH, the three convergence zones, ICZ, SPCZ
and SACZ are captured by the models (Figure 4d-f). The
three subtropical anticyclones, at low levels, that bring
humidity to the convergence zones are also well
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represented by the models. These subtropical highs over
South Atlantic, South Pacific and Southern Indian
Oceans are very important to the regional climate of the
Southern Hemisphere (Cherchi et al., 2018). Although
there is a good representation of such anticyclones (high-
pressure systems) by the two models, they present a dry
bias mainly in the maritime continent region, western
coast of Africa and tropical North Atlantic and wet bias
mainly in the SPCZ, Africa and Indian Ocean (Figure 5c,
d). The maritime continent is located between the Asia
and Australia monsoons regions, and precipitation is
largely influenced by El Nifio-Southern Oscillation
(ENSO), Madden-Julian Oscillation (MJO) and complex
regional topography (Robertson et al., 2011). This is a
very important region from a global perspective, being
one of the regions with intense convective activity and
therefore a strong heat source for the atmospheric circu-
lation (Neale and Slingo, 2003). Model precipitation
errors in this region have been related to the inability of
models to reproduce the diurnal precipitation cycle
(Neale and Slingo, 2003), deficiencies in convection
schemes (Gianotti and Eltahir, 2014), biases in easterly
winds and the local Hadley circulation (Toh et al., 2018).
A dry bias is also noticed over large areas of South Amer-
ica in BAM-v1.2 while HadGEM3 indicates wet bias in
the west and southeast South America. The representa-
tion of the SAMS by these two models in the same cli-
mate simulation as the present study is detailed in
Coelho et al. (2021a). Summer precipitation in Australia

(c) BAM Vertically Integrated Moisture Flux
Bias 1e4*(kg/m2/sec) 1981-2010 DJF SH

0 30°E 60°E 90°E 120°E 150°E 180 150°W120°W90°W 60°W 30°W 0

[

oy L I S R [T T 1
-0.8 -06 -0.4 -0.2 -0.1 -0.050.05 0.1 02 04 06 0.3
(d) HADGEM Vertically Integrated Moisture Flux

B I R | \ [ I [ [
-0.8 -0.6 -0.4 -0.2 -0.1 -0.05 0.05 0.1 0.2 04 0.6 0.8

Vertically integrated moisture flux divergence bias (10-4 kg-m~2-s™") calculated between models BAM-v1.2 (a, c), HadGEM3

(b, d) and ERAS. Left panel: NH, right panel: SH. Monsoon areas (black boxes) [Colour figure can be viewed at wileyonlinelibrary.com]
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at wileyonlinelibrary.com]

is well simulated, except in the extreme north, with dry
bias in both models and a wet bias on the eastern coast
by BAM-v1.2. The dry bias in the north is an extension of
the reduced precipitation in the maritime continent
region. Although there is a dry bias in the maritime con-
tinent, this region presents high correlations between
observed (GPCP) and models simulated precipitation
(Figure 6). The correlations are high over the tropical
regions, mainly over the oceans. Over the monsoon
regions of India, Eastern Asia and Northwest Pacific the
correlations are not statistically significantly different
from zero at the 10% level, except in small areas. The sta-
tistically significant correlations cover large areas of
NAMS and some areas of NAFMS in the NH, and some
areas of SAMS, SAFMS and AUSMS in the SH. However,

the precipitation pattern correlations between models
and GPCP are 0.93/0.94 (BAM-v1.2/HadGEM3) in the
NH and 0.96/0.98 (BAM-v1.2/HadGEM3) in the SH. The
850 hPa circulation pattern correlations are 0.83/0.82
(BAM-v1.2/HadGEM3) in the NH and 0.86/0.87 (BAM-
v1.2/HadGEM3) in the SH. At both low and high levels,
the precipitation and circulation pattern correlations are
a little higher in the SH than in the NH.

The biases in precipitation (Figure 5) are shown to be
consistent with biases in vertical motion (Figure 7). The
dry bias in the maritime continent region during the NH
and SH monsoon seasons corresponds with under-
estimated ascent, as well as the dry bias in India by
HadGEM3 and dry bias in South America in BAM-v1.2.
The same occurs in the regions with wet bias, where
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FIGURE 11 Divergent wind (m-s™") at 200 hPa and outgoing longwave radiation (OLR shaded, W-m~2). ERAS5 (top), BAM-v1.2
(middle), HadGEM3 (bottom). Left panel: NH, right panel: SH. The numbers at the upper right corners of each panel are the circulation
(divergent wind) pattern correlation (CPC) values computed between the models and ERAS values. The numbers at the upper left corners of
each panel are the outgoing longwave radiation pattern correlation (RPC) values computed between the models and ERAS values [Colour
figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Correlation between monthly precipitation and circulation indices in the period of 1981-2010 for eight monsoon regions

Correlation between precipitation and

circulation indices (1981-2010) GPCP (PREC)_ERA5 (CIRC)  BAM (PREC/CIRC)  HAD (PREC/CIRC)
IMS 0.66 0.72 0.67
WNPMS 0.82 0.86 0.81
EAMS 0.71 0.73 0.83
NAMS 0.86 0.83 0.87
NAFMS 0.72 0.67 0.65
SAFMS 0.71 0.76 0.74
SAMS 0.71 0.65 0.67
AUSMS 0.85 0.70 0.68

Note: For the NH (SH) the analysis includes June, July and August (December, January and February) values. Observation (GPCP and ERAS5), BAM-v1.2 and
HadGEM3 models.
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FIGURE 13 Timeseries of precipitation index (blue) and circulation index (red) calculated from observational data and model
simulations. Observational: (a) IMS, (b) NWPMS, (c) EAMS, (d) NAMS; BAM-v1.2: (e) IMS, (f) NWPMS, (g) EAMS, (h) NAMS;
HadGEM3: (i) IMS, (j) NWPMS, (k) EAMS, (1) NAMS. Numbers in the upper left corner are correlations between monthly
precipitation and circulation indices in the period of 1981-2010 for each monsoon region [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 14 Timeseries of precipitation index (blue) and circulation index (red) calculated from observational data and model
simulations. Observational: (a) NAFMS, (b) SAFMS, (c) SAMS, (d) AUSMS; BAM-v1.2: (e) NAFMS, (f) SAFMS, (g) SAMS, (h) AUSMS;
HadGEM3: (i) NAFMS, (j) SAFMS, (k) SAMS, (1) AUSMS. Numbers in the upper left corner are correlations between monthly
precipitation and circulation indices in the period of 1981-2010 for each monsoon region [Colour figure can be viewed at
wileyonlinelibrary.com]
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ascent is overestimated. The precipitation biases are also
associated with biases in the vertically integrated humid-
ity flux (Figure 9). Although the general humidity flux
patterns are well represented (Figure 8), the moisture
convergence is underestimated, mainly in the maritime
continent region and South America, and overestimated
over Pacific and Indian Oceans. The underestimation of
moisture convergence in IMS by HadGEM3 is consistent
with the precipitation underestimation in that region.
The vertically integrated moisture flux pattern correla-
tions between model simulations and ERA5 are 0.93/0.94
(BAM-v1.2/HadGEM3) in the NH and 0.95/0.96 (BAM-
v1.2/HadGEM3) in the SH. The vertically integrated
moisture flux divergence pattern correlations are lower:
0.56/0.49 (BAM-v1.2/HadGEM3) in the NH and 0.71/0.62
(BAM-v1.2/HadGEM3) in the SH.

Besides the common features of maximum summer
precipitation, ascending motion and humidity flux in the
monsoon regions, there is convergence at low levels
(Figure 10a,d) and divergence at high levels (Figure 11a,

d), shown by divergent winds. The convergence at low
levels and divergence at high levels, as well as the anticy-
clonic circulation at high levels are basic features of the
monsoon regions (Chen, 2003). These features are well
captured by the two models (Figures 10b,c,e,f and 11b,c,
e,f). The low levels divergent wind pattern correlations
between models and ERAS5 are 0.88/0.91 (BAM-v1.2/
HadGEM3) in the NH and 0.84/0.90 (BAM-v1.2/
HadGEM3) in the SH. At high levels, the divergent wind
pattern correlation are 0.95/0.90 (BAMv1.2/HadGEM3)
in the NH and 0.87/0.88 (BAM-v1.2/HadGEM3) in the
SH. Precipitable water, which is shown in Figure 10, is
also well simulated by the two models. The precipitable
water patterns correlations between models and ERA5
are 0.97 for both models in the NH and 0.97/0.98 (BAM-
v1.2/HadGEM3) in the SH.

OLR presented in Figure 11 shows a similar observed
convection configuration in HadGEM3 (Figure 11c,f), but
higher than observed OLR in BAM-v1.2, which means
reduced convection in the monsoon regions (Figure 11b,
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FIGURE 15 Timeseries of precipitation index calculated from observational data and model simulations (BAM-v1.2 and HadGEM3) for
eight monsoon regions. (a) IMS, (b) NWPMS, (c) EAMS, (d) NAMS; (e) NAFMS, (f) SAFMS, (g) SAMS, (h) AUSMS
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e). The highest OLR values in the regions of the subtropi-
cal highs, Northern Africa and Australia, are over-
estimated by BAM-v1.2, while HadGEM3 overestimates
in Northern Africa during NH summer. This OLR over-
estimation in BAM-v1.2 is related to deficiencies in
cloud-radiation interactions, as mentioned above
(Coelho et al., 2021a; 2021b). OLR pattern correlations
between models and NOAA data are 0.92/0.91 (BAM-
v1.2/HadGEM3) in the NH and 0.89/0.90 (BAM-v1.2/
HadGEM3) in the SH.

4 | ANNUAL CYCLE AND
MONSOON INDICES

The two models represent the annual cycle of the PI for
the eight monsoon areas, listed in Table 4, reasonably
well (Figure 12). However, they overestimate the precipi-
tation in WNPMS (Figure 12b) and SAFMS (Figure 12f),
and underestimate in NAFMS (Figure 12e) during the
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whole year. In AUSMS (Figure 12h), both models under-
estimate during the austral warm season. BAM-v1.2 ade-
quately simulates the annual cycle in SAMS, while
HadGEM3 overestimates it (Figure 12g). The common
feature of all monsoon regions is the precipitation con-
trast between summer and winter, unless the EAMS,
which shows smaller differences (Figure 12c).

In the monsoon regions, precipitation has a strong asso-
ciation with wind flow at low levels, as this flow brings
humidity from the ocean to the continent in the summer
season. In order to verify how well, in the models, precipita-
tion is related to atmospheric circulation in each monsoon
region, correlations between their indices, specified in sec-
tion 2 were calculated. The precipitation and circulation
indices obtained from ERA-5 (circulation) and GPCP (pre-
cipitation) are well correlated in all monsoon regions, with
values from 0.66 to 0.86 for the period of 1981-2010
(Table 3). The highest correlations are noticed in NAMS,
AUSMS and WNPMS. The models present a correlation
between the two indices similar to the observed indices for
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FIGURE 16 Timeseries of circulation index calculated from observational data and model simulations (BAM-v1.2 and HadGEM3) for
eight monsoon regions. (a) IMS, (b) NWPMS, (c) EAMS, (d) NAMS; (e) NAFMS, (f) SAFMS, (g) SAMS, (h) AUSMS
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TABLE 5

Correlation between precipitation and circulation indices calculated by averaging the monthly values over each summer

season over the 1981-2010 period for eight monsoon regions between models (BAM-v1.2 and HadGEM3) and Observations (GPCP

and ERA5)

1981-2010

Correlation between precipitation indices BAM

and HAD vs. GPCP

Correlation between circulation indices BAM
and HAD vs. ERA5

Monsoon regions PREC_BAMXxGPCP

Correl_index_IMS 0.19 0.31
Correl_index. WNPMS 0.03 0.39
Correl_index_ EAMS —-0.01 0.03
Correl_index NAMS 0.44 0.39
Correl_index NAFMS 0.32 0.44
Correl_index_SAFMS 0.26 0.02
Correl_index_SAMS 0.37 0.24
Correl_index AUSMS 0.46 0.42

PREC_HADXGPCP

CIRC_BAMXERA5 CIRC_HADXERA5

0.20 0.32
0.66 0.81
0.14 0.12
0.60 0.44
0.58 0.66
0.10 —0.16
0.40 0.44
0.52 0.66

Note: Correlation values above 0.31 (values in bold) are statistically significant using the ¢ test for correlation at the 10% level (¢ > 1.701 and <—1.701)

the regions of NWPMS, NAMS and SAFMS. The correla-
tions in SAMS, AUSMS, NAFMS are lower in the models
than in the observations, and in EAMS, BAM-v1.2 shows
similar correlations, while HadGEM3 has higher values
than observed. On the contrary, in IMS, HadGEM3 presents
similar values, and BAM-v1.2 shows higher correlations
than observed.

Timeseries of the two indices calculated by averaging
the monthly values over each summer season during
1981-2010 in the eight monsoon regions are plotted in
Figures 13 and 14. This analysis is similar to Wang and
He (2019). It is seen that these two indices have a marked
interannual variability, in both intensity and sign. In
many years the two models represent the indices with
the same signal, similar to the observations, although
with different intensities. Then, in the majority of
regions, the models can identify the relationship between
circulation and precipitation. The highest circulation
indices observed in WNPMS (Figure 13b,fj) are captured
by both models, as well as the low intensities of precipita-
tion and circulation indices in EAMS (Figure 13c,g,k).
Timeseries of precipitation and circulation indices calcu-
lated by averaging the monthly values over each summer
season during 1981-2010 for both models and GPCP are
shown in Figures 15 and 16. The interannual variability
of precipitation is captured by the models in some years,
but the correlations between each model (BAM-v1.2/
HadGEM3) and GPCP series in Table 5 are statistically
significant different from zero at the 10% level only in
NAMS (0.44/0.39), NAFMS (0.32/0.44) and AUSMS
(0.46/0.42). In IMS and WNPMS, only HadGEM3 shows
statistically significant correlations of 0.31 and 0.39,

respectively, while in SAMS, only BAM-v1.2 presents sig-
nificant correlation of 0.37.

For IMS, the two models present similar precipitation
variability or similar values to observations in 1982, 1985,
1987, 1988, 1989, 1993, 2002, 2003, 2009 and 2010
(Figure 15a). For WNPMS, the similar variability or simi-
lar values are identified in 1983, 1985, 1994,1995, 1998,
2003, 2004, 2007, 2009 and 2010 (Figure 15b). EAMS pre-
sents similar variability or similar values in 1983, 1986,
1989, 1992, 1994, 1997, 1998, 2000, 2003, 2005 and 2010
(Figure 15c). Similar variability or similar values in
NAMS occur in 1982, 1983, 1985, 1988, 1991, 1992, 1997,
1998, 1999, 2000, 2001, 2002, 2005, 2006, 2008, 2009 and
2010 (Figure 15d). NAFMS shows similar variability or sim-
ilar values in 1990, 1997, 1998, 2002, 2003, 2004, 2005, 2009
and 2010 (Figure 15e). The timeseries of observation and
model precipitation in SAFMS indicate similar variability
or similar values in 1988, 1996, 1997 and 2001 (Figure 15f).
For SAMS, similar variability or similar values occur in
1982, 1985, 1986, 1987, 1991, 1993, 1994, 1998 and 1999
(Figure 15g). For AUSMS the similar variability or similar
values occur in 1986, 1987, 1993, 1994, 1997, 1998, 1999,
2000, 2002, 2006, 2007 and 2008 (Figure 15h).

The circulation indices have more cases of similar
variability or similar values (Figure 16) and the statistically
significant correlations in Table 4, between each model
(BAM-v1.2/HadGEM3) and ERA5 occur in WNPMS
(0.66/0.81), NAMS (0.60/0.44), NAFMS (0.58/0.66), SAMS
0.40/0.44) and AUSMS (0.52/0.66). It is worth to emphasize
that the correlations are higher for circulation indices than
for precipitation, showing the better ability of models in
representing circulation. Similar circulation indices were
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analysed by Zhou et al. (2009b) in the Asia-Australian
region, using a multimodel set of atmospheric simulations,
discussing the role of SST on circulation.

5 | DISCUSSION AND
CONCLUSION

This study evaluated the representation of monsoons fea-
tures in climate simulations of two global atmospheric
models: BAM-v1.2 and HadGEM3. The period of analyses
was 1981-2010, and the results were compared to ERAS
reanalysis and GPCP dataset. Observed global monsoon
characteristics were identified in the simulations from
both models. The spatial extent of the NH and the SH
monsoon domains were reproduced by the models, as
well as the summer characteristics of atmospheric circu-
lation at low and high levels. The models’ precipitation in
the monsoon regions displayed similar features to obser-
vations, although there were biases in some areas, mainly
in the maritime continent (dry) and Pacific and Indian
Oceans (wet). In the EAMS region, the models presented
opposite precipitation biases: dry in BAM-v.1 and wet in
HadGEMS3. On the contrary, the IMS region displayed
wet bias in BAM-v.1 and dry in HadGEM3. The models
also showed opposite precipitation bias in the NAMS
region: dry in BAM-v.1 and wet in HadGEM3. In the
SAMS region, both models indicated dry biases over parts
of Amazon and wet biases in parts of Southeast Brazil.
The two models also represented similar biases in the
SAFMS: wet bias over eastern and dry bias over parts of
western South Africa. In the NAFMS region the both
models showed a dry bias in parts of the domain. A dry
bias in the AUSMS was also exhibited in both models.
Biases in these regions are related to errors in ascending
motion and humidity flux.

The present analyses showed that the main features
of the global monsoon were represented by the two
models, BAMv1.2 and HadGEM3. However, there was an
overestimation or underestimation of some variables,
indicating errors in their intensities. Common features of
the monsoon regions were high-level anticyclones, low-
level inland flow, ascending vertical motion, humidity
flux to the continents, divergence at high levels and con-
vergence at low levels, the annual cycle of precipitation
and relations between precipitation and circulation.
These common features were adequately represented by
the models, except the Mexican High at high levels that
was not well organized in the HadGEM3 model. In each
hemisphere, the global precipitation and circulation
showed features of the monsoon systems, which were
reproduced by the models. Considering the annual cycle
of precipitation, in the NH, the larger errors were found

of Climatology

in the WNPMS and NAMS, while in the IMS, EAMS and
NAFMS, the annual cycles of precipitation were close to
observations. In the SH, the annual cycles followed the
observations, mainly in the SAMS, with overestimation
in the SAFMS and underestimation in the AUSMS. In
the majority of years the models reproduced the relation-
ship between precipitation and circulation indices, with
high association measured by computing the correlations
between the times series of these two indices. However,
the correlations between models precipitation indices
and GPCP were low and only statistically significant at
the 10% level in NAMS, NAFMS, AUSMS (BAM-v1.2 and
HadGEM3), in IMS and WNPMS (HadGEM3), and in
SAMS (BAM-v1.2). The circulation index presented
higher correlation values between models and ERAS5,
with significantly significant values in WNPMS, NAMS,
NAFMS, SAMS, AUSMS (BAM-v1.2 and HadGEM3) and
in IMS (HadGEM3).

The models” performance are affected by the lack of
ocean-atmosphere interaction but also by deficiencies in
the representation of physical processes. Good et al.
(2021) report that tropical precipitation sensitivity to local
SSTs is too weak in CMIP5 models, contributing to model
precipitation and circulation biases. The authors suggest
that the response of shallow precipitating convection to
SST variation could be important for improving these
biases. BAM1.2 and HadGEM3 AMIP simulations used
in this study are driven with observed SSTs, but if the
models do not properly represent precipitation—-SST cou-
pling then this could contribute to the biases in monsoon
representation reported in this study.

In addition, errors in precipitation over the continents
may be related to errors in humidity flux, humidity con-
vergence and vertical motion, as identified in the present
study. The role of vertical motion and water vapour on
precipitation bias was discussed in Yang et al. (2018),
with analyses of four CMIP5 models. John and Soden
(2007) analysed water vapour in global climate models
simulations and found, in its majority, a dry bias in the
boundary layer and a larger wet bias in the free atmo-
sphere. However, as the planetary boundary layer (PBL)
is relevant for the vertical transport of heat, moisture,
momentum and other physical proprieties (Garrat, 1994)
a good parameterization can reduce amplification of
errors. Other parameterizations, like radiation and con-
vection need to be better adjusted in the models, to
reduce errors.

The atmospheric moisture flux divergence bias, noticed
in the results, may be related to errors in soil moisture-
atmosphere interactions and to the horizontal advection of
moisture in the free atmosphere. The soil moisture coupling
with atmospheric variables and representation by models
was discussed in Koster et al. (2004) and Seneviratne et al.
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(2010). They identified, in the Global Land-Atmosphere
Coupling Experiment (GLACE), hot spots of soil moisture-
temperature and soil moisture-precipitation couplings in
regions of North America, India and northern Africa. For
Eastern Asia there was only coupling between soil moisture
and temperature. The results were obtained by a multi-
model analysis, but there was large variability among the
12 models. Thus, the inability of models to represent these
couplings can propagate errors in the hydrological cycle.
The role of wind biases of CMIP6 models on moisture
advection was discussed in Baker and Spracklen (2022)
when analysing rainfall recycling in Amazon and Congo
basins. Although BAM-v1.2 and HadGEM3 represent large-
scale convergence at low levels and divergence at high
levels relatively well, moisture flux biases need to be investi-
gated in the light of existing wind and evaporation biases.

Model resolution can also be a source of errors. Demory
et al. (2014) evaluated the impact of changing horizontal
resolution in HadGEM3 on model representation of the
hydrological cycle. In general, they found that biases in
radiation result in biases in the hydrological cycle, with too
much moisture being transported from the ocean onto land.
Furthermore, representation of precipitation in the models
was sensitive to horizontal resolution, with precipitation
decreasing over the oceans with increasing model resolu-
tion (i.e., becoming closer to observations) and increasing
over land (further away from observations). Mitra (2021)
assessed representation of the Indian monsoon in CMIP6
models and observed that models generally overestimate
the spatial coherence of monsoon rainfall. The models sim-
ulated large-scale, spatially homogenous rain events span-
ning several grid cells, missing the heterogeneity present in
observations. Thus, this is further evidence that the coarse
horizontal resolution of HadGEM3 and BAM1.2 could con-
tribute to monsoon biases shown in our study.

In this study, the identification of deficiencies in
humidity flux, omega and OLR, related to precipitation
in monsoon regions, suggests the importance of continu-
ous development of these models, both in the dynamical
core and parameterizations of convection, radiation and
PBL, aiming to reduce errors and improve the quality of
the produced simulations.
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