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Abstract The earliest Asian summer monsoon onset (SMO) occurs in the Bay of Bengal (BoB), heralding
the coming of the rainy season. In late April or early May, the strong sea surface temperature (SST) diurnal
variation accompanied by ocean surface warming triggers the SMO. However, this observed diurnal cycle
intensity cannot be reasonably simulated by state‐of‐the‐art climate models, resulting in a spurious delayed
SMO. To address this issue, the SST diurnal cycle parameterized by a diagnostic sublayer scheme was
incorporated into a climate model named FIO‐ESM v2.0. The large diurnal amplitude of SST contributes to
surface warming and changes atmospheric circulation. Consequently, the high‐pressure anomaly at high levels
and an inverted trough at low levels promote more convective activity, triggering an earlier SMO. Our findings
improve the ability of climate models in simulating the evolution of the Asian monsoon system.

Plain Language Summary Asian summer monsoon onset (SMO) accompanied by the coming of the
rainy season has a significant impact on the lives and livelihoods of more than half of the world's population.
However, state‐of‐the‐art climate models struggle to capture the major features of SMO accurately. The
simulated diurnal amplitude of sea surface temperature (SST) is much smaller compared with observation,
resulting in a cold bias in SST and a delayed SMO in the Bay of Bengal (BoB). Here, we incorporated a
diagnostic sublayer parameterization into the climate model to account for the effect of a strong diurnal cycle.
The SST in the BoB increases, and more convective activities are promoted in response to the warmer
underlying surface. Changes in monsoon circulation create favorable environmental conditions for an advanced
SMO. Considering the effect of strong diurnal variation provides a solution to reduce common biases of the
climate model in simulating SMO.

1. Introduction
The onset of the Asian summer monsoon marks a critical transition from a dry and cold season to a rainy and hot
season, substantially impacting the production and living of billions of inhabitants. The monsoon onset date,
regarded as an intrinsic indicator of the transition of seasons, is crucial for agricultural and economic activities in
the monsoon region. Increasing observations show that the Asian summer monsoon initially breaks out in the
southern Bay of Bengal (BoB) in late April or early May (K. Li et al., 2018; B. Wang & LinHo, 2002; Yu, Li,
et al., 2012). Convection activity then propagates eastward toward the South China Sea and westward toward
India (Liu, Liu, et al., 2015; Zhu & Li, 2017), accompanied by a sudden shift in wind and a higher chance of
extreme rainfall over South and East Asia.

The summer monsoon onset (SMO) in the BoB is modulated by multi‐scale climatic variabilities and the mean
state of the tropical pattern. In terms of interannual variability, El Niño‐Southern Oscillation (ENSO) is the
dominant force influencing the SMO, with the advanced (delayed) onset after the occurrence of La Niña (El Niño)
events in the preceding winter and spring (He & Zhu, 2015; Mao &Wu, 2007; X. Wang et al., 2013). Besides, the
tropical Pacific upper ocean heat content and convection anomalies over the southern Philippines related to ENSO
substantially change the SMO in the BoB (Feng et al., 2013; Liu, Wu, & Ren, 2015). On the intraseasonal
timescale, the first northward propagating intraseasonal oscillations (ISOs) trigger the SMO (K. Li, Li,
et al., 2016; B. Wang et al., 2006). The relationship between ISOs and SMO is also modulated by ENSO (K. Li
et al., 2018). On the synoptic timescale, tropical cyclones developed over the BOB during the monsoon transition
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period, also known as the monsoon onset vortex (MOV), influence the SMO (Z. Li et al., 2021; Wu et al., 2011,
2013; Zhu & He, 2013). Significantly, sea surface temperature (SST) reaches its annual maximum just before the
SMO, which regulates the northward propagating ISOs and the development of MOV (K. Li, Liu, et al., 2016;
Shroyer et al., 2021; Wu et al., 2012). Yu, Shi, et al. (2012) found that this SST warming is likely induced by
shallow mixed layer depth (MLD), weak winds, and strong solar radiation along with a strong diurnal cycle. On
higher frequency timescale, such as diurnal variation, the effect of large SST diurnal amplitude on the SMO
remains largely unknown.

Despite significant advances in climate modeling over the past few decades, climate models still suffer systematic
biases in simulating SMO. Sperber et al. (2013) evaluated model performance in the Coupled Model Inter-
comparison Project phase 3 and phase 5 (CMIP3 and CMIP5), revealing that the simulated SMO in the BoB is
delayed for 3 to 6 pentads in multi‐model mean results. Although the models participating in the CMIP6 are more
skillful in simulating the climatological features of monsoon, the SMO remains delayed over the Indian, BoB,
South China Sea, and East Asia regions (Dong et al., 2016; Hu et al., 2023; H.Wang et al., 2022). For the BoB, the
late SMO is associated with the local SST bias, which could lead to inconsistency between simulations and
observations regarding the development of convection activity.

SST exhibits a pronounced diurnal cycle due to the periodic variation of solar radiation, particularly in the tropical
region. Under low wind speeds and strong solar radiation conditions, daily mean SST increases by 2–3°C due to
the strong diurnal variation (Soloviev & Lukas, 1997). Incorporating the SST diurnal cycle into a coupled model
can improve the tropical cold tongue bias, with temperature changes of up to 1°C (Bernie et al., 2008). This high‐
frequency process is crucial for air‐sea flux exchange in the climate system, but most CMIP6 climate models
struggle to accurately simulate the intensity of the diurnal cycle due to the coarse vertical resolution of the ocean
model and low coupling frequency between ocean and atmosphere components. Previous studies indicated that
the diurnal cycle can be captured when the frequency of air‐sea flux exchange is higher than 3 hr, and the vertical
resolution near the surface is about 1 m (Bernie et al., 2005; Masson et al., 2012), which is still a challenge to
climate models (Yang et al., 2023). Therefore, to capture the amplitude of observed SST diurnal variation, a
sublayer parameterization modified by Yang et al. (2017) is introduced into the climate model. The present study
intends to expand on the current understanding of the relationship between diurnal and seasonal variations, that is,
to investigate the possible effect of strong diurnal variation on the SMO.

2. Model, Methods, and Data
2.1. Model

The modified sublayer parameterization was included in the First Institute of Oceanography‐Earth SystemModel
version 2.0 (FIO‐ESM v2.0), a fully coupled model that participated in CMIP6. FIO‐ESM v2.0 consists of six
geophysical component models (Bao et al., 2020). The Community Atmosphere Model version 5 (CAM5, Neale
et al., 2010) and the Community Land Model version 4.0 (CLM4.0, Lawrence et al., 2011) serve as the atmo-
sphere and land surface components. The sea ice and runoff components are the Los Alamos National Laboratory
sea‐ice model version 4 (CICE4, Hunke & Lipscomb, 2008) and the River Transport Model (Branstetter, 2001),
respectively. The Parallel Ocean Program version 2.0 is the ocean component (POP2.0, Smith et al., 2010). The
MArine Science and NUmerical Modeling wave model is coupled with POP2.0 to consider the effects of ocean
surface waves (Qiao et al., 2016).

Six geophysical components are linked by Coupler 7 (Craig et al., 2011). Specifically, the atmosphere, land
surface, and sea ice components exchange data with the coupler every 0.5 hr, while the runoff, ocean, and wave
models exchange data every 3 hr. The frequency of coupling between POP2.0 and other components is adequate
for identifying diurnal variation. The POP2.0 has a nonuniform horizontal resolution of approximately 1.1° in
longitude and 0.27°–0.54° in latitude, featuring 60 vertical levels with the first layer at 5 and 10 m intervals in the
upper 150 m of the ocean. Note that this vertical resolution is inadequate for accurately modeling observed SST
diurnal variation.

2.2. SST Diurnal Variation Parameterization Scheme

When heat absorption at the ocean surface exceeds heat loss, a sublayer forms near the surface. The change of SST
should be equal to the temperature change at the top of that sublayer. Yang et al. (2017) proposed a sublayer
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parameterization scheme based on Schiller and Godfrey (2005) and Gentemann et al. (2009)'s work, assuming
that temperature decreases exponentially with depth. The difference in temperature between the top of the
sublayer and the top of the model layer is parameterized as follows:

∆T(t) =
Isw(t)
ρCp

(S
1 − fw (− DT(t))

DT(t)
+
∂fw(z)
∂z

−
1 − fw (− zk=1)

zk=1
) −

Isurf(t)
ρCp

(
s

DT(t)
−

1
zk=1

) (1)

where S = DT(t)/∫
DT
0 e− 9.5(z/DT )

a
, DT is sublayer depth, ρ is the seawater density, cp is the volumetric heat ca-

pacity, Isw and Isurf are the integrals of the shortwave radiation flux and surface heat fluxes, and fw is the pene-
tration of the shortwave radiation in the ocean.

The temperature difference ∆T(t), which is re‐calculated at each time step and each spatial location, is added to
SST at the first model layer (at 5 m) to represent SST at 0 m, then sent to the coupler to calculate heat flux and
change the air‐sea interaction processes. Only the potential temperature variable contains 61 layers vertically.
More details about the sublayer parameterization scheme are illustrated in Yang et al. (2017) and Bao
et al. (2020).

2.3. Experiments

To investigate the impact of the strong diurnal cycle on the SMO, two comparative experiments were conducted.
The first experiment, denoted as Exp_WDA, did not consider the sublayer parameterization scheme, resulting in a
weak simulated diurnal variation with a small amplitude. In contrast, the second experiment, denoted as
Exp_SDA, incorporated the sublayer parameterization scheme, resulting in a strong simulated diurnal variation
with a large amplitude. Two experiments were initialed from an equilibrium initial state anchored in preindustrial
time at 300 years and integrated with all forcings prescribed from 1850 to 2014, the same as the historical
experiment in CMIP6 (Eyring et al., 2016). The performance of FIO‐ESM v2.0 was evaluated before conducting
two experiments. The climatological pattern of SST, precipitation, and ENSO were reasonably simulated (Bao
et al., 2020; Deepthi & Sivakumar, 2022). Additionally, the mean state of the monsoon system and mechanical
and thermal forcings of Asian orography were well reproduced by FIO‐ESM v2.0 (J. Li et al., 2023; Song
et al., 2020).

2.4. Data

High temporal resolution SST data are derived from the daily Optimum Interpolation Sea Surface Temperature
(OISST v2) data set for the period of 1982–2014 based on the measurements from the Advanced Very High‐
Resolution Radiometer satellite data (Huang et al., 2021), the African‐Asian‐Australian Monsoon Analysis
and Prediction (RAMA) mooring data set at (15°N, 90°E) and (12°N, 90°E) for the period of 2009–2014
(McPhaden et al., 2009), and the fifth generation ECMWF reanalysis (ERA5) for the period of 1979–2014.
Despite the high time frequency in ERA5, there are no variations due to the diurnal variations in SST (Hersbach
et al., 2020).

The hourly wind data at 10 m, sourced from the ERA5 between 1979 and 2014, is utilized to investigate the time
of SMO in the BoB. Daily NOAA interpolated outgoing longwave radiation (OLR) products spanning from 1979
to 2014 are used as a proxy for large‐scale convective activity over the BoB (Chelliah & Arkin, 1992).

3. Results
3.1. Variation of SST During Monsoon Onset

The composite time series of SST before and after the SMO in the BoB are presented in Figure 1. Here the local
SMO date is determined according to the criteria proposed by Yu, Li, et al. (2012): the area‐averaged OLR in the
BoB (7.5°N–12.5°N, 85°E–95°E) less than 220 W m− 2 and the zonal wind changing from negative to positive
maintaining for the subsequent 10 days (including the first day). We calculate the SMO date on each grid. To
investigate the effect of diurnal variation on the SMO, we define the pre‐onset and post‐onset stages as the periods
from 10 days before the onset day (D − 10) to the day before the onset (D − 1) and from the day after the onset day
(D + 1) to 10 days after the onset (D + 10), respectively.
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Before the SMO, the area averaged SST in the BoB showed strong diurnal
variation (Figure S1 in Supporting Information S1). The diurnal amplitude,
which represents the intensity of diurnal variation, exceeds 1.3°C based on
RAMA mooring at 15°N, and 12°N (Figure 1). However, the model cannot
reasonably simulate the diurnal amplitude in Exp_WDA. The SST exhibits
weak diurnal variation with a smaller diurnal amplitude of less than 0.5°C. By
incorporating the sublayer parameterization scheme into the model, the
diurnal amplitude increases up to 1.9°C in Exp_SDA. In the pre‐onset stages,
the clear skies, intense solar radiation, weak surface winds, and a shallow
MLD contribute to a strong SST diurnal cycle (Wu et al., 2012). While in the
post‐onset stages, the large diurnal amplitude decreases rapidly due to the
coming of the rainy season. Increased convective activity with a significant
quantity of cloud cover reflects solar radiation and less heat is absorbed
during the day.

The presence of strong diurnal variation contributes to an increase in daily
mean SST. Comparing the results of two experiments, the daily mean SST in
Exp_SDA with a larger diurnal amplitude is about 0.5°C warmer than it in
Exp_WDA during the pre‐onset stage. The maximum daily mean SST rea-
ches up to 30°C in Exp_SDA, but lower than 30°C in Exp_WDA.Meanwhile,
the RAMA SST with a larger diurnal amplitude also shows a warmer daily
SST, with a maximum value up to 30.5°C. The model with strong diurnal
variation has a more accurate capability to simulate the pre‐onset warming
SST caused by intensive diurnal processes.

The diurnal variation contributes to the increase in SST, which is crucial for
the SMO. Based on the ERA5 reanalysis and NOAA OLR data sets, the SMO

in the southern BOB typically occurs at the end of April or early May, during the 115th to 130th day of the year
(Figure 2a). However, the simulated onset time in Exp_WDA is noticeably delayed. As shown in Figure 2d,
differences between Exp_WDA and observation are approximately 10–15 days (2–3 pentads) in the central BOB
and 15–20 days (3–4 pentads) in the western BoB from 10°N to 15°N. Considering the impact of strong diurnal
variation in the model, the time of SMO is advanced by approximately 10–15 days (2–3 pentads) from the center
to the eastern BoB, as evidenced by comparing the results of Exp_SDA with Exp_WDA (Figure 2f). The bias in
SMO in the central BoB is significantly reduced (Figure 2e).

Figure 1. Composite time series of sea surface temperature during the
summer monsoon onset (SMO) averaged in the Bay of Bengal region
(7.5°N–12.5°N, 85°E–95°E). The zero in the x‐axis indicates the day of
SMO, and the negative (positive) value indicates the days before (after)
SMO. The black lines represent Optimum Interpolation Sea Surface
Temperature (solid line) and ECMWF reanalysis (dashed line) results,
respectively. The dark (light) red line shows the daily (3 hr) mean result of
EXP_SDA, and the dark (light) blue line shows the daily (3 hr) mean result
of EXP_WDA. Observed results of the RAMA buoy array at 15°N and 12°N
for the period of 2009–2014 are shown in two green lines.

Figure 2. The summer monsoon onset time (days of the year) in (a) observation, (b) EXP_WDA, (c) EXP_SDA, and
differences between (d) EXP_WDA and observation, (e) EXP_SDA and observation, and (f) EXP_SDA and EXP_WDA.
The dotted areas in panels (d–f) indicate that the differences are significant at a 95% level based on the t‐test.
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The proof of the impact of strong diurnal variation on the SMO does not depend on the selection of different
indicators. Several indicators that represent the Asian SMO are selected to investigate the impact of strong diurnal
variation on SMO, including the referenced panted rainfall rate defined by B. Wang and LinHo (2002), the
tropospheric temperature gradient index defined by Xavier et al. (2007), and the Webster and Yang index defined
by Webster and Yang (1992). These indicators are frequently used to determine the time of the SMO in terms of
convection processes and large‐scale monsoon circulation variations. All results demonstrate that the onset time
of monsoon is advanced when strong diurnal variation is considered in Exp_SDA (see Figure S2 in in Supporting
Information S1).

3.2. Physical Mechanism

Figure 3 presents the composite differences in multiple variables between Exp_SDA and Exp_WDA in the pre‐
onset stage. These differences provide insight into the impact of strong diurnal variation on the dynamic and
thermodynamic processes related to SMO.

Strong diurnal variation contributes to a positive SST difference in the BoB, with a maximum difference increase
by 0.5°C. In late April, SST warms up and typically exceeds 30°C from 10°N to 15°N before SMO (Yu, Li,
et al., 2012), known as the spring warm pool of the BoB (Wu et al., 2012). This warm pool promotes convection
activity and leads to the northward ISOs that significantly influence the formation of BoB SMO (K. Li, Li,
et al., 2016; Wu et al., 2012). However, the intensity of the warm pool is underestimated in Exp_WDA compared
with OISST. The warm center shifts southward, and the negative bias is dispersed from the north to the central
BoB (Figure S3 in Supporting Information S1). Considering the effect of strong diurnal variation, SST rises in
Exp_SDA, improving more than 50% cold bias in the central BoB. Meanwhile, surface air temperature at 2m
(T2m) also warms before the SMO (Figure 3b), with a maximum difference distributed from the central BoB to
the Andaman Islands.

Figure 3c shows the change in net heat flux induced by the strong diurnal effect. The upward direction is regarded
as the positive direction. Thus, the negative heat flux anomalies spread from the central to the southwestern BoB,
implying that more heat is absorbed by the ocean. In the pre‐onset stage, a clear sky dominates over the BoB,
resulting in stronger solar radiation absorption. The latent heat is restrained due to weak winds, rather than the
changes of specific humidity difference, leading to the negative anomaly. Ocean surface warming promotes more
heat release to the atmosphere, contributing to weak positive sensible and longwave radiation heat anomalies.
From the perspective of heat flux transport, the combined effects of shortwave radiation and latent heat fluxes
contribute to oceanic heat absorption (Figure S4 in Supporting Information S1). Meanwhile, the MLD is shallow
and even decreases in the BoB due to the strong diurnal cycle (Figure S5 in Supporting Information S1), causing
rapid heating of the ocean.

Figure 3. Composite differences between EXP_SDA and EXP_WDA in the pre‐onset stage, (a) sea surface temperature
(units: °C); (b) air temperature at 2m (units: °C); (c) net heat flux at the surface (units: W m− 2); (d) SLP (units: hPa);
(e) relative vorticity advection at 850 hPa (unit: 10− 10 s− 2); and (f) vertical velocity at 850 hPa (units: 10− 2 m s− 1). The dotted
areas indicate that the differences are significant at a 95% level based on the t‐test.
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The diurnal variation not only influences the thermodynamics processes but also has significant impacts on at-
mospheric circulation. A low‐pressure system forms in the southern BoB with an inverse pressure trough
extending from the Andaman Sea to Burma (Figure 3d). The cyclonic circulation leads to positive relative
vorticity advection (RVA) in the BoB (Figure 3e). Furthermore, the development of low‐level trough is further
promoted by the intensification of a high‐pressure anomaly in the high‐level atmosphere. Before the establish-
ment of monsoon circulation, the South Asia high locates in the Indochina Peninsula and the South China Sea
(Liu, Liu, et al., 2015). Our simulations suggest that the spatial distribution of this high‐pressure system, rep-
resented by 200 hPa geopotential height, is reasonably simulated in Exp_SDA (Figure S6 in Supporting Infor-
mation S1). Incorporation of the effect of strong diurnal also strengthens the high‐pressure system from 500 to
850 hPa over the BoB and the South China Sea (Figures S7 and S8 in Supporting Information S1), contributing to
the development of low‐pressure trough in the low‐levels atmosphere under the pumping action of the high‐
pressure system.

Strong diurnal variation promotes a local vertical air circulation, which is also conducive to SST warming. The
downdraft indicated by positive vertical velocity anomaly distributes in the BoB, demonstrating that the BoB is
dominated by fine weather under the control of a high‐pressure system (Figure 3f). More solar radiation is
absorbed by the ocean, so an increase in the amplitude of the diurnal variation will contribute to SST warming,
until the SMO.

The development of low‐pressure trough and positive RVA along the trough provide favorable conditions for the
development of local convection and earlier SMO. Around 1 May, there is a negative bias of wind speed and a
positive bias of OLR in Exp_WDA, indicating a delayed SMO with underestimated wind speed and over-
estimated OLR. By incorporating the strong diurnal variation effect, increased convective activity with more
clouds blocks the OLR, leading to a negative difference in OLR between Exp_SDA and Exp_WDA (Figure S9 in
Supporting Information S1). Results show that the wind speed is stronger in Exp_SDA, representing the advanced
SMO. The simulation biases of wind speed and OLR are reduced by considering strong diurnal variation dur-
ing SMO.

4. Conclusions and Discussion
The onset of monsoon, which signals the alternations of wet and dry seasons, is crucial for water resource
management and socio‐economic development. Despite advances in climate modeling, accurately simulating the
onset time remains a challenge. The earliest signal of Asian SMO, known as the SMO in the BoB, is usually
delayed by approximately 3–6 pentads in simulations. This is partly due to the models' inability to adequately
capture high‐frequency variability. Observations reveal that the strong diurnal variation occurs before the SMO.
A strong diurnal cycle leads to warm SST and plays an important role in air‐sea interactions related to SMO.
Unfortunately, the diurnal intensity tends to be underestimated by the climate models.

A diagnostic sublayer scheme that realistically describes the diurnal amplitude was incorporated in FIO‐ESM
v2.0, resulting in the advance of 2–3 pentads in the time of SMO in the central BoB. Considering the strong
diurnal variation, daily mean SST rises in the pre‐onset stage (Figure 4a), leading to a warm pool that is more
consistent with observations. Furthermore, local air circulation changes due to the warm underlying surface
(Figure 4b). The cyclonic circulation develops in the low levels of the atmosphere, with the pressure trough
distributed along the east coast of the BoB. In the middle to high levels of the atmosphere, a high‐pressure system
forms from the BoB to the South China Sea. Positive RVA along the trough is enhanced, which is conducive to the
development of convective activity. In the vertical direction, a local air circulation with downdraft over the BoB
and updraft over the land develops. Thus, the BoB is predominantly influenced by fair weather conditions,
controlled by a high‐pressure system. Enhanced absorption of solar radiation, suppressed latent heat release and
shallow MLD contribute to an amplification in the diurnal variation, thereby facilitating SST warming until
the SMO.

Previous studies show that the development of vortexes in the BoB and the northward propagation of ISOs trigger
the SMO (K. Li, Li, et al., 2016; Wu et al., 2012). The SST warm pool provides necessary conditions for the
development of vortexes and the movement of ISOs. However, it remains challenging for a climate model to
simulate the formation of monsoon vortexes and the intensity and movement process of ISOs realistically, which
even restricts the model's ability to accurately simulate the SMO. However, the local SST warming, leading to
atmospheric instability and more convection activity, can be reasonably simulated by incorporating the diagnostic
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sublayer scheme. Accurate simulation of ocean warming depicts favorable large‐scale environmental conditions
that contribute to an advanced SMO.

Considering the strong diurnal variation can improve the delayed SMO bias in the central BoB. However, the
relationship between the monsoon onset and the intensity of SST diurnal variation is nonlinear. The monsoon
onset will not be infinitely advanced even if the diurnal variation intensifies many times. Besides, the delayed
biases over the western BoB and the Andaman Sea have not been reduced. Further analysis of the physical
processes is necessary as the monsoon processes involve multi‐scale variability interactions.

Data Availability Statement
The experimental data of Exp_WDA and Exp_SDA are archived in the digital repository figshare (https://doi.org/
10.6084/m9.figshare.24762369), which can be publicly accessed. RAMA data (McPhaden et al., 2009) are
provided by the Global Tropical Moored Buoy Array (GTMBA) project office of NOAA/Pacific Marine Envi-
ronmental Laboratory (https://www.pmel.noaa.gov/gtmba/pmel‐theme/indian‐ocean‐rama). The NOAA OISST
v2 data (Huang et al., 2021) are from https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html. ERA5
reanalysis data (Hersbach et al., 2020) are available at https://www.ecmwf.int/en/forecasts/dataset/ecmwf‐
reanalysis‐v5. Daily NOAA interpolated OLR products (Chelliah & Arkin, 1992) are from https://www.ncei.
noaa.gov/products/climate‐data‐records/outgoing‐longwave‐radiation‐daily.

Figure 4. Schematic diagram of the influence of large diurnal amplitude on summer monsoon onset. (a) Sea surface
temperature warms under the effects of large diurnal amplitude and (b) local air circulation changes due to the warm
underlying surface. The development of the anticyclonic circulation in the high levels and the pressure trough in the low
levels reinforces the downdraft and positive relative vorticity advection in the Bay of Bengal.
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