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Abstract The present study documents the atmosphere–

ocean interaction in interannual variations over the South

China Sea (SCS). The atmosphere–ocean relationship dis-

plays remarkable seasonality and regionality, with an

atmospheric forcing dominant in the northern and central

SCS during the local warm season, and an oceanic forcing

in the northern SCS during the local cold season. During

April–June, the atmospheric impact on the sea surface

temperature (SST) change is characterized by a prominent

cloud-radiation effect in the central SCS, a wind-evapora-

tion effect in the central and southern SCS, and a wind-

driven oceanic effect along the west coast. During

November–January, regional convection responds to the

SST forcing in the northern SCS through modulation of the

low-level convergence and atmospheric stability. Evalua-

tion of the precipitation–SST and precipitation–SST ten-

dency correlation in 24 selected models from CMIP5

indicates that the simulated atmosphere–ocean relationship

varies widely among the models. Most models have the

worst performance in spring. On average, the models

simulate better the atmospheric forcing than the oceanic

forcing. Improvements are needed for many models before

they can be used to understand the regional atmosphere–

ocean interactions in the SCS region.

Keywords South China Sea � Atmosphere–ocean

interaction � Interannual variability � Seasonality �
Regionality � CMIP5 simulations

1 Introduction

The South China Sea (SCS), bordered by the Asian con-

tinent, the Malay Peninsula, Borneo, and the Philippine

Islands, is the largest marginal sea in the western North

Pacific, with a mean depth of 1,800 m (Twigt et al. 2007).

As a part of tropical eastern Indian Ocean–western Pacific

warm pool and the Asian monsoon region, the SCS dis-

plays remarkable air–sea interaction on different time

scales (Wang et al. 1997; Wu and Wang 2001; Wu 2002,

2010; Liu et al. 2004; Lestari et al. 2011; Roxy and Tan-

imoto 2012; Wu et al. 2012; He and Wu 2013). These air–

sea interactions are related to climate variability in the

surrounding regions. For example, during the SCS summer

monsoon onset, sea surface temperature (SST) warming

induces convection by modifying the atmospheric insta-

bility and lower-level convergence; in turn, the convection

feeds back negatively on the SST by surface heat flux

anomalies associated with surface wind and cloud changes

(Wu 2002, 2010). The SST cooling in the SCS is conducive

to a reversal of the east–west SST gradient between the

SCS and the Philippine Sea, which favors the eastward

advance of the summer monsoon (Wu and Wang 2001; Wu

2002). Thus, understanding the atmosphere–ocean inter-

action in the SCS and its roles in regional climate is critical

for regional climate prediction and climate-related risk

management.

The atmospheric changes influence SST by cloud-radi-

ation effect, wind-evaporation effect, and wind-induced

oceanic processes (Lau and Nath 2003; Wu and Kirtman
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2007). Anomalous atmospheric convection associated with

enhanced (reduced) cloudiness can cool (warm) the ocean

mixed layer by modifying the incoming shortwave radia-

tion (Klein et al. 1999). The change in surface latent heat

flux associated with surface wind speed and sea–air

humidity difference is another important factor for the SST

anomalies (Klein et al. 1999; Wu and Kinter III 2010).

Moreover, anomalous wind-driven ocean advection and

upwelling can contribute to the SST change (He and Wu

2013). On the other hand, SST change can modify regional

convection through lower-level moisture convergence,

surface evaporation and lower tropospheric stability

(Lindzen and Nigam 1987; Wu and Wang 2000). This local

SST impact on atmospheric convection is reflected in the

precipitation–SST relationship, and the atmospheric impact

on SST is indicated in the precipitation–SST tendency

relationship (Wu et al. 2006; Wu and Kirtman 2007). For

example, given a positive SST anomaly, surface atmo-

spheric pressure decreases due to the warming of the

atmospheric column through upward turbulent surface heat

fluxes. The induced lower-level convergence and the

destabilizing of the lower troposphere favor more con-

vection and precipitation. Due to the fast atmospheric

response, this SST impact on precipitation is captured in a

positive simultaneous precipitation–SST correlation. Given

above-normal precipitation, which is associated with more

cloud and active disturbance, the downward shortwave

radiation likely decreases and upward surface evaporation

increases. The surface heat flux input into the ocean is thus

reduced, leading to a decrease of SST. This atmospheric

impact on the SST change is manifested in the simulta-

neous precipitation–SST tendency correlation.

The air–sea interaction on interannual time scales has

been discussed in large ocean basins, such as the tropical

Indo-western Pacific (Lau and Nath 2003; Wang et al.

2003; Wu and Kirtman 2007; Wu et al. 2008, 2011), mid-

latitude North Pacific (Norris et al. 1998; Wu and Kinter III

2010), and tropical North Atlantic (Wu and Kirtman 2011).

There have been several previous studies of the interannual

variations in the SCS. An interannual oscillation in the air–

sea system in the SCS was demonstrated by Wang et al.

(1997) based on the relationship between SST and surface

wind. The lower-level meridional wind anomalies, which

are induced by the longitudinal SST gradient, in turn, feed

back to SST through advection and latent heat flux trans-

portation. Xie et al. (2003) pointed out that the wind-

induced cold filament off the coast of South Vietnam is an

important player in interannual variability in the summer

SCS by analyzing the case in 1998, when a diminished

wind jet offshore resulted in the disappearance of the cold

filament and led to great summer warming associated with

suppressed mid-summer cooling. Liu et al. (2004) dem-

onstrated that a winter cold tongue in the SCS displays

considerable interannual variability associated with El

Niño-Southern Oscillation (ENSO). In an El Niño event,

the SCS ocean circulation spins down with weakened

monsoons and results in a warming in the cold tongue.

Wang et al. (2006a) showed that the atmospheric changes

associated with El Niño events can influence surface heat

fluxes and oceanic flows that further warm or cool the SCS.

The shortwave radiation and latent heat flux anomalies are

major contributions to the SST anomalies in February, and

the mean meridional geostrophic heat advection makes the

SST anomalies peak again in August. Using a coupled

general circulation model (CGCM), Lestari et al. (2011)

demonstrated that the absence of the air–sea coupling

keeps SST warm in the SCS and increases the local pre-

cipitation, which suggests that the air–sea coupling works

to stabilize the monsoon and hence suppress the variability

via the large-scale moisture transport and the wind-induced

local evaporation.

These previous studies are either based on specific

regions or individual seasons. For example, Xie et al.

(2003) only analyzed coastal Vietnam in the 1998 summer;

Liu et al. (2004) focused on the cold tongue of the SSCS in

winter; Lestari et al. (2011) were only concerned with

summer monsoon season; Wang et al. (2006a) addressed

the influence of atmospheric changes on SST, but did not

consider the impact of SST change on the atmosphere.

There is a lack of systematic investigation of the season-

ality and regionality of the local air–sea interaction in the

SCS. Does the atmosphere–ocean interaction in summer

perform the same as in winter? How does the SST influ-

ence the regional precipitation differently between the

southern and northern SCS? These issues remain to be

addressed. Unlike the previous studies, the present study

considers both the atmospheric and oceanic forcing pro-

cesses and compares their differences in different seasons

and regions.

Apart from the observational data, there are more and

more model simulations applied in the studies of air–sea

interaction. The WCRP’s Working Group on Coupled

Modelling agreed on a new set of coordinated climate

model experiments, which comprises the phase five of the

Coupled Model Intercomparison Project (CMIP5). The

CMIP5 includes simulations for the IPCC AR5 and pro-

vides a framework for coordinated climate change experi-

ments (Taylor et al. 2011, 2012). The model simulation is

an approach to understand the physical process connecting

the atmosphere and the ocean. Previous evaluations have

been done for several individual models (Trenberth and

Shea 2005; Wu et al. 2006) and over the global domain

(Wu et al. 2013). However, the capability of these global

models to reveal the regional processes of air–sea inter-

action still remains unknown. The models should be

evaluated before the model simulations are applied in the
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studies of regional air–sea interactions. Given the avail-

ability of the new version of climate model simulations, the

present study will evaluate the model performance of air–

sea relationship in the SCS.

The text is organized as follows. The datasets and

methods are described in Sect. 2. In Sect. 3, we discuss the

seasonal evolution of atmosphere–ocean relationship. The

cases of atmospheric and oceanic forcing processes are

addressed in Sect. 4. Section 5 presents the evaluation of

the model performances of the atmosphere–ocean rela-

tionship against observations. A summary and discussion

are provided in Sect. 6.

2 Datasets and methods

The National Oceanic and Atmospheric Administration

(NOAA) optimum interpolation (OI) version 2 monthly

mean SST (Reynolds et al. 2002) is used in the present

study. This SST dataset is available from December 1981

to May 2013 on a 1� 9 1� grid. Global Precipitation Cli-

matology Project (GPCP) version 2.2 monthly precipitation

dataset (Adler et al. 2003; Huffman et al. 2009) is used.

The GPCP dataset is on 2.5� 9 2.5� global grids and

covers the period of January 1979–February 2013.

Monthly mean wind, relative humidity, and air tem-

perature from the NCEP-DOE Reanalysis 2 are used in this

study (Kanamitsu et al. 2002). This dataset is available

from January 1979 to December 2012 with a resolution of

2.5� 9 2.5�. Monthly mean net surface shortwave radia-

tion, net surface longwave radiation, latent heat fluxes, and

sensible heat fluxes from the Woods Hole Oceanographic

Institute (WHOI) Objectively Analyzed Air–sea Fluxes

(OAFlux) (Yu et al. 2008) is used. This dataset covers the

period from July 1983 to December 2009 on a 1� 9 1�
grid.

Monthly ensemble means of v.2.0 of Geophysical Fluid

Dynamics Laboratory (GFDL) ocean data assimilation

product available from 1979 to 2008 is used in the present

study (Griffies et al. 2004). The ocean component of the

coupled data assimilation (CDA) is configured with 50

vertical levels (22 levels of 10-m thickness each in the top

220 m) and 1� horizontal B-grid resolution, telescoping to

1/3� meridional spacing by 1� near the equator.

The present study uses monthly mean precipitation and

skin temperature from 24 CMIP5 models, which are

available at http://pcmdi9.llnl.gov/. More than 20 modeling

groups perform CMIP5 simulations using more than 50

models (Taylor et al. 2011, 2012). Because of the large

number of simulations included in the CMIP5 framework,

only one member for each of 24 model outputs from the

historical simulations is analyzed in the present study. The

historical simulations cover more than 100 years up to

2005. and the calculation in the present study is based on a

common period from 1982 to 2005 for a fair comparison

with the observations. The information for the models

selected is given in Table 1.

The interannual atmosphere–ocean relationships are

inferred by correlation and regression derived from

monthly means anomalies. The climatology of the obser-

vation and the model data are estimated based on the

period of 1984–2007 and the period of 1982–2005,

respectively. The SST tendency is calculated using cen-

tered differencing, i.e., the SST tendency in a specific

month is calculated as the difference of the SST in the

succeeding month minus the SST in the preceding month

divided by 2 (Wu and Kirtman 2007; He and Wu 2013). All

the variables are converted to 1� resolution using a linear

interpolation.

The atmosphere–ocean relationship in observations is

documented based on the simultaneous precipitation–SST

and precipitation–SST tendency correlations, following

Wu et al. (2006) and Wu and Kirtman (2007). The pre-

cipitation–skin temperature (P–ST) and precipitation–skin

temperature tendency (P–STn) correlations in models are

evaluated to understand the model deficiency in simulating

the atmosphere–ocean relationship. Note that we used the

skin temperature for model output in view of the avail-

ability. Since we are concerned with the interannual

anomalies, the systematic differences between skin tem-

perature and SST are expected to be largely reduced and

thus not affect our results.

3 Seasonal evolution of atmosphere–ocean relationship

In this section, we discuss the seasonality of the atmo-

sphere–ocean relationship starting with comparison of the

simultaneous precipitation–SST and precipitation–SST

tendency correlations. Figure 1 shows the point-wise con-

temporaneous precipitation–SST and precipitation–SST

tendency correlation in four seasons: spring (March–May,

MAM), summer (June–August, JJA), autumn (September–

November, SON), and winter (December–February, DJF)

for the period of 1984–2007.

The precipitation–SST correlation (Fig. 1a–d) displays a

noticeable seasonal change in the SCS. In summer, a high

negative precipitation–SST correlation appears in the

northern SCS with a magnitude over 0.4, and a weak

positive correlation is observed in the far southern SCS. In

winter, the correlation pattern tends to be opposite to that in

summer, with a strong positive precipitation–SST rela-

tionship in the northern SCS and a negative one in the

southern SCS with the maximum correlation exceeding

0.3. In spring, there is a significant negative correlation in

the southwestern SCS. In autumn, a positive correlation is
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seen in the northeastern SCS and a negative correlation is

along the coast of Malay Peninsula.

In contrast to the precipitation–SST correlation, a neg-

ative precipitation–SST tendency correlation prevails in the

central SCS during the four seasons (Fig. 1e–h). A negative

correlation is also observed in the northern SCS from

spring to summer and in the southern SCS from autumn to

winter. The negative precipitation–SST tendency correla-

tion reaches a magnitude larger than 0.4 in the central SCS,

with the strongest correlation in autumn (Fig. 1g). In

winter, a positive precipitation–SST tendency correlation

appears in the far northern SCS (Fig. 1h).

In winter, the northern SCS displays the strongest

positive precipitation–SST correlation (Fig. 1d) accompa-

nied by a relatively weak positive precipitation–SST ten-

dency correlation (Fig. 1h). This indicates that an oceanic

forcing is dominant in this region during winter, with a

negligible influence of atmosphere on SST. In contrast, in

summer, the northern SCS is under the influence of nega-

tive correlation in both precipitation–SST and precipita-

tion–SST tendencies (Fig. 1b, f). This implies a control of

atmospheric impact on SST during summer. The atmo-

spheric impact is also expected in the northern SCS during

spring and the central SCS during autumn.

To address in detail the seasonal evolution of the air–sea

relationship in different regions, we display in Fig. 2 the

simultaneous precipitation–SST and precipitation–SST

tendency correlation calculated for individual months based

on averaged quantities over the region of 14–208N and

110–1208E (denoted as northern SCS or NSCS), 8–148N
and 110–1188E (denoted as central SCS or CSCS), and

2–88N and 104–1158E (denoted as southern SCS or SSCS),

respectively. Obvious seasonality can be identified in the

variations of both the sign and magnitude of the correlation.

In the NSCS (Fig. 2a), the largest negative precipita-

tion–SST tendency correlation is seen from April to June.

In the other months, the precipitation–SST tendency cor-

relation is not significant. The largest positive precipita-

tion–SST correlation appears in November–December and

a negative correlation is seen in June–August. The above

seasonal change in the precipitation–SST and precipita-

tion–SST tendency correlation suggests different types of

atmosphere–ocean relationship in different seasons. In the

CSCS (Fig. 2b), the magnitude of the precipitation–SST

tendency correlation is larger than that of the precipitation–

SST correlation in most of the months. There are two

periods during which the negative precipitation–SST ten-

dency correlation is high: April–June and September–

Table 1 Information of the 24

climate models used in the

model evaluation

Project: CMIP5; experiment:

historical; time_frequency:

month; modeling realm:

atmosphere

Institute Model Version Horizontal

resolution

(grid numbers)

CCCMA CanCM4 20120207 128 9 64

CCCMA CanESM2 20120718 128 9 64

CNRM-CERFACS CNRM-CM5 20110701 256 9 128

IMM inmcm4 20111201 180 9 120

ISPL ISPL-CM5A-LR 20110406 96 9 96

ISPL ISPL-CM5A-MR 20111119 144 9 143

ISPL ISPL-CM5B-LR 20120114 96 9 96

MIROC MIROC4h 20110729 640 9 320

MIROC MIROC5 20111104 256 9 128

MIROC MIROC-ESM 20110929 128 9 64

MIROC MIROC-ESM-CHEM 20111004 128 9 64

MOHC HadCM3 20110823 96 9 73

MOHC HadGEM2-CC 20110927 192 9 145

MOHC HadGEM2-ES 20110329 192 9 145

MPI-M MPI-ESM-LR 20120315 192 9 96

MPI-M MPI-ESM-MR 20120503 192 9 96

MPI-M MPI-ESM-P 20120315 192 9 96

MRI MRI-CGCM3 20110831 320 9 160

NCAR CCSM4 20120213 288 9 192

NCC NorESM1-M 20120412 144 9 96

NCC NorESM1-ME 20120402 144 9 96

NOAA-GFDL GFDL-CM3 20120227 144 9 90

NOAA-GFDL GFDL-ESM2G 20120412 144 9 90

NOAA-GFDL GFDL-ESM2M 20111228 144 9 90
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December. The precipitation–SST correlation is weak and

insignificant in most of the months. In the SSCS (Fig. 2c),

the precipitation–SST correlation is weaker than the pre-

cipitation–SST tendency correlation in most of the months,

which is similar to the CSCS. Significant precipitation–

SST tendency correlation is seen in some months as well.

One noticeable period is around August during which a

moderate positive precipitation–SST correlation concurs

with a moderate negative precipitation–SST tendency

correlation. This feature suggests that there may be both

atmospheric forcing and oceanic forcing during August.

However, the correlation coefficient is not so high, indi-

cating that this signal is not very robust.

The spatial distributions of the precipitation–SST and

precipitation–SST tendency correlations and their seasonal

change indicate that the air–sea interaction in the SCS has

distinct regimes depending on the season and region. The

alternative dominance of different regimes of air–sea

interaction will be demonstrated in the next section by

selecting different cases.

4 Atmospheric and oceanic forcing cases

Based on the simultaneous precipitation–SST and pre-

cipitation–SST tendency correlation discussed in Sect. 3,

we address separately the atmospheric forcing of ocean

(Sect. 4.1) by selecting the case in the CSCS during

April–June (AMJ), and the oceanic forcing of atmo-

sphere (Sect. 4.2) by using the case in the NSCS during

November–January (NDJ). Regression analysis is per-

formed in this section to estimate the magnitude of

anomalies.

4.1 Atmospheric forcing case

According to the heat budget equation of the mixed layer

(Formula 1; He and Wu 2013), the change of SST (SST

tendency) is primarily determined by the dynamic process

of interior ocean (advection and upwelling), and the net

heat flux including short wave radiation (SW), long wave

radiation (LW), latent heat flux (LHF), and sensible heat

flux (SHF):

oT

ot
¼ ðSW� SWpenÞ � LHF� LW� SHF

qcph
� V
!� rT

� w
oT

oz
: ð1Þ

Here, qcp is the specific heat capacity per unit volume, h is

the mixed layer depth (MLD) which is defined as the depth

of the level where the ocean temperature difference from

a b c d

e f g h

Fig. 1 Point-wise and simultaneous precipitation–SST (on the top)

and precipitation–SST tendency correlation (on the bottom) in a,

e MAM, b, f JJA, c, g SON, and d, h DJF for the period of

1984–2007. The contour interval is 0.1. Shaded regions indicate that

the correlations are statistically significant at the 90 % confidence

level
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the SST equals to 0.5 �C, T is the ocean temperature within

the mixed layer that is well represented by SST and thus is

replaced by SST on the left side of the equation, V
!� rT is

the horizontal advection averaged in the mixed layer, w oT
oz

is the vertical advection averaged in the mixed layer, which

is approximately equivalent to the effect of vertical

entrainment at the base of the mixed layer, LHF is latent

heat flux, LW is net long wave radiation, SHF is sensible

heat flux, SW is net surface shortwave radiation, and

SWpen is the shortwave radiation penetration through the

depth h and is calculated following the solar radiation

penetration parameterization scheme (Paulson and

Simpson 1977) used by He and Wu (2013). The

horizontal and vertical advections in the mixed layer are

calculated as

ðÞ ¼ 1

h

Z0

�h

ð Þdz: ð2Þ

In the following discussion, for a better description of

the atmospheric impacts on the SST change, we

particularly focus on the factors including SW (SWpen

included), LHF, ocean horizontal advection, and vertical

advection (upwelling), which are the major contributions to

the SST tendency. For convenience of comparison between

different heat fluxes, oceanic terms, and the SST tendency,

the convention used for heat fluxes, ocean vertical

upwelling, and ocean horizontal advection is positive

when they contribute positively to the SST increase. The

net heat flux (Fig. 3b) and oceanic terms (Fig. 3c, d) have

been converted to the same unit as the SST tendency (K/

month).

As discussed in Sect. 3, the typical atmospheric forcing

is revealed in both the NSCS and CSCS from April to June

and the SSCS in December–January. In the following, we

present analyses of the CSCS case. The NSCS case (figures

not shown) displays results similar to those in the CSCS

case. Figure 3 shows the regression map with respect to

normalized AMJ SST tendency averaged in the CSCS.

The SST tendency anomalies (Fig. 3a) display a same-

sign change in the whole SCS. The net heat flux (Fig. 3b)

makes significant contributions to the SST tendency from

the central SCS to the southern SCS, explaining more than

50 % of the SST tendency. In the western region, the ocean

upwelling (Fig. 3d) has a positive contribution of about 1/2

of the SST tendency, while in the eastern SCS, the ocean

vertical upwelling has a weak negative contribution to the

a

b

c

Fig. 2 Simultaneous

correlation of area averaged

precipitation–SST tendency

(solid curves) and precipitation–

SST (dashed curves) for the

period of 1984–2007 over the

region of a 14–208N and

110–1208E (NSCS), b 8–148N
and 110–1188E (CSCS), and

c 2–88N and 104–1158E
(SSCS). The dashed lines

indicate that the correlations are

statistically significant at the

90 % confidence level
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SST tendency. The feature of ocean horizontal advection

(Fig. 3c) is unclear due to the low-resolution data with

undefined grids, and yet it is inferred to be important along

the coast regions.

To understand different processes relevant to heat fluxes

and oceanic terms, we discuss the regression maps dis-

played in Fig. 3e–h. For the given positive SST tendency

anomalies, the incoming SW (Fig. 3e), as the largest

component of net heat flux, is enhanced consistently in the

whole region, owing to suppressed cloudiness associated

with less precipitation (Fig. 3g), and thus makes a positive

contribution to the SST tendency. Due to the reduced

surface wind speed associated with anomalous northeast-

erly winds in the central and southern SCS (Fig. 3h), the

outgoing LHF (Fig. 3f) is reduced and thus contributes

positively to the SST tendency. Furthermore, the wind-

driven oceanic process is also noticeable. As an anomalous

anti-cyclonic circulation (Fig. 3h) occurs over the SCS

with the center located at 168N, northeasterly wind

anomalies prevail south of 148N (Fig. 3d). This induces

northward (northwestward) Ekman current anomalies,

leading to a significant anomalous downwelling (upwell-

ing) along the southwestern (southeastern) coasts of the

SCS. Moreover, Ekman pumping due to wind stress curl

also contributes to downward (upward) vertical advection

anomalies in the central-northern (southeastern) SCS (fig-

ure not shown). This suppresses (enhances) vertical ocean

mixing and favors the SST warming (cooling) in the west

(east) region.

4.2 Oceanic forcing case

As discussed in the last part, the SST is capable of

responding to atmospheric forcing through cloud-radiation,

wind-evaporation, and wind-driven oceanic effects. On the

other hand, the SST anomalies can modify regional pre-

cipitation through modulating the lower-level convergence

and atmospheric stability (Lindzen and Nigam 1987; Wu

and Wang 2000). This oceanic forcing may play a domi-

nant role in specific seasons and regions. To demonstrate

the oceanic forcing, the case in the NSCS from November

to January is discussed in this section.

a b c d

e f g h

Fig. 3 Simultaneous regression with respect to normalized AMJ SST

tendency in the CSCS for the period of 1984–2007. a SST tendency

(K/month), b net heat flux/MLD (SWpen included, K/month), c ocean

horizontal advection (K/month), d ocean current (m/s) and upwelling

(contour, K/month), e short wave radiation (SWpen included, W/m2),

f latent heat flux (downward positive, W/m2), g precipitation (mm/

day), and h surface wind vector (contour lines stand for wind speed,

m/s). Shaded regions indicate that the correlations are statistically

significant at the 90 % confidence level
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Figure 4 shows the regression map with respect to

normalized NDJ SST in the NSCS. The stability param-

eter is defined as the difference of pseudo-equivalent

potential temperature between 1000 and 700 hPa with a

negative difference indicating stable lower atmosphere

(Roxy and Tanimoto 2007; Wu 2010; He and Wu 2013).

Positive SST anomalies (Fig. 4a) appear in both the

northern SCS and the western North Pacific with a

decrease in the magnitude of the SST anomalies from

west to east. In accordance with the SST anomaly distri-

bution, southerly wind anomalies form over the SCS with

a cyclonic curvature (Fig. 4d). The wind speed features a

decrease from south to north, indicating anomalous lower-

level convergence over the central and northern SCS. In

contrast, an anomalous lower-level anti-cyclonic circula-

tion forms over the western North Pacific (Fig. 4d). The

lower-level anomalous convergence matches well with the

above-normal precipitation over the northern SCS

(Fig. 4b). This supports the impact of warm SST anoma-

lies on convection through modulating lower-level con-

vergence. Another way through which the SST anomalies

affect the atmospheric precipitation is evaporation (Fig-

ures not shown). Analysis shows positive evaporation

anomalies over the NSCS. These anomalies, however, are

not so significant.

SST anomalies can also contribute to precipitation

change by affecting the atmospheric stability. An unstable

lower troposphere provides favorable conditions for

enhancing regional convection. This is supported by dis-

tribution of the lower-level atmospheric stability parame-

ter. Overlying the large positive SST anomalies in the SCS

(Fig. 4a), a zone of remarkable positive lower-level

atmospheric stability anomalies extend from the SCS to the

Philippine Sea along 10–208N (Fig. 4c).

5 Evaluation of the model performance

In this section, we analyze the CMIP5 model performance

of precipitation–temperature relationship to provide infor-

mation about the model’s capability of simulating the air–

sea relationship in the SCS. Based on the observational

analysis in Sect. 3, we particularly focus on the model

performance of P–ST correlation during winter and P–STn

correlation during summer. Only one member of 24 model

outputs from the historical experiments of the CMIP5

simulations is analyzed in the present study. We note that

the resolution differs among the models (Table 1).

In this study, we are concerned about the regional air–

sea interaction on the interannual scale. Here, how well the

a b

c d

Fig. 4 Simultaneous regression

with respect to normalized NDJ

SST in the NSCS for the period

of 1984–2007. a SST (K),

b precipitation (mm/day),

c stability parameter (He

difference between 1000 and

700 hPa, K), d wind vector (m/

s) and divergence (10-6/s) at

850 hPa. Shaded regions

indicate that the correlations are

statistically significant at the

90 % confidence level
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models reproduce precipitation–SST and precipitation–

SST tendency relationship in the SCS in the seasonal

change is only briefly described (figures not shown).

Overall, the model simulations capture reasonably the

precipitation–SST and precipitation–SST tendency rela-

tionship in the seasonal change. For example, higher

(lower) SST from May to August (January–February) is

followed by negative (positive) precipitation departure

during June–September (February–March). When the pre-

cipitation got its minimum (maximum), the SST tendency

reaches its maximum (minimum) in March–April (Octo-

ber–November). In comparison, the simulations of the air–

sea relationship are better from January to June than from

July to December.

The Taylor diagram is used in this study to quantify the

overall correspondence between the modeled and observed

behavior. The spatial correlation coefficient, the ratio of the

standard deviations (RSD) of the modeled and observed

fields ( observedSD

modeled SD
), and the root-mean-square (RMS)

difference between the two patterns (related to the spatial

correlation and the standard deviations through the Law of

Cosine and it is not plotted in this study) are indicated by a

single point on the Taylor diagram. The model points are

plotted based on the spatial correlation and the RSD with

respect to the observation. There is a better performance of

the model in the P–ST (P–STn) correlation if there is a

shorter distance between the modeled and observed points

with a higher correlation coefficient. According to these

statistics, we can distinguish how accurately a model

simulates the natural system. More details about the Taylor

diagram can be found in Taylor (2001).

Considering that there are significant precipitation–SST

correlations with negative values in JJA and positive values

in DJF, and there are significant precipitation–SST ten-

dency correlations throughout the year in observations

(Fig. 1), we show in Fig. 5 the normalized pattern statistics

describing the P–ST correlations simulated by 24 models in

summer and winter, and in Fig. 6 the model performance

of P–STn correlations in all the four seasons over the SCS.

The observed one is calculated based on GPCP precipita-

tion and OI version 2 SST (refer to Fig. 1). The reference

field representing the observed state is plotted along the

abscissa with the RSD of 1. The radial distances from the

origin to the points are equal to the RSD, the azimuthal

positions are determined by the correlation coefficient

between the modeled and observed fields, and the distances

a

b

Fig. 5 Normalized pattern

statistics describing the a JJA,

b DJF precipitation–SST

correlation over SCS simulated

by 24 models compared with the

observation (plotted along the

abscissa with the RSD of 1).

The radial distances from the

origin to the model points are

the ratio of the standard

deviations; the azimuthal

positions are determined by the

correlation coefficient between

the modeled and observed fields
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from the model points to the reference point indicate the

RMS errors.

The model points of P–ST correlation display a wide

range of differences among the models (Fig. 5). The sea-

sonal dependence of the model performance is also obvi-

ous. In comparison, higher consistency between model

simulations and observations appears in autumn when most

of the models have a pattern correlation around 0.4 (not

shown). In winter, the RSD tends to be the lowest in most

models (Fig. 5b). Spring appears to be the worst season

when most of the models display a low pattern correlation

and a large RSD (not shown). In summer, the model sim-

ulated pattern correlation varies largely from -0.2 to 0.65

though the RSD is close to 1 in most models (Fig. 5a).

Since the oceanic forcing discussed in Sects. 3 and 4 is

dominant in the SCS during winter, it is worthwhile to

examine the performance of individual models in the P–ST

correlation. In DJF (Fig. 5b), the HadCM3 model from

MOHC and the NorESM1-M model from NCC display the

highest pattern correlation of 0.54 and a RSD closest to 1,

while the ISPL-CM5A-LR and ISPL-CM5A-MR models

from ISLP and the MPI-ESM-P model from MPI-M per-

form poorly with the lowest pattern correlation from -0.5

to -0.2.

The P–STn correlation also shows differences among

the models (Fig. 6), but to a lesser extent compared to the

P–ST correlation. The model performance in the P–STn

correlation also displays strong seasonality, but this feature

is relatively weaker than that seen in the P–ST correlation.

In comparison, the model P–STn correlation pattern is

closest to observations in autumn (Fig. 6c) with a relatively

high pattern correlation of 0.45 on average. The worst

model performance in the P–STn correlation appears in

spring (Fig. 6a). The performance in summer (Fig. 6b) and

winter (Fig. 6d) is between spring and autumn. Another

feature to note in Fig. 6 is that the models exaggerate the

spatial variability in spring and autumn with the RSD

generally larger than 1.0 (Figs. 6a, c), and underestimate

the spatial variability in winter with the RSD from 0.5 to 1

(Fig. 6d). In summer, when the atmospheric forcing is

demonstrated to play a dominant role in the SCS, the

models show a wide range of RSD from 0.7 to 1.8

(Fig. 6b). The MPI-ESM-P model from MPI-M, which

shows a poor performance in winter P–ST correlation,

displays the highest pattern correlation of 0.6 and the best

RSD of 1 in the summer P–STn correlation, while the

MIROC5 model from MIROC shows the worst perfor-

mance with the pattern correlation of 0.

Overall, by comparing Figs. 5 and 6, the models simu-

late the P–STn correlation better than the P–ST correlation

in four seasons with higher pattern correlations on average

and fewer differences among models (spring and autumn

not shown in Fig. 5). This indicates that the models may be

more capable of revealing the atmospheric forcing than the

a b

c d

Fig. 6 The same as Fig. 5, but for the precipitation–SST tendency correlation in a MAM, b JJA, c SON, d DJF
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oceanic forcing process in the SCS. Considering the

importance of the P–ST correlation in winter and the P–

STn correlation in summer, the models from MIROC

institute (except for the MIROC5 model) and CCCMA

institute have relatively stable performance with approxi-

mately high correlations and RSD close to the reference.

Other models to be noted are those from ISPL. They per-

form relatively well in summer P–STn correlation with an

average pattern correlation of 0.3, but display a poor per-

formance in winter P–ST correlation from 0.1 to -0.3. This

indicates that ISPL models have difficulty in capturing the

oceanic forcing in the SCS. From the above discussion, it

can be concluded that there are obvious differences of

simulations among models in the same season and that the

model performances are unstable with strong seasonality.

To examine the model performance in detail, we further

display the distributions of DJF P–ST and JJA P–STn

correlations in Fig. 7 by selecting two models for

comparison. One is the HadCM3 from MOHC with a

pattern correlation of 0.54 (0.48) and a RSD of 1 (1.8) in

winter (summer) for the P–ST (P–STn) correlation. The

other is the MIROC5 model from MIROC with a pattern

correlation of 0.1 (0) and a RSD of 1.3 (1) for the winter

(summer) P–ST (P–STn) correlation.

Compared with the observed DJF precipitation–SST

correlation and JJA precipitation–SST tendency correla-

tion, which are shown in Fig. 1d and f, respectively, the

HadCM3 model simulates the P–ST correlation well in

winter. Similar to the observations, an opposite correlation

is seen in the northern and southern SCS with a positive

correlation of 0.3 in the northern SCS (Fig. 7a). The MI-

ROC5 model shows a positive correlation over the whole

SCS (Fig. 7b) so that the correlation in the southern SCS is

opposite to the observed one. Such poor performance in the

southern SCS is also identified in other models (e.g., IPSL-

CM5A-MR). As for the summer, the P–STn correlation in

a b

c d

Fig. 7 Point-wise and

simultaneous DJF precipitation–

skin temperature correlation

(upper) and JJA precipitation–

skin temperature tendency

correlation (lower) from a,

c MOHC.HadCM3 and b,

d MIROC.MIROC5. Shaded

regions indicate that the

correlations are statistically

significant at the 90 %

confidence level
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the HadCM3 model shows a same-sign distribution with a

negative correlation center lying in central CSC (Fig. 7c),

which is in accordance with the observations. In compar-

ison, the negative correlation is somewhat overestimated,

in particular, in the southern SCS. In contrast, the MIROC5

model has a poor simulation in the JJA P–STn correlation.

Though the negative correlation is produced throughout the

SCS, the distribution does not match with the observed

one. The observation shows the largest precipitation–SST

tendency correlation in the central SCS (Fig. 1f), while the

MIROC5 displays a large negative correlation in both the

northern SCS and the southwestern SCS, but a relatively

weak correlation in the central SCS. The reasons for poor

model performance may be related to the simulation of

atmospheric response to remote forcing in the Pacific and

Indian Oceans and the simulation of the regional oceanic

processes. Further studies are needed to unravel the specific

reasons for poor model performances.

6 Summary and discussions

The present study addresses the atmosphere–ocean inter-

action in interannual variations over the South China Sea

and evaluates the performances of 24 selected models

involved in CMIP5. The seasonality and regionality of the

atmosphere–ocean relationship is demonstrated by com-

paring the simultaneous precipitation–SST and precipita-

tion–SST tendency correlations. Distinct regimes of air–sea

interaction are identified between summer and winter. An

atmospheric forcing of ocean with a significantly negative

precipitation–SST tendency correlation is dominant in the

northern SCS and the central SCS from April to June, while

an oceanic forcing of atmosphere with a significantly

positive precipitation–SST correlation is identified in the

northern SCS from November to December. These regimes

of air–sea interaction are discussed by selecting two cases

representing different processes in the SCS. During AMJ,

the atmospheric forcing in the central SCS is characterized

by remarkable cloud-radiation effects, wind-evaporation

effects across the central basin, and wind-driven oceanic

upwelling effects along the west coasts that contribute

positively to the SST tendency anomalies in this region.

The effects of ocean horizontal advection are unknown due

to the low-resolution data. During NDJ, the regional con-

vection responds to anomalous SST in the northern SCS

due to modulation of the lower-level convergence associ-

ated with the large-scale circulation and the atmospheric

stability.

Generally, the models simulate better the P–STn corre-

lation than the P–ST correlation, which indicates that the

models may be more capable of capturing the atmospheric

forcing in the SCS. There are obvious differences of

simulations among models in the same season with a wide

range of spatial pattern correlation coefficients and stan-

dard deviations, and the performances of the same model

are fairly unstable during different seasons. Most models

have the worst performance in spring. Hence, improvement

should be made in the models before the model simulations

can be utilized to understand the regional air–sea interac-

tion in the SCS.

The results obtained in the present study have both

similarities and differences compared to previous relevant

studies. The present study agrees with Xie et al. (2003) and

Lestari et al. (2011) about the influence of atmospheric

winds on SST changes during summer and with Wang et al.

(2006a) about the importance of surface heat fluxes in the

SST anomalies. For the southern SCS SST anomalies in

winter, while Liu et al. (2004) emphasized the role of ocean

advection, our analysis indicates the contribution of surface

heat fluxes. Differing from Wang et al. (2006a), who

focused on the processes for SST changes, we consider

both the atmospheric influence on the SST anomalies and

the SST forcing of the atmosphere. In addition, the present

study evaluates the CMIP5 simulations in the SCS, which

has not been done before.

It should be noted that the seasonality of the interannual

atmosphere–ocean interaction may be related to the cli-

matological field in the SCS. Wu and Kirtman (2007)

pointed out that the dominance of atmospheric forcing or

oceanic forcing is dependent on the mean state. Atmo-

spheric forcing is likely prominent during warm and rainy

season when the cloud-radiation effect is large. When

surface heat flux changes induced by atmospheric process

are small, the oceanic processes may contribute to the SST

anomalies that, in turn, drive the atmospheric changes.

Over the SCS, AMJ is the season of transition to the warm

and rainy season. In this season, cloud starts to increase and

wind disturbance is active. As such, the cloud-radiation

effect and the wind-evaporation effect are large. In SON,

the CSCS and the SSCS are still in the rainy season, and

the cloud-radiation can induce an obvious atmospheric

impact on the SST change.

In the present study, the oceanic forcing is only dis-

cussed qualitatively by considering the SST influence on

the lower-level convergence and atmospheric stability.

Verification of these processes should be made with proper

model experiments in the future. As for the atmospheric

forcing, due to the low-resolution data, the contribution of

ocean advection needs further estimation. Moreover, the

role of remote forcing is demonstrated to have impact on

the development of both atmospheric and oceanic anoma-

lies in the SCS (Klein et al. 1999; Qu et al. 2004; Wang

et al. 2006b), and yet, in this study, we only consider the

local forcing when discussing the regimes of regional

atmosphere–ocean interaction in the SCS. The relative
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roles of local forcing and remote forcing should be

addressed in the future.

The evaluation of the model performance is preliminary

for the purpose of understanding generally about how these

models perform in revealing the regional air–sea relation-

ship. The causes for good or poor model simulations are

complicated and remain to be unraveled. Analysis in the

future should further focus on what are the relative

importance of regional processes and remote forcing in

determining the model performance, which will provide

guidance for improving the model capability of simulating

properly the regional physical processes that connect the

atmosphere and the ocean.
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