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ABSTRACT

Land–sea thermal contrast is one of the key factors modulating the onset and strength of summer mon-

soons. This study investigates the precursory thermal-contrast signal of the onset of the South China Sea

summer monsoon (SCSSM) and reveals that the land–sea thermal contrast DT (Tocean minus Tland at the

surface) in March tracks the date of the monsoon onset very well. In an energy-balance framework, the

monthly anomalies in this thermal contrast are decomposed into different components associated with

the anomalies of various radiative and nonradiative dynamical processes over the South China Sea in early

spring. It is found that the interannual variations ofDT, and thus the onset date ofmonsoon, aremainly tied to

the anomalies in surface heat fluxes, ocean–land heat storage rate, and oceanic dynamical processes. The

variation of ocean–land heat storage rate and ocean dynamics is the largest positive contributor to the change

inDT. Specifically, an early SCSSM onset tends to be associated with an amplified ‘‘cold-land, warm-ocean’’

pattern that can be further attributed to increased soil moisture content in March, which enhances land

surface cooling and weakens oceanic heat storage rate that benefits ocean surface warming. Furthermore, the

variations ofDT and soil moisture content inMarch are positively relatedwith the late-February precipitation

over the Indochina Peninsula, which could therefore be regarded as a precursory signal for both the land–sea

thermal contrast in March and the onset of the SCSSM.

1. Introduction

The onset of the South China Sea (SCS) summer

monsoon (SCSSM) occurs aroundmid- to lateMay (Lau

and Yang 1997), which is characterized by an abrupt

increase in precipitation and regarded as the com-

mencement of the East Asian summer monsoon (Tao

and Chen 1987; Ding and Chan 2005). In contrast to the

relatively ‘‘punctual’’ onset of the Indian summer

monsoon, the onset of the SCSSM exhibits considerable

year-to-year variation (Wu and Wang 2001; Ha et al.

2012). The onset time has been measured by indices of

different types of variables, such as precipitation (Wang

and LinHo 2002), low-level or surface winds (Yan 1997;

Wang et al. 2004), low-level meridional wind (Lu and

Chan 1999), vertical zonal wind shear (Li andWu 2000),

equivalent potential temperature (Gao et al. 2001), and

meridional temperature gradient (Liu et al. 2016). In

operation, the SCSSM onset time is defined by the
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National Climate Center, China Meteorological Ad-

ministration, as the pentad when the 850-hPa winds

switch to westerly wind and the 850-hPa saturation

equivalent potential temperature arises above 340K

over 108–208N, 1108–1208E (https://cmdp.ncc-cma.net/

Monitoring/monsoon.php?ListElem5p8ciu). All of these

indices can capture a certain aspect of the SCSSM onset

on pentad time scales prior to the onset. An early (a late)

onset matches a strong (weak) SCSSM (Zhou et al.

2005). A strong (weak) SCSSM usually leads to less

(more) precipitation over the middle and lower reaches

of the Yangtze River basin, but more (less) precipitation

in North China (Ding et al. 2004; He and Zhu 2015).

Therefore, investigating the interannual variation and

exploring predictors for the SCSSM onset on the

monthly to seasonal time scales are important to gain

insights into the monsoon dynamics.

Previous studies have revealed three key mechanisms

of the SCSSM onset. The first mechanism is relevant to

the intraseasonal oscillation (ISO). When the 10–20-day

ISO from the Indian summer monsoon region and the

30–60-day ISO from the monsoon trough propagate to

the SCS, the onset starts with considerable increase in

precipitation (Chen and Chen 1995; Mao and Chan 2005;

Wu 2010). Mao and Wang (2018) also found that the

30–60-day ISO was dominant in the intraseasonal varia-

tion of the SCS surface temperature. The second is related

to the deep convection over theBay ofBengal (BOB). Liu

et al. (2002) showed that the heating released by the vig-

orous convection over the BOB triggered the planetary

waves propagating in the upper troposphere, which fa-

cilitated the cold air intrusion southward to decrease

the atmospheric stability over the SCS and induced

the SCSSM onset. Zhou et al. (2005) also argued that the

determining factor related to the SCSSM onset and the

resultant monsoon rainfall might be the off-equatorial

ITCZ, in which the cumulus convection would enhance

the monsoon trough over the BOB and the SCS.

The third mechanism is the land–sea thermal contrast.

Previous studies have been mainly focused on the effect

of the heating over the Tibetan Plateau (TP) and surface

heat fluxes over the Indochina Peninsula (IP). The

sensible heating in spring over the TP affects the BOB

summer monsoon onset and then triggers the onset of

SCSSM before the Indian summer monsoon onset (He

et al. 1987; Wu and Zhang 1998). Prior to the SCSSM

onset, the IP warms faster than the SCS at 850 hPa

(Zhang et al. 2002). The earlier the surface temperature

is persistently higher over the IP than the SCS, the

earlier the SCSSM establishes (Liu et al. 2010). This

mechanism can also be used to explain the onset and

intensity of the Asian summer monsoon (Li and Yanai

1996; Oh et al. 2018).

All of these three mechanisms show the potential to

find predictors on the monthly to seasonal time scales.

Zhu and Li (2017) developed two statistical models to

predict the SCSSM onset on subseasonal and seasonal

time scales by using predictors as the 850–500-hPa air

temperature tendency from January to March, sea sur-

face temperature in the tropical Pacific in March, and a

dipole sea level pressure pattern over the Southern

Hemisphere in January. This study will seek precursory

signals by focusing on the most fundamental mechanism

underlying monsoon dynamics, that is, thermal contrast.

Specifically, in addition to the springtime TP heating,

is there any other precursory thermal signal on the

monthly to seasonal time scales for the SCSSM onset?

Furthermore, we would like to understand how long

the thermal-contrast signal can be observed before the

SCSSM onset and whether it can be easily observed

and/or measured.

The objectives of this study are 1) to identify a pre-

cursory thermal-contrast signal that is easy to measure

and 2) to quantitatively evaluate the main processes

contributing to the variation in this signal. Data and

method are described in section 2. The precursory

thermal-contrast signal is examined in section 3. Sec-

tions 4 and 5 show the process-level attribution analyses

and the mechanism of the dominant process, respec-

tively. The results are summarized in section 6.

2. Data and method

We use the atmospheric variables from the European

Centre for Medium-Range Weather Forecasts interim

reanalysis (ERA-Interim; Dee et al. 2011), which covers

the period from 1979 to the present. Variables include

monthly mean solar insolation at the top of the atmo-

sphere (TOA), air and surface temperatures, specific

humidity, cloud amount, cloud liquid and cloud ice wa-

ter content, surface albedo, ozone mixing ratio, soil

moisture, and precipitation. All of the variables have a

horizontal resolution of 18 longitude 3 18 latitude, with
atmospheric variables having 37 pressure levels from

1000 to 1 hPa. We also use the monthly mean pre-

cipitation from the Climate Prediction Center of the

National Oceanic and Atmospheric Administration,

which has a horizontal resolution of 2.58 longitude3 2.58
latitude. In addition, the monthly mean oceanic tem-

perature is provided by the National Centers for Envi-

ronmental Prediction Global Ocean Data Assimilation

System, which has a horizontal resolution of 2.58
longitude 3 2.58 latitude.
The major analysis tool is the Climate Feedback-

Response Analysis Method (CFRAM) (Cai and Lu

2009; Lu and Cai 2009), which is under the framework of
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the total energy balance within an atmosphere–surface

column. Here, we take the climatological monthly mean

temperature in March during 1979–2016 as the energy-

balanced basic state, and themonthlymean temperature

in March of each year from 1979 to 2016 as the energy-

balanced anomalous state.We consider the total energy-

balance equation separately for both states, take the

difference D, and then obtain

D
›E

›t
5DS2DR1DQnonradiative. (1)

On the left-hand side of Eq. (1), D›E/›t represent the
changes in the rate of energy storage. On the right-hand

side of Eq. (2), S and R denote the vertical profile of the

net shortwave radiation convergent and net longwave

radiation divergent within each layer, and DQnonradiative

represents the energy convergent at each layer by the

nonradiative processes. Above the surface, the non-

radiative processes include atmospheric turbulent, con-

vective, and advective motions, while at the surface they

indicate the surface heat fluxes and land heat storage if

the land is covered by large runoff, as well as the oceanic

dynamics and heat storage in the ocean mixed layer if

the surface is over oceans. All terms in Eq. (1) are in

units of watts per square meter.

As in Deng et al. (2013) and Li et al. (2018), based on

the linear assumption, DS and DR are expressed as the

sum of convergent and divergent partial radiative en-

ergy flux perturbations due to all individual radiative

processes in the atmosphere–surface column:

DS’DSsolar 1DSwv 1DScloud 1DSa 1DSCO2 1DSO3 ,

DR’DRwv 1DRcloud 1DRCO2 1DRO3 1DT
›R

›T
,

(2)

where superscripts solar, wv, cloud, a, CO2, andO3

represent solar insolation at the TOA, water vapor,

cloud, surface albedo, carbon dioxide, and ozone, re-

spectively; ›R/›t is the Planck feedback matrix.

Substituting Eq. (2) into Eq. (1), we obtain

DT5

�
›R

›T

�21
[DSsolar 1D(S2R)wv 1D(S2R)cloud

1D(S2R)CO2 1D(S2R)O3 1DSa

1DQATD 1DQsurf] .

(3)

The atmosphere part of DQnonradiative in Eq. (1) is rep-

resented by DQATD here, which is zero at the surface

layer, and DQATD 5 2D(S 2 R)atmos in the atmosphere

layers, representing the vertical profile of the energy

perturbation associated with atmospheric motions) and

heat storage anomalies (expected to be very small)

(ATM). The surface part of DQnonradiative in Eq. (1) is

replaced by DQsurf here, which is zero in the atmosphere

layers, and DQsurf 5 2D(S 2 R)surf at the surface layer,

representing the energy perturbation at the surface

due to two parts as 1) the changes in surface turbulent

sensible (DQsshf) and latent (DQslhf) heat flux anoma-

lies and 2) the changes in the rate of land–ocean heat

storage and the oceanic dynamic circulation. Thus, the

second part, the oceanic dynamics and land–ocean heat

storage term (Ocn), is estimated as the residual of the

surface energy-balance equation,DQOcn52D(S2R)surf2
(DQsshf 1 DQslhf).

Based on Eq. (3), the monthly temperature anomalies

in March (with respect to the March climatology) at the

surface layer over the South China Sea summer mon-

soon region as the sum of the partial temperature

anomalies associated with anomalies in the carbon di-

oxide concentration, ozone mixing ratio, solar in-

solation, water vapor, cloud, surface albedo, ATM, and

Ocn. We subtract the temperature anomalies over land

from those over ocean for observed and partial tem-

peratures separately to get process-level decomposition

of the thermal contrast.

To quantify the relative contribution of each process i

to the variations of the thermal-contrast signal from

both its variability and amplitude, as in Li et al. (2018),

we calculate the temporal pattern–amplitude projection

(TPAPi) coefficients as follows:

TPAP
i
5

�
38

j51

(DT
ij
DT

j
)

�
38

j51

DT2
j

, (4)

where i refers to the feedback process, and j refers to

years (1979–2016). Moreover, DTj represents the ob-

served thermal-contrast signal in March of the jth year,

and DTij stands for the observed thermal contrast re-

lated to process i in March of the jth year.

3. Precursory thermal-contrast signal of the
SCSSM onset

The SCSSM onset is characterized by an intensi-

fication of the tropical southwesterlies, which can be

measured by the 850-hPa zonal winds averaged over

58–158N, 1108–1208E (USCS;Wang et al. 2004). The onset

date of SCSSM is defined by Wang et al. (2004) as the

first pentad after 25 April that satisfies the following two
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criteria: 1) in the onset pentad, USCS . 0 and 2) in the

subsequent four pentads (including the onset pentad),

USCS must be positive in at least three pentads and the

accumulative four-pentad mean USCS . 1m s21. Fol-

lowing these criteria, we derive the SCSSMonset pentad

as the red curve shows in Fig. 1. While the climatological

onset time of SCSSM is around mid-May, it exhibits

strong interannual and interdecadal variations. Robust

interdecadal changes occur in 1993–94 and 2002–03,

where the averaged onset date is around pentad 28 be-

fore 1993 and around pentad 26 during 1994–2002.

The robust reversal and enhanced low-level winds

associated with SCSSM onset are coherently related

to the low-level thermal condition (Zhang et al. 2002).

Climatologically, in March (Fig. 2a), the near-surface

temperature features strong meridional gradient over

the SCS as T2m decreases from 27 to 17K from the

southern to the northern SCS. Over the northern BOB

it is as high as 27K, much warmer than the SCS for the

same latitude. Anticyclonic flow prevails over the SCS

and two rainfall centers are over southern China and

the Maritime Continent. The first center may be in-

duced by the frontal system involving the interaction

between the wet and warm southwesterlies from the

tropical region and the dry and cold northerlies from

the midlatitude region. The other center is associated

with deep convection resulted from the convergence of

the prevailing easterly winds near the equator. From

March to April, both rainfall centers expand along with

the eastward-retreated anticyclonic flow (Fig. 2b). As

the anticyclone retreats eastward and strong south-

westerlies prevail over the Indochina Peninsula and the

northern SCS, an abrupt increase in rainfall occurs over

the SCS in May, indicating onset of the SCSSM

(Fig. 2c). The enhanced rainfall over the SCS in May

results from the eastward propagation of strong pre-

cipitation from the BOB and the northward propaga-

tion of vigorous rainfall from the Maritime Continent.

Accompanied with the rainfall evolution, near-surface

temperature is characterized by pronounced varia-

tions. The ‘‘cold tongue’’ of SST along the eastern

coastline of the Indochina Peninsula rapidly disappears

from March to April, and SST warms rapidly in April–

May, especially from the eastern BOB to the SCS and

from the southern SCS to the northern SCS. Mean-

while, the near-surface temperature over land warms

up at a relatively slower rate than over oceans. Deep

convection is well collocated over warm SST, and local

warmer SST triggers the deep convection over the

eastern BOB in April and over the SCS in May. Thus,

the variation of the SCSSM onset is coherently corre-

lated with the variations of near-surface temperature

over the SCS and its adjacent area.

When the SCSSM onset time advances, more rainfall

occurs over the SCS in May, accompanied by anoma-

lously cyclonic circulation at the low levels and anoma-

lous cooling in the SCS and the Indochina Peninsula

(Fig. 3c). The precursory signals can be seen in March

(Fig. 3a) andApril (Fig. 3b), where the land temperature

tends to be cooler and the ocean temperature tends to be

warmer. Since the climatological SST over the SCS is

warmer than the Indochina Peninsula, such an anoma-

lous temperature pattern represents a stronger land–sea

thermal contrast in March and April. Such a thermal

pattern at the surface facilitates anomalously cyclonic

circulations in the vicinity of SCS, leading to more

rainfall over the southern SCS. Because more pre-

cipitation over the warmer ocean indicates that the

warmer ocean forces circulation changes, this thermal

pattern triggers deep convection in March and April.

FIG. 1. Time series of the onset pentad of the SCSSM (red) based on the definition inWang

et al. (2004), land–sea thermal contrast 2DT (Tland 2 Tocean) in March over 58–208N, 1008–
1208E (blue), and arealmeanTland (solid black) andTocean (dashed black) over 58–208N, 1008–
1208E during 1979–2016.
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FIG. 2. Climatology of monthly mean surface temperature (Ts,

T2m over the land, and SST over the ocean; shading; K), pre-

cipitation (contours; mmday21), and 850-hPa winds (vectors;

m s21) in (a) March, (b) April, and (c) May during 1979–2016.

FIG. 3. Regression coefficients of Ts (shading; K), 850-hPa winds

(vectors; m s21), and precipitation (contours; mmday21) in

(a) March, (b) April, and (c) May against the SCSSM onset pentad

index during 1979–2016. Stippled areas, thicken red contours, and

all vectors are significant at the 95% confidence level. The blue box

in (a) indicates the DT-defined domain as 58–208N, 1008–1208E.
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The above-discussed land–sea thermal-contrast sig-

nal seems to be a potential predictor of the SCSSM

onset time. We calculate the land–sea thermal contrast

as 2-m temperature over land Tland minus SST Tocean,

that is, Tland 2 Tocean, over 58–208N, 1008–1208E (see

the blue box in Fig. 3a). It is seen that the thermal

contrast in March is more significantly correlated

with the SCSSM onset time (r 5 0.42) than that in

April (r5 0.28) and in May (r5 0.30). Thus, we define

this land–sea thermal-contrast signal in March as

an index 2DT, explicitly 2DT 5 Tland 2 Tocean over

58–208N, 1008–1208E (see the blue curve in Fig. 1).

Also shown in Fig. 1, the SST (the dashed black curve)

is warmer than the adjacent land temperature (the

solid black curve) in March, and the climatological

2DT is about 21.5K. To be more easily taken, DT is

used as the indicator in the following analyses. The

larger DT, the greater the land–sea thermal contrast;

and the variation of DT is more determined by that

of Tland (r 5 0.818) than that of Tocean in this region

(r 5 20.019).

When the land–sea thermal contrast is larger inMarch

(Fig. 4a) with a cooler land and a warmer ocean, the

anomalous circulation of strong northwesterlies along

the coastline and westerlies near the equator form a

cyclonic circulation at low levels, while significant di-

vergent winds are collocated at the higher levels

(Fig. 4d). This anomalous structure favors enhanced

precipitation over the SCS inMarch. Such an anomalous

circulation persists from April to May to advance the

SCSSM onset, although it becomes weaker in April.

From the relationship with atmospheric circulation, the

land–sea thermal contrast in March can exert a sub-

stantial impact on the variation of SCSSM onset and can

be taken as a precursory thermal signal.

DT is an easily measured thermal-contrast signal. As

this thermal signal is derived from near-surface tem-

perature, which is affected by various processes, it is of

substantial interest to investigate which processes con-

trol or modulate the variation of DT and understand

the underlying mechanisms for the formation of this

precursory signal.

FIG. 4. Regression coefficients of (a)–(c) Ts (shading; K), 850-hPa winds (vectors; m s21), and sea level pressure (SLP; contours; hPa)

and (d)–(f) precipitation (shading; mmday21), 200-hPa winds (vectors; m s21), and 500-hPa geopotential height (contours; gpm) in (left)

March, (middle) April, and (right) May against the indexDT during 1979–2016. Stippled areas, thicken red contours, and all vectors are

significant at the 95% confidence level.
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4. Process-based attribution of the interannual
variation of DT

To explore the main contributors, the dynamical

analysis method CFRAM is applied to quantify the

contributions of all the radiative and nonradiative pro-

cesses in the ocean–atmosphere system to the variation

of DT. As mentioned in section 2, we take the monthly

mean DT in March during 1979–2016 as the base state.

The solid black curve in Fig. 5 shows the variation of

anomalous DT compared with the climatology. The

dashed curve depicts the same variable as the solid line,

but for the result from CFRAM analysis. Except for the

relatively large bias in 2011, the result obtained from the

CFRAM nicely replicate the observation.

PartialDT anomalies due to annual anomalies in each

process also exhibit strong interannual variability (bars

in Fig. 5). In terms of magnitude, Ocn and surface latent

and sensible heat fluxes are the first-order contributors,

while cloud, water vapor, and atmospheric dynamics are

the second-order contributors. To quantify the overall

contributions to DT during 1979–2016, the TPAP (see

section 2) is employed to measure both the magnitude

and the temporal pattern of each process. As shown in

Fig. 6a, the variation of Ocn is the largest positive con-

tributor to DT, followed by water vapor, while surface

heat fluxes are the largest negative contributor, followed

by the ATM and cloud.

As mentioned before, since the variation of DT is

largely dominated by the variation of Tland other than

that of Tocean, it is of interest to analyze the variations of

Tland and Tocean separately. The key positive contributor

is still Ocn, to both Tland and Tocean, while the other

processes vary apparently. For instance, the variation of

cloud turns out to be the second largest positive con-

tributor, especially for Tland, while the variation of water

vapor even switches to a negative factor. The surface

heat fluxes still negatively contribute to the variation of

Tland, but positively modulate the variation of Tocean,

both with relatively weaker magnitudes compared with

those to the variation of DT. Moreover, the contribu-

tions of cloud (positive) and the atmospheric dynamics

(negative) become more relevant in the individual var-

iations of Tland and Tocean. Overall, compared with

the contributors to Tocean, the main contributors to the

variation of Tland more highly resemble those of the

variation of DT.

5. The dominant contributing processes

The quantitative evaluation via the CFRAMmakes it

easy to reveal the main processes contributing to the

variation ofDT. How these dominant processes work is

further discussed in this section. When the land–sea

thermal contrast is larger in March, more water vapor

converges over the southern SCS and the Indochina

Peninsula with much more over oceans than over land

(Fig. 7a). Since water vapor radiatively warms the sur-

face via its longwave effect, the warming caused by the

FIG. 5. Partial DT (bars; corresponding to the left y axis) due to changes in each process

(listed as annotations) in March between each year and the climatology mean during 1980–

2016. The sum of the partialDT of all individual processes is shown as the dashed black line,

and the observed is indicated by the solid black line (corresponding to the right y axis). The

annotations from left to right refer to ozone, carbon dioxide, solar radiation at the TOA,

surface albedo, water vapor, cloud, atmospheric motions, oceanic dynamics and ocean–land

heat storage, surface latent heat flux, and surface sensible heat flux.
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variation of water vapor over the southern SCS is larger

than that over the land. This effect amplifies the clima-

tological pattern of land–sea thermal contrast, and

therefore advances the SCSSM onset. Variations of

water vapor thus tend to contribute positively to the

variation of DT. The spatial distribution of cloud re-

sembles that of the water vapor (Fig. 7b). Since cloud

cools the surface in the tropical region via preventing the

incidence of shortwave radiation, more clouds over

FIG. 6. Temporal pattern-amplitude projection (TPAP) co-

efficients of each process to the variation of (a)DT, (b) areal mean

Tland, and (c) arealmeanTocean over 58–208N, 1008–1208E inMarch.

FIG. 7. Regression coefficients of (a) 300–1000-hPa integral

water vapor flux [vectors; kg m Pa (kg s)21] and its divergence

(shading), (b) 300–1000-hPa cloud cover, and (c) surface heat

fluxes (Wm22) in March against DT in March during 1979–2016.

Stippled areas and all vectors are significant at the 95% confidence

level.
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oceans than over the land would weaken the original

land–sea thermal contrast to delay SCSSM onset.

Therefore, the variations of clouds negatively contribute

to the variation of DT.

As the largest negative contributor, the variation of

surface heat fluxes, shows an apparent land–sea contrast

with enhanced upward fluxes over oceans and down-

ward fluxes over the land (Fig. 7c). Its impact on surface

temperature weakens the land–sea thermal contrast due

to its cooling effect on SST and warming effect on land

temperature. Thus, the variation of surface heat fluxes

contributes negatively to the variation ofDT. Moreover,

the area of robustly negative correlations over the

oceans extends from the southern SCS to the northwest

Pacific, which means that the thermal state of the Pacific

also exerts an effect on the variation of DT.

The largest positive contributor Ocn includes two

parts: 1) the oceanic dynamics and heat storage rate and

2) the land heat storage rate. For the ocean part, a de-

crease in the ocean heat storage rate (Fig. 8b), especially

over the northern and central SCS, facilitates the

warming of SST (Fig. 8a). Since the SST is determined

by not only the ocean circulation (heat content and

dynamics) but also surface wind and heat fluxes, the SST

pattern does not necessarily collocate well with the

pattern of oceanic heat storage rate, but still shows an

overall weak warming in the analysis domain. As shown

in Figs. 8c and 8d, the spatial pattern of the negative

correlation with T2m well resembles that of the positive

correlation with the 0–28-cm soil moisture. It suggests

that the increase in soil moisture favors the cooling of

land surface. Thus, the cooling over land due to in-

creases in soil moisture and the warming over oceans

due to decreases in oceanic heat storage rate collectively

contribute to a larger land–sea thermal contrast to ad-

vance SCSSM onset.

6. Discussion and conclusions

a. Discussion

The variation of DT can be regarded as a precursory

thermal-contrast indicator for SCSSM onset, explained

by the dominant contributing processes derived from

the CFRAM analysis. Its strong relationship with soil

moisture and oceanic circulation shows it as a potential

FIG. 8. As in Fig. 7, but for (a) SST, (b) 0–205-m oceanic heat storage rate, (c) T2m, and (d) 0–28-cm soil moisture

(m3m23) in March. Stippled areas are significant at the 95% confidence level.
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predictor for the SCSSMonset, since the groundwetness

over land and the ocean temperature have a longer

memory than the typical atmospheric variables (Yang

and Lau 1998).

The soil moisture over the Indochina Peninsula ex-

hibits low-frequency variability (around 33 days) and is

capable of retaining anomalous atmospheric signals in

previous months. As Fig. 9a shows, DT is positively re-

lated with the daily mean precipitation in late February

over the Indochina Peninsula. Thus, the precipitation

amount in late February can be considered as a pre-

cursory signal for the DT anomalies in March.

More robust preceding signals of the variations ofDT

lie in the variability of tropical SST. From the lead–lag

regression, DT is coherently related with the SST in the

tropical and southern Indian Ocean and the tropical

Pacific (Fig. 10). When the land–sea thermal contrast is

larger in March, a robust La Niña–like pattern is per-

sistent from January to April, and then weakens with

time. Warmer SST over the tropical western Pacific

benefits larger land–sea thermal contrast in March over

the analysis domain. This relationship is consistent with

the result by previous studies as late SCSSM onset often

follows an El Niño event in the preceding winter and

spring, while early onsets are associated with La Niña
events, noting that the relationship is not symmetric

(e.g., Xie et al. 1998; He et al. 2017).

b. Conclusions

Land–sea thermal contrast is one of the fundamental

mechanisms modulating the interannual variations of

SCSSM onset. Based upon the well-explained un-

derlying physical process of the thermal contrast, this

study is aimed to explore a spring precursory, easily

measured thermal-contrast signal of the SCSSM onset.

The SCSSMonset exhibits strong interannual variability

and is correlated coherently with the land–sea thermal

contrast at the surface in March (DT 5 Tocean 2 Tland)

over 58–208N, 1008–1208E. The anomalous circulation

associated with DT features that when the land–sea

thermal contrast is larger, a low-level cyclonic circula-

tion is present over thewarmer SCS andwestern tropical

Pacific, and divergent winds is collocated at the upper

levels, resulting in deep convection over the SCS in

March. This rainfall-facilitating circulation persists from

March to May to advance the SCSSM onset time.

To further understand the variation of DT, the

CFRAM analysis method is applied to quantify the

contributions of all the radiative and nonradiative pro-

cesses to the annual DT anomalies. The largest positive

(strengthening the land–sea thermal contrast) contrib-

uting process is the oceanic dynamics and ocean–land

heat storage, followed by water vapor, while the largest

negative (weakening the land–sea thermal contrast) one

is surface heat fluxes, followed by atmospheric dynamics

and clouds. When DT is larger, water vapor converges

more over the southern SCS than over the Indochina

Peninsula, which amplifies the climatological ‘‘cooler

land–warmer ocean’’ thermal contrast due to more

warming over land than over the oceans via the green-

house effect of water vapor. Similar to the anomalous

distribution of water vapor, cloud amount increases

more over the southern SCS than over the Indochina

Peninsula when DT is larger. This anomalous pattern

weakens the climatological land–sea thermal contrast

due to more cooling over the oceans than over land via

the impact of the shortwave effect of clouds. For the

surface heat fluxes, when the thermal contrast is larger,

more upward heat fluxes over the SCS and more

downward fluxes over the Indochina Peninsula weaken

the land–sea thermal contrast. For the largest positive

contributor Ocn, the robust cooling over land due to

enhanced ground wetness and the warming over the

FIG. 9. Regression coefficients of daily mean precipitation in

during 20–28 (or 20–29) Feb against (a)DT inMarch and (b) 0–28-cm

soil moisture over land of 58–208N, 1008–1208E in March. Stippled

areas are significant at the 95% confidence level.
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oceans due to weaker oceanic heat storage rate amplify

the land–sea thermal contrast.

Based on the attribution analysis, it is found that the

most effective modulator is the land–ocean heat storage,

which is closely tied to the variation of soil moisture over

the Indochina Peninsula. The precipitation in late Feb-

ruary directly affects soil moisture, and thereforemay be

used as a precursory signal for the interannual variations

of DT in March and the onset timing of SCSSM. At

longer time scales, whenDT is larger, a robust La Niña–
like pattern persists from January to April. Thus, the

SST anomalies in previous winter can also be treated

as a precursory indicator for the variation of surface

thermal contrast in March.
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