
1.  Introduction
The Asian monsoon is a key component of the global atmospheric circulation. During the summer, the 
monsoon southerlies provide around two thirds of the annual precipitation to about half of the world's 
population, while during the winter northerly winds can lead to cold surges and severe weather (e.g., Li & 
Yang, 2010; B. Wang 2006). Given the complexity and spatial extent of the monsoon, its simulation has prov-
en to be a challenging task for climate models, as well as a key testbed to evaluate their processes (Sperber 
et al., 2013).

Numerous studies have documented the model monsoon biases, as well as their spatio-temporal evolution 
with the annual cycle (e.g., Kang & Shukla, 2006; T. Zhou et al., 2009). Many of these shortcomings have 
been persisting for decades (Ramesh & Goswami, 2014; Song & Zhou, 2014a). These include the excessive 
summer rainfall over the northwestern Pacific associated with an anomalously weak Western Pacific Sub-
tropical High (WPSH), and a dipole precipitation anomaly over the Indian monsoon region with a rain-
fall deficit over the subcontinent and excess precipitation over the tropical Indian Ocean (e.g., Rodríguez 
et al.,  2017; Sperber et al.,  2013). The pervasiveness of these biases across both coupled and uncoupled 
models (M. Bollasina & Nigam, 2009; Song & Zhou, 2014b) suggests the underlying causes could be rooted 
in their atmospheric component. However, there is some evidence that coupled models can better repro-
duce monsoon precipitation than atmosphere-only models (Kumar et al., 2005; Zou, 2020) from two main 
reasons: the damped atmospheric interval variability due to negative feedback from the ocean (Z. Q. Zhou 
et al., 2018) and the compensating effects between atmospheric and sea surface temperature (SST) biases 
(Prodhomme et al., 2014; Yang et al., 2019).

Model biases hinder reliable attribution of past monsoon variations to anthropogenic forcing (e.g., Wil-
cox et al., 2015), which in turn hampers our confidence in future projections. One of the limiting factors 
is the interaction between external forcing and internal variability, especially at interannual to decadal 
time scales (e.g., Deser et al. 2012). Large uncertainties stem from the atmospheric dynamical response 
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(Shepherd,  2014), which is particularly crucial for the Asian monsoon as the large-scale circulation ex-
erts a strong control on Asian climate (Chen et al., 2000). However, large discrepancies exist in the mod-
el representation of key circulation characteristics, such as the WPSH (Liu et  al.,  2014), the East Asian 
trough (Wei et  al.,  2014), and the cross-equatorial flow over the western Indian Ocean (M. Bollasina & 
Nigam, 2009). Even within the climatological seasonal cycle, our understanding of the interplay between 
the Asian monsoon and the large-scale tropical and extratropical circulation, and how this influences model 
biases is far from complete (e.g., T. Zhou et al. 2016). Addressing these knowledge gaps is critical to reduce 
uncertainties in future projections of regional water availability over Asia.

One approach to reduce the effect of circulation biases is nudging (also known as Newtonian relaxation). 
By constraining the model large-scale circulation toward reanalysis, nudging can be used to estimate errors 
in local sub-grid processes (e.g., convection and topography; Telford et al., 2008; Eden et al., 2012). Nudging 
can also aid the detection of forced signals by constraining natural variability (e.g., Johnson et al., 2019; 
Kooperman et al., 2012; G. Lin et al., 2016; Regayre et al., 2014). However, biases may not necessarily de-
crease with nudging (e.g., Kooperman et al., 2012) as the forcing by the additional relaxation terms may 
potentially drive the model away from its balanced state (Wehrli et al., 2018).

Only few recent studies have investigated the effect of nudging on the simulation of the Asian monsoon, 
showing that South Asian and Maritime Continent (MC) precipitation biases are closely linked to circula-
tion biases over East Asia and the western Pacific (Rodríguez et al., 2017; Rodríguez and Milton, 2019). Yet, 
the extent to which nudging over different regions contributes to improving the monsoon simulation, and 
the underlying mechanisms showing potential for reducing monsoon biases, have not been investigated in 
a consistent way.

2.  Data and Methods
We use version 7.1 of the atmospheric component of the Met Office Unified Model (MetUM GA7.1), which 
includes significant improvements to the convection and aerosol schemes compared to GA6 (Mulcahy 
et al., 2018; Williams et al., 2018). The model is run at N96 horizontal resolution (1.25° × 1.875° in latitude 
and longitude, respectively), with 85 vertical levels up to 85 km (Walters et al., 2019). Daily observed SST 
and sea ice concentration are taken from the European Center for Medium-Range Weather Forecasts (EC-
MWF) Interim reanalysis (ERA-I; Dee et al., 2011). Monthly emissions of anthropogenic aerosols and their 
precursors are prescribed following CMIP6 (Hoesly et al., 2018).

We performed a set of five experiments (see Table 1) for the period December 1991–December 2012, driven 
by the same external forcing and surface boundary conditions. The control experiment (CONT), in which 
the atmospheric model is evolving freely (AMIP-like), is complemented by four simulations with horizontal 
winds relaxed toward ERA-I with a 6-hourly time scale. In three of these simulations, nudging is applied 
only above the planetary boundary layer (model level 12, or approximately 850 hPa), which constrains the 
large-scale circulation and allows low-level winds to adapt to local surface conditions (Telford et al., 2008). 
In particular, winds are nudged either globally (GLOB) or only over part of the domain, that is, over or out-
side Asia (ASIA and ELSE, respectively; Asia is the region 10°–45°N, 60°–125°E marked by the purple box 
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Experiment Description

CONT Free run without nudging applied

GLOB Global horizontal wind nudging applied above PBL

GLOB_A Global wind nudging applied over the whole atmospheric column

ELSE Wind nudging above PBL applied outside Asia

ASIA Wind nudging above PBL applied over Asia

Note. The model layer 12 in hybrid-height vertical coordinate is treated as planetary boundary layer height, which is 
around 850 hPa in CONT. The location of Asia is represented by the purple box in Figure 1a.
Abbreviations: control experiment; CONT, planetary boundary layer; PBL.

Table 1 
Model Simulations
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in Figure 1a). The comparison of ASIA and ELSE to GLOB is used to isolate the role of local and remote 
circulation biases on the simulated monsoon. A fifth experiment with winds nudged globally throughout 
the whole atmospheric column (GLOB_A) was performed to explore the effect of constraining the circula-
tion in the boundary layer.

Three ensemble members, initialized from different atmospheric conditions, were run for CONT and ELSE 
to test whether internal variability may influence the results. A comparison between the different ensemble 
members shows marginal differences in precipitation and winds (Figure S1), indicating that one member 
is sufficient to isolate the monsoon biases out of internal variability. Note that temperature is not nudged to 
prevent the appearance of spurious diabatic heating and precipitation anomalies (e.g., K. Zhang et al. 2014); 
the effect of additional temperature nudging is briefly discussed in Section 4.

The seasonal mean in both winter (December–February) and summer (June–August) and sub-seasonal 
features at monthly and pentad scales are analyzed for the last 20 simulated years (the first year is discarded 
as spin-up). The model precipitation is evaluated against the average of the Global Precipitation Climatol-
ogy Project (GPCP) version 2 (Adler et al., 2003) and the Climate Prediction Center Merged Analysis of 
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Figure 1.  Bias in the control simulation measured as differences in precipitation (mm/day) and 925-hPa wind (m/s) 
with respect to the mean of Global Precipitation Climatology Project and Center Merged Analysis of Precipitation 
satellite product and ERA-I reanalysis, respectively, in (a) winter and (b) summer. (c), (d) Same as (a), (b) but for 
vertically integrated stationary moisture flux convergence (mm/day) and moisture flux (kg/m/s). (e), (f) Same as (a), 
(b) but for 200-hPa divergence (106/s) and divergent wind (m/s). Contours represent climatological ERA-I sea surface 
temperature (°C). Black dots indicate differences at the 90% significance level according to the Kolmogorov-Smirnov 
test. The purple box denotes the Asia region (10°–45°N, 60°–125°E).



Journal of Geophysical Research: Atmospheres

Precipitation (CMAP; Xie & Arkin, 1997) datasets, while ERA-I is used to assess the simulated three-di-
mensional circulation. We use the non-parametric Kolmogorov-Smirnov test to evaluate the significance 
of the differences between the nudged simulations and observations. The significance of the regression 
coefficients is estimated by the Student's t test.

The simulated interannual variability (IAV) of precipitation is calculated as the standard deviation of the 
20-years long time series of summer mean precipitation at each grid point, while intraseasonal variability 
(ISV) is computed as the standard deviation of the 20–90-days Butterworth bandpass filtered pentad time 
series (Russell, 2006), after removing the annual cycle (the time mean and the first three harmonics). We 
also examined the effect of nudging on the El Niño-monsoon teleconnections and monsoon onset, which 
are well linked to IAV and ISV, respectively. The relationship between El Niño and the summer monsoon is 
diagnosed by the simultaneous regressions of precipitation and 925-hPa winds onto the Niño 3.4 index us-
ing seasonal mean values (B. Wang et al., 2000). Following B. Wang and Ho (2002), the onset date is defined 
as the first pentad of the rainy season whose mean precipitation exceeds 5 mm/day above the corresponding 
January mean precipitation rate over the monsoon domain.

3.  Results
3.1.  Monsoon Biases in the Control Experiment

Figure 1 shows the precipitation and low-level circulation biases in CONT, as well as their link via vertically 
integrated (surface to 300 hPa) stationary moisture fluxes and 200-hPa divergent circulation biases. To pro-
vide context, Figure S2 displays the corresponding observed climatology.

In the winter, CONT exhibits a substantial dry bias (above 3 mm/day) over a large area covering the eastern 
Indian Ocean and the MC (Figure 1a). Conversely, prominent rainfall excess (up to 5 mm/day) is found over 
the central and western Indian Ocean and the western Pacific between 30°S and 10°N, with a maximum 
over the South Pacific Convergence Zone (SPCZ). Albeit of small magnitude, model wet biases over India 
and eastern China are substantially larger than climatological values (+157% and +70%, respectively, in 
Table 2). The regions used to compute area-mean biases are displayed in Figure S3.

Accompanying the winter precipitation biases are errors in the simulated lower-tropospheric circulation. A 
large anticyclonic bias over the northwestern Pacific is associated with an eastward extension of the Sibe-
rian High as well as a weaker Aleutian low. This induces a strong moist easterly flow across the warm sub-
tropical Pacific (Figure 1a), which bifurcates over the southern Philippines Sea. One branch reaches eastern 
China, opposing the drier climatological northeasterlies (Figure S2a), and then continues across Indochina 
and the northern Bay of Bengal (BOB), weakening the climatological northwesterlies and bringing moisture 
to India. The other branch turns anticlockwise approaching the equator, contributing to the northwesterly 
bias from the MC to the SPCZ. To the west of the MC, a strong easterly bias and moisture transport from 
the MC across the Indian Ocean are associated with a stronger and northeastward displaced Mascarene 
High, counteracting the climatological westerlies (Figure S2a). These features are linked via anomalous 
three-dimensional circulation cells both in the zonal (Walker-type) and meridional directions (e.g., Neale 
& Slingo, 2003; Toh et al., 2018). For example, the dry MC bias and corresponding subsidence is associated 
with upper-tropospheric inflow from the divergence centers over the Indian and western Pacific Oceans, 
where increased ascent and excess rainfall occur (Figure 1e).

During the summer, the precipitation bias features a quadrupole with positive anomalies over the equatori-
al Indian Ocean and the northwestern subtropical Pacific, and drying over the Indian subcontinent and the 
MC (Figure 1b). An anomalous near-surface anticyclone over northern India weakens the climatological 
southwesterly moisture transport from the Arabian Sea and leads to the dry bias over India. The associated 
northerlies together with enhanced south-equatorial southerlies from a stronger Mascarene high circu-
lation converge along the equatorial Indian Ocean, generating the local rainfall maximum. To the east, 
the model simulates a weaker WPSH, a common bias across CMIP5 models (e.g., Liu et al., 2014; Wilcox 
et al., 2015), resulting in anomalous northeasterly wind and weaker moisture transport over central China 
(Figure 1d). Albeit spatially confined, rainfall reduces over the Yangtze River basin (10% over 28°–34°N, 
110°–125°E). Meanwhile, stronger moist westerlies blow from the BOB across Indochina to the South China 
Sea and the Northwestern Pacific, where they converge with the northward divergent flow from the MC, 
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leading to enhanced precipitation. A quadrupole structure is also manifest in the 200-hPa stream function 
bias (not shown), which features a pair of cyclones over the Indian Ocean south and north of the equator, 
and a pair of anticyclones over the western subtropical Pacific, with the northern hemispheric one particu-
larly extensive. This pattern (and its low-tropospheric counterpart, of baroclinic nature) bears the imprint 
of a Gill-Matsuno-type response to suppressed diabatic heating over the BOB, similar to the large-scale 
anomalies associated with perturbed South Asian monsoon heating in idealized baroclinic models (e.g., H. 
Lin, 2009; Sardeshmukh & Hoskins, 1988).

The coupled zonal and meridional vertical circulations in the summer make identifying the region driv-
ing the overall bias pattern across the Indo-Pacific sector less clear. Examination of the 200-hPa divergent 
circulation bias may provide insights into the existence and strength of such links (Figure 1f). A strong 
outflow from the equatorial Indian Ocean is directed toward South Asia and the eastern north equatorial 
Indian Ocean, consistent with the meridional overturning circulation between the two areas (e.g., Nigam 
& Chan, 2009). The 200-hPa inflow over South Asia displays an appreciable contribution from ascent and 
subsequent upper-tropospheric divergence over the western subtropical Pacific and further to the east, as-
sociated with the expansive anomalous cyclone and precipitation increases (Figure 1b). A transverse me-
ridional circulation cell is also recognizable between the western subtropical Pacific and the equatorial MC 
and the SPCZ (Figure 1f), consistent with the reciprocal influence of the two areas found in Nigam and 
Chan (2009) and H. Lin (2009). Note the link between the eastern sub-equatorial Indian Ocean and the 
eastern MC appears to be comparatively weak with smaller divergent wind biases, as opposed to the strong 
zonal circulation during the winter, suggesting their direct influence to be modest.

3.2.  Effect of Global Nudging Above Boundary Layer on the Monsoon Biases

Figure 2 displays the differences in precipitation and 925-hPa winds between the four nudged simulations 
and observations (refer to Figure S4 for the corresponding differences with respect to CONT). In the winter, 
GLOB features a reduction in the meridional extent of areas with large precipitation excess compared to ob-
servations. Relative drying of the tropics, particularly in the Southern Hemisphere, is partially compensated 
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Winter

MC Indiaa ECa SPCZ EIO NSCS

CONT −3.1 (36%) 0.60 (157%) 1.0 (70%) 4.3 (49%) 1.6 (21%) 0.98 (54%)

GLOB −2.4 (29%) −0.02 (5%) 0.5 (38%) 1.5 (17%) 4.2 (55%) 0.53 (29%)

GLOB_A −0.4 (5%) −0.16 (42%) 0.1 (7%) 1.5 (17%) 3.7 (50%) 0.36 (20%)

ELSE −2.7 (2%) 0.21 (55%) 0.9 (65%) 1.5 (18%) 4.1 (55%) 0.56 (31%)

ASIA −2.1 (25%) 0.01 (3%) 0.4 (31%) 3.8 (43%) 2.5 (33%) 0.51 (28%)

Summer

MC Indiaa ECa SPCZ EIO WPSH

CONT −1.8 (38%) −4.3 (57%) −0.60 (10%) 4.2 (53%) 2.1 (36%) 5.8 (75%)

GLOB −0.4 (9%) −1.0 (14%) 1.0 (16%) 13.5 (169%) 1.8 (31%) 0.2 (2%)

GLOB_A 0.2 (4%) −1.4 (19%) 1.0 (16%) 11.2 (141%) 1.9 (33%) 1.6 (21%)

ELSE −0.9 (19%) −2.4 (33%) 0.9 (15%) 13.0 (163%) 2.6 (45%) 1.1 (14%)

ASIA −2.2 (47%) −1.7 (23%) 1.3 (21%) 5.4 (68%) 1.8 (31%) 2.7 (34%)

Note. The numbers in the parenthesis represent the absolute percentage biases with respect to observational values. Corresponding region boundaries for 
computing the area averages are denoted by rectangles in Figure  S3. Note locations of the regions may vary in summer and winter depending on where 
relatively strong nudging effects are found.
Abbreviations: MC, Maritime Continent; EC, eastern China; SPCZ, the South Pacific Convergence Zone; EIO: the equatorial Indian Ocean; NSCS: northern 
South China Sea, WPSH: the Western Pacific Subtropical High.
aindicates that the area mean is computed over land grid points only.

Table 2 
Area-Mean Precipitation Biases (Unit: mm/day) Over Key Regions in Relative to Observations
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by enhanced oceanic rainfall near the equator where warmer climatological SSTs are found (Figures 1a 
and 2a). This manifests as a northward precipitation shift over both the Indian Ocean and the SPCZ, each 
associated with an extensive anomalous near-surface subtropical cyclone to the east and wind convergence 
on its western flank (Figure S4a). The resulting anomalous westerlies across the equatorial Indian Ocean 
converge with south-westerlies over the SPCZ, opposing the CONT wind biases and leading to a reduction 
in the dry bias over the MC by 0.7 mm/day (Table 2).

Nudging substantially improves the simulated circulation in the north-western extratropical Pacific by 
counteracting the extensive anticyclonic bias (Figure 2a). This results in anomalous dry northwesterlies 
over northern India and westerlies over eastern China and the northern South China Sea (Figure  S4a), 
opposing CONT winds of oceanic origin, considerably alleviating the wet biases there (152%, 32%, and 
25%, respectively, in Table 2). The winds, turning to northerlies approaching the equator, converge with the 
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Figure 2.  Biases in precipitation (mm/day) and 925-hPa wind (m/s) between GLOB and observations in (a) winter and 
(b) summer. (c), (d), (e), (f), and (g), (h) Same as (a), (b) but for GLOB_A, ELSE and ASIA simulations, respectively.
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southern hemisphere southerlies, generating the north-equatorial Pacific rainfall excess (Figure 2a). Inspec-
tion of the 200-hPa divergent flow shows a much smaller inflow toward the MC, suggesting an anomalous 
divergent outflow caused by nudging (Figure 3a). The strongest outflow is directed northeastward to the 
subtropical western Pacific Ocean (Figure S5a), leading to strengthening of the WPSH and establishment of 
a vigorous meridional overturning cell. This suggests a strong influence of the abatement of the MC rainfall 
bias on the model shortcomings over the surrounding Asian-Pacific region, likely related to an improved 
local circulation associated with land-sea breezes and the diurnal cycle. The unrealistic representation of 
these local features related to the complex terrain is the main reason for precipitation biases over the MC in 
climate models (Im & Eltahir, 2018).

During the summer, the amplitude of the quadrupole pattern biases is drastically reduced across the In-
do-Pacific sector in GLOB (Figure 2b). This indicates a general reduction of the model bias except for a re-
versal over the northern South China Sea, and hints to the existence of a common factor driving the regional 
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Figure 3.  Same as Figure 2 but for 200-hPa divergence (106/s) and divergent wind (m/s).
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rainfall distribution. Other exceptions are the south-equatorial Indian Ocean and the double intertropical 
convergence zone (ITCZ) region, where rainfall further increases. A plausible physical mechanism will be 
discussed later in this section.

The strong and extensive anomalous cyclone bias almost disappears over the western Pacific in GLOB, 
denoting a substantial enhancement in the simulated WPSH (Figure 2b), with a marked reduction of the 
wet bias by 5.6 mm/day (Table 2). On the southwestern flank of the anomalous anticyclone induced by 
nudging, strong easterlies oppose the CONT westerly bias, resulting in large moisture transport from the 
South China Sea across Indochina and the BOB toward India relative to CONT (Figure S4b). This leads to a 
reversal of the CONT wet bias over northern Indochina and the northern South China Sea (from +2.0 mm/
day to −2.2 mm/day over 12°–22°N, 100°–120°E; Figure 2b). Although the easterly anomalies oppose the 
climatological westerly winds over India, they converge with the westerly anomalies associated with the 
equatorial Indian Ocean dry anomalies (Figure S4b), resulting in a considerable reduction of the dry bias 
over Indian land areas (Table 2). Additionally, a stronger southerly moisture transport over eastern China 
makes GLOB wetter than CONT over eastern China, reversing the CONT dry bias over the Yangtze River 
basin (from −0.6 mm/day to +1.0 mm/day in Table 2).

GLOB substantially reduces the average summertime dry bias over the MC by 1.4 mm/day (Table 2). Note 
that in GLOB the biases in the MC precipitation and near-surface winds have more spatial variations com-
pared to CONT (Figures 1b and 2b), possibly associated with a more realistic representation of local circu-
lation and convection. The emergence of local effects is evident in the details of the rainfall pattern. For 
example, while closer to observations, rainfall remains biased low over the islands with nudging, yet it is 
biased high over the ocean grid-points.

The difference in the 200-hPa divergent flow between GLOB and observations features a clear alleviation 
of convergent flow bias toward South Asia during boreal summer, particularly over the southern BOB (Fig-
ure  3b). In response to global nudging, the bulk of the flow heads northwestward, similar to the mon-
soon-desert mechanism (Rodwell & Hoskins, 1996), and northeastward toward the northwestern Pacific 
and even further downstream toward the central basin (Figure S5b). Albeit weaker, the southward link with 
the equatorial Indian Ocean is also evident. There is also a strong overturning circulation apparent over the 
MC and the western subtropical Pacific. Besides, these two main structures of the upper-tropospheric diver-
gent flow display some degree of zonal coupling (e.g., between the eastern MC and the central equatorial 
Indian Ocean).

The MC is at the center of circulation differences between GLOB and CONT (Figure S5b), but there are 
complex changes in the diabatic heating distribution over this deep convective region, which are conflat-
ed with strong vertical circulations in the wider Indo-Pacific region (Jiang et al., 2016). Thus, isolation of 
the influence of the biases over the individual sub-regions in generating the overall pattern displayed in 
Figure S5b is a formidable task without the use of further sensitivity simulations. Some conclusions can 
however be drawn from existing studies using idealized diabatic heating distributions with linear and more 
advanced models (e.g., Greatbatch et al., 2013; Jiang et al., 2016). Despite intrinsic differences in the model 
used and experimental settings among the various studies, it is possible to speculate that the MC has a pre-
dominant influence on the subtropical western Pacific, while South Asia has an important influence on the 
Indian Ocean as well as to the east over China and the northwestern tropical Pacific.

Overall, the comparison between GLOB and CONT shows that nudging markedly improves simulated pre-
cipitation over the Asian subtropics through a better representation of important seasonal and permanent 
circulation features (Figures 1 and 2). However, the near equatorial positive rainfall bias may be exacer-
bated but more confined along the warm oceanic region with nudging despite a better simulated mid- and 
upper-tropospheric circulation (e.g., ITCZ). Several studies have emphasized the importance of uncon-
strained sub-grid convection due to the fact that it acts on shorter time scales than nudging (e.g., Lohmann 
& Hoose, 2009; Wehrli et al., 2018). Johnson et al. (2019) reported similar findings, albeit in the context of 
nudged experiments under black carbon forcing, and showed a strong circulation change over the tropics 
but suppressed dynamical adjustments in the mid-latitudes. A close examination of the positive near-equa-
torial rainfall bias in both CONT and GLOB (Figures 1 and 2) suggests its location to be controlled both by 
the movement of the warm SSTs and by the convergence of near-surface winds associated with meridional 
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SST gradients (M. A. Bollasina & Ming, 2013a). This is evident over the Indian Ocean in winter for CONT 
(Figure 1a), and in summer for GLOB (Figure 2b), as well as over the western Pacific in winter for both 
experiments.

As in CONT, magnitude and spatial pattern of the precipitation bias relative to satellite observations (Fig-
ure 2) broadly follow those in moisture flux convergence (MFC; Figure S6), particularly over the tropical 
oceans, suggesting the small contribution from transient eddies. To explore possible reasons for the persis-
tence of some precipitation biases after nudging the circulation globally, we decompose the MFC differenc-
es between GLOB and observations into dynamic and thermodynamic terms associated with variations in 
circulation and humidity, respectively, following Seager et al. (2010). The simulated bias in the dynamic 
contribution accounts for a large portion of the MFC biases and subsequent precipitation errors in both con-
trol and GLOB experiments (e.g., over the double ITCZ; Figures S6 and S7) while the thermodynamic term 
is relatively small and shows no appreciable variations (not shown). This implies that a substantial part of 
the precipitation biases is generated through circulation changes rather than through changes in humidity 
regardless of whether nudging is applied or not. This argument is also valid for other nudged experiments.

3.3.  Effect of Additional Nudging Within the Boundary Layer

Nudging over the whole atmospheric column (GLOB_A) further constrains the low-level atmospheric cir-
culation and thus may lead to a more realistic simulation of boundary layer processes. Note this too strong 
constraint is normally not recommended to enable the adjustments of low-level wind to surface condi-
tions (Telford et al.,  2008) and the radiative effects of short-lived climate forcers (e.g., aerosols; Regayre 
et al., 2018).

The broad features of the patterns of biases of winter precipitation and 925-hPa winds in GLOB_A are 
similar to those in GLOB (Figures 2a and 2c). A notable difference is the further reduction of the CONT dry 
bias over the MC and the wet bias over the Indian Ocean and ITCZ associated with a more realistic wind 
distribution. These bias reductions are possibly related to an improved representation of land-sea breezes 
and their interaction with the complex topography of the region. The additional MC rainfall in GLOB_A 
compared to GLOB results in stronger upper-tropospheric outflow (Figures 4a and 4c). Not surprisingly, 
the corresponding near-surface return flow toward the MC features anomalous equatorial westerlies from 
the Indian Ocean and easterlies over the Pacific Ocean in GLOB_A compared to GLOB (Figure 4a), further 
reducing the model easterly and westerly wind bias, respectively. Also, anomalous northerlies over eastern 
China lead to a reduction of the CONT wet bias there (Table 2). Conversely, stronger northwesterlies in 
GLOB_A than in GLOB over northern India, while largely alleviating the model southeasterly bias, lead to 
a weak dry bias.

The patterns of summer GLOB_A and GLOB precipitation and low-tropospheric wind bias are also similar 
(Figures  2b and  2d). Inspection of the difference between GLOB_A and GLOB (Figure  4b) reveals that 
additional boundary layer nudging reduces the equatorial wet bias in GLOB (Figure 2b). The response pat-
tern is dominated by increased rainfall and strong upper-tropospheric divergence over the central-eastern 
north-equatorial Indian Ocean and the western MC relative to GLOB (Figures 4b and 4d). The divergent 
flow heads primarily in a zonal direction toward the western equatorial Pacific, where it converges and re-
duces the wet bias in the ITCZ region. The circulation response also shows a pair of meridional overturning 
cells in both the Indian and western Pacific sectors. In the former region, the equatorial outflow subsides 
over India, with relative drying compared to GLOB. The flow reverses over the western Pacific, where the 
equatorial subsidence is accompanied by ascent and upper-level divergence over the north-western Pacific. 
Notwithstanding the reduction of the GLOB biases in the equatorial region, the induced meridional vertical 
circulations in GLOB_A result in additional drying over India and wettening over the western subtropical 
Pacific, including south-eastern China, due to improved anticyclonic moisture transport from the equator 
(Figure 2d).

Thus, GLOB_A further reduces the wind and precipitation biases in most of the oceanic areas (Figures 2b 
and 2d ; e.g., the MC and the double ITCZ region), indicating the important role of near-surface processes 
there. Yet, the model adjustment in the circulation induces anomalous convective cells, particularly evident 
in the summer, which worsen its performance in the northern subtropics. GLOB_A better simulates the 
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near-surface winds over India and China in both seasons, yet the precipitation only improves over China 
in the winter. One direct implication is that an improved simulation of the WPSH may not alleviate the wet 
summertime bias over China.

3.4.  Effect of Remote Versus Local Nudging

Here, we analyze the ELSE and ASIA experiments (i.e., the atmospheric circulation is nudged outside and 
over Asia, respectively), to disentangle the relative contribution of regional and remote circulation biases in 
driving the model errors over Asia (Figures 2e and 2h). Both experiments share overall similar precipitation 
and near-surface wind anomaly patterns to those of GLOB and GLOB_A, though there are some local dif-
ferences as expected given the regional nature of the imposed relaxation term.

During the winter, compared to GLOB, ELSE features a decrease of precipitation over the equatorial MC 
area (Figures 2a and 2e), resulting in a larger precipitation deficit than GLOB (Table 2). By contrast, ASIA 
is slightly wetter than GLOB over the same area suggesting circulation anomalies over Asia may play an 
important role in modulating the MC bias. This can also be inferred from the pattern of the anomalous 200-
hPa divergent circulation (Figure 3). The rainfall deficit over the MC is associated with a strong upper-level 
southward inflow coming from the East China Sea (Figures 3a, 3e and 3g), with compensating northward 
near-surface return flow (Figures 2a, 2e and 2g). This anomalous circulation cell is clearly recognizable in 
ELSE but is much weaker in GLOB and ASIA. Over India, ASIA further reduces the GLOB dry bias com-
pared to observations, while ELSE induces a larger wet bias (Table 2). Similarly, the excess rainfall over 
central and eastern China in GLOB improves only with regional nudging, while it deteriorates when the 
local circulation is free to evolve. These results suggest a realistic representation of the local circulation to 
be more important than that over the surrounding regions for improving the model skill at simulating win-
tertime precipitation over the Indian subcontinent and China.
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Figure 4.  Differences in precipitation and 925-hPa wind between GLOB_A and GLOB in (a) winter and (b) summer. 
(c), (d) Same as (a), (b) but for 200-hPa divergence (106/s) and divergent wind (m/s).



Journal of Geophysical Research: Atmospheres

The summer dry bias over the Indian sector is smaller for the ASIA experiment than for ELSE (Table 2), 
indicating that the circulation over the Indian subcontinent is more crucial to alleviate the dry summertime 
bias. Excess precipitation over the equatorial Indian ocean also shows stronger reduction in ASIA than 
in ELSE (Table 2). Yet, prescribing the circulation either regionally or remotely generally results in much 
larger biases than with global nudging, indicating the key role of non-linear interactions between the two.

The anomalous meridional precipitation dipole over the western Pacific is larger and more longitudinally 
extensive in ASIA than in ELSE compared to observations, associated with a stronger anomalous cyclone 
bias in the former (Figures 2f and 2h). Over central-eastern China, ELSE and ASIA, as with GLOB, reverse 
the sign of the CONT rainfall dry bias (Table 2), associated with an anomalous anticyclone over the East 
China Sea and related southerly wind anomalies along its western flank (Figure S4). However, the magni-
tude of the wet bias is smaller in ELSE than in ASIA (Table 2). Nudging both local and remote circulation 
(GLOB) causes a wet bias of 1.0 mm/day, and all nudged experiments overestimate the magnitude of the 
bias in the control experiment. This suggests that nudging circulation over Asia causes a too-strong adjust-
ment to precipitation that overcompensates for the original model bias. These results emphasize the key 
role of the model representation of the WPSH in modulating rainfall and circulation biases over the western 
Pacific and eastern China, consistently with previous studies (Gao et al., 2014; B. Wang et al., 2013). In turn, 
biases in the simulated circulation over Asia do have an influence, although secondary to those outside 
Asia, on location and magnitude of the WPSH (Figures 3f and 3h).

3.5.  The Response of Precipitation Variability to Nudging

Several studies have suggested cross-scale interactions may be fundamental in modulating the Asian mon-
soon annual cycle. For example, IAV of the seasonal mean monsoon rainfall is affected by the nature of 
ISV (e.g., Yoo et al. 2010), and a realistic representation of these relationship is key for improved seasonal 
monsoon simulations and predictions (e.g., Achuthavarier & Krishnamurthy, 2010; Fang et al., 2017). Sum-
mertime monsoon precipitation variability is closely linked to the occurrence of severe droughts and floods, 
which have considerable influence on agriculture, economy, and social well-being across Asia (Udmale 
et al., 2014; Zheng et al., 2006). Here, we evaluate model precipitation variability on two main time scales: 
IAV and ISV.

Large observed IAV occurs along the equatorial Indian Ocean and the western coast of India, over the 
northern BOB, and over the northwestern tropical Pacific (Figure  5a; e.g., Ferranti et  al.,  1997), which 
corresponds to areas with large precipitation and warm SST in the seasonal mean (Figure S2b). The spatial 
pattern of observed ISV has a close resemblance to that of IAV (J. Zhang et al., 2019), possibly due to the 
scale interactions and suggesting a common pattern of variability (Goswami & Ajaya Mohan, 2001). Note 
that ISV has a magnitude about 2.5 times the amplitude of IAV (e.g., Achuthavarier & Krishnamurthy, 2010; 
Ferranti et al., 1997), with largest values over the South China Sea and the Philippine Sea (Figure 5b). CONT 
generally captures the observed spatial structure of both IAV and ISV and their relative magnitude (Fig-
ures 5c and 5d). A notable difference is the northward displacement of the maximum IAV over the northern 
subtropical Pacific.

The simulated amplitude of both IAV and ISV is considerably higher than observed in most regions, except 
over the south-equatorial MC, western half of India and the nearby northern Arabian Sea. The resulting 
quadrupole pattern of variability anomaly across the Indian-western Pacific sector resembles that of the 
seasonal mean bias (Figures 5e and 5f). These patterns are consistent with previous findings, which show 
that precipitation-latent heat flux feedback acts to reduce the overestimated variability in AGCMs when 
coupled to ocean models (e.g., Fang et al., 2017; R. Wu & Kirtman, 2005).

Nudging above the boundary layer (Figures 6a and 6b) improves the spatial structure of the simulated IAV 
and ISV over a large part of the domain, in particular over western India and the western subtropical Pacific. 
However, GLOB shows negligible improvements or even deterioration compared to CONT over the MC, the 
western equatorial Pacific and the SPCZ, similar to the corresponding changes in the seasonal mean. This 
suggests a stronger influence of the circulation on precipitation variability outside the deep tropics (Ras-
musson & Arkin, 1993; Seager et al., 2005). Conversely, nudging tends to degrade the skill in simulated vari-
ability over the oceanic deep convective regions. The similarity in the IAV and ISV pattern changes suggests 
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the presence of common controls, possibly stemming from the relationship between monsoon variability 
and the underlying seasonally persistent mode (e.g., Krishnamurthy & Shukla, 2000).

Additional boundary layer nudging (GLOB_A) further improves the simulated IAV and ISV with respect to 
GLOB, with the largest improvements across the equatorial Indo-Pacific region (Figures 6c and 6d). Thus, 
while model skill in simulating the subtropical variability increases with the extent of vertical nudging, 
nudging only above the boundary layer actually deteriorates the simulated near-equatorial variability. This 
emphasizes the importance of correctly representing sub-daily coupled processes at the ocean-atmosphere 
interface for the successful simulation of rainfall in the strongly convective regions. Examination of the re-
gional nudged experiments (Figures 6e–6h) shows that both ASIA and ELSE have a very close resemblance 
to GLOB over the nudged domain (Asia and outside Asia, respectively), while they display differences over 
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Figure 5.  The summer climatology of precipitation (a) interannual variability (mm/day) and (b) intraseasonal 
variability (mm/day) measured as the average of Global Precipitation Climatology Project and Center Merged Analysis 
of Precipitation pentad precipitation variability. (c), (d) Same as (a), (b) but for CONT. Bias in the control simulation 
measured as the differences in summer precipitation (e) interannual variability and (f) intraseasonal variability in 
relative to observations.
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the free-running region (where they both show similar patterns to CONT). This suggests precipitation vari-
ability to be largely dominated by the local circulation.

3.6.  The Response of the El Niño-Monsoon Relationship and Monsoon Onset Dates

Improvements in the simulated precipitation IAV and ISV may translate into a more skillful representation 
of the Asian monsoon link with the El Niño and of monsoon onset, respectively. El Niño is known to exert 
a strong influence on the Asian monsoon variability at interannual timescale (Lau & Nath, 2000; B. Wang 
et al. 2000, 2013), while the onset of the rainy season is related to the active and break spells of the monsoon 
modulated by intraseasonal monsoon oscillations (e.g., Karmakar & Misra, 2019). A better representation 
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Figure 6.  Bias in the GLOB measured as the differences in summer precipitation (a) interannual variability and (b) 
intraseasonal variability in relative to observations. (c), (d), (e), (f), and (g), (h) Same as (a), (b) but for GLOB_A, ELSE 
and ASIA simulations, respectively.
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of these features is crucial for seasonal monsoon forecasts (Achuthavarier et al., 2012; Z. Wu et al., 2009), as 
well as the establishment of low-level wind reversal and rainfall season (Qi et al., 2009; H. Wang et al., 2018).

During El Niño events, rainfall decreases over the MC (Figure 7a), resulting from the eastward displace-
ment of the rising branch of the Walker circulation and corresponding convection (Lau & Nath, 2000). To 
its northwest, an anomalous low-tropospheric anticyclonic circulation develops over the north-equatorial 
Indian Ocean, consistent with a Gill-type response to the suppressed diabatic heating over Indonesia. Di-
vergent easterly anomalies and subsidence over the south-equatorial Indian Ocean lead to northerlies over 
India and general drier conditions and thus to a weaker Indian monsoon (Ramu et al., 2018), while westerly 
anomalies over the equatorial western Pacific weaken the WPSH, leading to a south-wet-north-dry rainfall 
anomalous pattern over eastern China and a dipolar precipitation anomaly over the equatorial pacific (e.g., 
B. Wang et al. 2020). The positive rainfall anomaly over the central India core monsoon area is also notewor-
thy as it has recently been suggested to be associated with multi-decadal variations in the ENSO-monsoon 
relationship (Srivastava et al., 2019), albeit largely muted in the long-term record (B. Wang et al., 2020).
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Figure 7.  Simultaneous regression coefficients of summer precipitation and 925-hPa wind onto Niño 3.4 index in (a) 
observations, (b) CONT, (c) GLOB, (d) GLOB_A, (e) ELSE, and (f) ASIA. Black dots indicate the regression coefficients 
at the 90% significance level according to the Student's t test.
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In CONT, the ENSO convection dipole over the MC and the western Pacific is more intense and shifted 
north-eastward compared to observations (Figure 7b). This results in the displacement of the anticyclonic 
anomaly from the north-equatorial Indian ocean to central India, leading to widespread drying over the 
Indian subcontinent and the Bay of Bengal. Additionally, the cyclonic anomaly over the western subtrop-
ical Pacific intensifies and shifts northward, leading to strong northerlies and a precipitation deficit across 
eastern China. GLOB significantly improves the precipitation and low-tropospheric circulation anomalies 
over the entire Indo-Pacific sector (Figure 7c). The observed MC equatorial precipitation and circulation 
anomalies are reproduced well, which in turn result in a realistic spatial pattern of the ENSO teleconnection 
to the north, including the rainfall meridional dipoles over northern India and eastern China.

Compared to GLOB, the major improvements in GLOB_A are seen over the tropics such as the better rep-
resentation of the easterlies over the western MC and the equatorial Indian Ocean sector and of the west-
erlies over the western equatorial Pacific (Figure S8d). The resulting more organized anticyclonic flow over 
the Indian sector further reduces dry biases over India (Figure 7d). Inspection of the regionally nudged 
experiments in comparison to GLOB and observations shows that, while ASIA displays a too strong and 
northeastward displaced convective dipole over the western equatorial Pacific, similar to CONT, it better 
simulates rainfall and the westerlies circulation anomalies over Indochina and the MC, which are converse-
ly too large and strong in ELSE, resulting in more realistic rainfall patterns over India and China (Figures 7e 
and 7f). This further emphasizes the important role of regional circulation over Asia, and particularly over 
the MC, in realizing the ENSO teleconnections to India and China.

The monsoon onset, heralding the transition to the rainy season, is critical for agriculture and economy 
across Asia; yet its prediction represents a major challenge (Martin et al., 2019; B. Wang et al., 2009). Ob-
servations show the monsoon establishment from early to mid-May (pentads 25–29) in a northeastward 
oriented band extending from southern Indonesia to Japan, representing the Mei-Yu front (Figure 8a). The 
onset of the monsoon rainy season occurs progressively later northwestward from the monsoon oceans 
toward inland areas, with a migration from the BOB (pentad 24) toward northwest India (pentad 37). Note 
also the delayed progression over the subtropical western Pacific.

The most striking feature of the bias in the onset pattern simulated by CONT is the large delay over India 
and the BOB (exceeding eight pentads; see Figure 8b), which is not surprising given the large dry bias over 
the region. The onset is also delayed, although to a lesser extent (∼3–4 pentads), over a southwest to north-
east band extending from Indochina to the south of Japan across southeastern China. This bias is associ-
ated with the model difficulty in representing the seasonal mean northward extent of the Mei-Yu, which 
conversely tends to stagnate to the south (Wilcox et al., 2015). In turn, this leads to an earlier onset over the 
western Pacific. This contrasts with the earlier onset of the monsoon rains over central and northern China, 
likely reflecting the contribution of local convective activity rather than the northwestward migration of 
the front.

GLOB significantly improves the simulated onset date over most the domain (Figure 8c), including a critical 
advancement of the monsoon by 2–4 pentads over central and western India. However, monsoon rains are 
further delayed in GLOB over the eastern equatorial Indian Ocean and the South China Sea, and arrive too 
early (by an additional 1–2 pentads) over central and northern China. The changes of onset date caused by 
nudging are generally consistent with seasonal mean responses except over the South China Sea, suggesting 
an opposite effect of global nudging on IAV and ISV there.

GLOB_A leads to minor changes relative to GLOB (Figure 8d). ELSE and ASIA produce opposite results 
over the Indian sector. While ELSE has an earlier and more realistic onset date over the eastern equato-
rial Indian Ocean and the BOB than ASIA, the northwestern march of the onset date across central and 
northern India is better captured by ASIA than by ELSE. This suggests the late-spring migration of the 
monsoon across the Indian Ocean and the BOB is related to the large-scale northward shift of rainfall from 
the western equatorial Pacific following the movement of the warm SSTs. Conversely, regional circulation 
is key to the further progression of the monsoon inland-ward across India, possibly associated with local 
land-atmosphere interactions (M. A. Bollasina and Ming, 2013b). Monsoon withdrawal date and monsoon 
season length (defined following B. Wang & Ho, 2002) display similar response patterns to nudging to those 
of monsoon onset (not shown).
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4.  Discussion and Conclusions
Air temperature is allowed to evolve freely as only winds are nudged in the above experiments. Figure S9 
shows that nudging both winds and temperature over the whole atmospheric column reduces the summer 
double ITCZ bias in GLOB_A as the latent heat released from convection is further constrained by tem-
perature nudging. However, the dry bias over India becomes even larger in summer compared to that in 
GLOB_A, implying that temperature nudging can potentially generate new biases. Besides, humidity nudg-
ing may also be important for some regions although the anomalies of dynamical term broadly dominate 
the biases in moisture flux convergence and precipitation in nudged experiments (Figures S6 and S7). Sun 
et al. (2019) found that humidity nudging dramatically improves the correlation of tropical precipitation 
with observations but further increases biases in the long-term simulated cloud and precipitation in the 
Energy Exascale Earth System Model Atmosphere Model Version 1. Note the nudging effect may be model 
dependent. Indeed, Wehrli et al. (2018) suggest that the temperature and precipitation biases are thermo-
dynamically driven by local processes including land-atmosphere interactions and atmospheric parameter-
izations as most of the biases remains after constraining the large-scale circulation. Thus, the robustness of 
the findings needs to be evaluated using other climate models.
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Figure 8.  (a) Observed monsoon onset date measured as the average of monsoon onset date using Global Precipitation Climatology Project and Center 
Merged Analysis of Precipitation pentad precipitation. Bias in monsoon onset date in (b) CONT, (c) GLOB, (d) GLOB_A, (e) ELSE, and (f) ASIA with respect to 
observations.
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This study investigates the impact of atmospheric circulation biases on the simulation of the Asian mon-
soon seasonal mean climate and variability. We nudge model winds toward the ERA-I reanalysis and quan-
tify the effects on model biases. Additionally, we separate the contribution of circulation errors over Asia 
and those outside Asia to monsoon precipitation biases, and provide insights into the associated mechanism 
underpinning the precipitation changes. Despite the remaining errors in nudged simulations, our study 
suggests that dynamical nudging serves as a useful tool to disentangle the contribution of regional and 
remote circulation in generating monsoon biases.

Nudging the circulation globally (GLOB) substantially reduces seasonal precipitation biases. Key features 
include a decrease of the dry bias over the Maritime Continent (MC) in winter and a quadrupole pattern 
of precipitation changes opposite to the bias in summer, associated with an enhanced western Pacific sub-
tropical high (WPSH). The resulting low-level circulation changes serve to alleviate precipitation biases over 
India and China, showing teleconnections from MC and WPSH to the Asian winter and summer monsoon, 
respectively (Robertson et al., 2011; B. Wang et al., 2013). However, the double-ITCZ problem in summer is 
amplified because nudging cannot constrain sub-grid convection. Additional nudging in the boundary lay-
er (GLOB_A) further reduces the dry bias over the MC in winter, suggesting the importance of simulating 
boundary layer circulation associated with an improved representation of complex terrain effects and the 
land-sea breeze circulation (Im & Eltahir, 2018). Constraining the circulation only over or outside Asia (i.e., 
the ASIA or ELSE experiments) reveals that precipitation biases are mainly driven by local circulation er-
rors over eastern China and India. An exception is the summer precipitation bias over eastern China which 
is more controlled by WPSH anomalies.

The similarity of spatial patterns of interannual variability (IAV) and intraseasonal variability (ISV) in both 
observations and CONT suggests their cross-scale interactions (Yoo et al., 2010). Both GLOB and GLOB_A 
reduce the generally overestimated magnitude of the IAV and ISV in CONT over the subtropics, which 
translates a more skillful simulation of the Asian monsoon linkage with El Niño and the monsoon onset, 
respectively. The ASIA and ELSE experiments resemble GLOB over the nudged domain and CONT over 
the free-running region in both variability and El Niño teleconnections to India and China. This suggests a 
dominant role of local circulation anomalies. Over the Indian sector, ELSE better simulates onset date over 
the equatorial Indian Ocean and the BOB, while ASIA has a more realistic onset over central and northern 
India.

The results in this study help us identify processes that cause biases and understand the interplay between 
the Asian monsoon and the large-scale circulation. Understanding these interactions and the associated 
mechanisms is critical to improve the simulation of the Asian monsoon and its responses to anthropogenic 
forcing for better risk management and adaptation planning in this densely populated region.

Data Availability Statement
The GPCP and CMAP observational datasets are obtained from https://www.esrl.noaa.gov/psd/data/grid-
ded/data.gpcp.html and https://psl.noaa.gov/data/gridded/data.cmap.html, respectively. The ERA-I rea-
nalysis is provided by the European Center for Medium-Range Weather Forecasts (https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/era-interim). The model outputs in reproducing this work are 
archived on zenodo (http://doi.org/10.5281/zenodo.4895856).
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