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Abstract. During Marine Isotope Stage (MIS)-13, an inter- its impact in northern China. We conclude that a warmer
glacial about 500 000 years ago, the East Asian summer monPWP helps to explain the strong MIS-13 EASM precipita-
soon (EASM) was suggested exceptionally strong by dif-tion in southern China as recorded in proxy data, but another
ferent proxies in China. However, MIS-13 is a weak inter- explanation is needed for northern China.
glacial in marine oxygen isotope records and has relatively
low CO; and CH, concentrations compared to other inter-
glacials of the last 800000 years. In the meantime, the sea
surface temperature (SST) reconstructions have shown thdt Introduction
the warm pool was relatively warm during MIS-13. Based
on climate modeling experiments, this study aims at inves-Marine Isotope Stage (MIS)-13, an interglacial about 500 ka
tigating whether a warmer Indo-Pacific warm pool (IPWP) ago, is the coolest interglacial of the past 800 ka over Antarc-
can explain the exceptionally strong EASM occurring dur- tica (Jouzel et al., 2007). The average LC€ncentration
ing the relatively cool interglacial MIS-13. The relative con- is about 240 ppmv, which is low for an interglacial (Luthi
tributions of insolation and of the IPWP SST as well as et al., 2008). It also has higher marine bentsl€O val-
their synergism are quantified through experiments with theues than other interglacials, implying larger continental ice
Hadley Centre atmosphere model, HadAM3, and using thesheets and/or cooler deep-sea temperature. However, the pa-
factor separation technique. The SST of the IPWP has beeleosoil S5-1 in the loess from northern China, which cor-
increased based on geological reconstructions. Our resultesponds to MIS-13, is the strongest developed soil of the
show that the pure impact of a strong summer insolation conpast 800 ka, suggesting extremely strong East Asian summer
tributes to strengthen significantly the summer precipitationmonsoon (EASM) precipitation (e.g., Kukla et al., 1990; Guo
in northern China but only little in southern China. The pure et al., 1998). This strong EASM was confirmed by the lake
impact of enhanced IPWP SST reduces, slightly, the sumsediments from the Tibet Plateau (Chen et al., 1999) and
mer precipitation in both northern and southern China. How-by the paleo-red-soils from southern China (Yin and Guo,
ever, the synergism between insolation and enhanced IPWR006). It appears also as strong as the other interglacials
SST contributes to a large increase of summer precipitatiorin the stalagmite records from western China (Cheng et al.,
in southern China but to a slight decrease in northern China2012). These terrestrial reconstructions are in line with mar-
Therefore, the ultimate role of enhanced IPWP SST is to reditime summer monsoon proxy (Wei et al., 2007) and sea sur-
inforce the impact of insolation in southern China but reduceface salinity reconstruction (Shyu et al., 2001) in the South
China Sea. A strong EASM occurring during a relatively cool
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interglacial MIS-13 was pointed out by Yin and Guo (2008) ability of EASM. Lu (2001) also showed that the convec-
as a seeming paradox. tive activity over the tropical western Pacific plays a key role
In order to understand this seeming paradox, several modin modulating the strength and displacement of the western
eling studies have investigated the impacts of insolation andPacific subtropical high (WPSH) which has in turn a strong
ice sheets on the MIS-13 EASM. Using the LOVECLIM influence on East Asia summer monsoon variability. Accord-
model (an Earth system model of intermediate complexity),ing to Zhao et al. (2000), if the western tropical Pacific warm
Yin et al. (2008, 2009) found that strong summer insolationpool temperature increases, the subtropical high extends fur-
in the Northern Hemisphere (NH) contributes to intensify the ther westward in the northwest Pacific Ocean, and its ridge
EASM during MIS-13 as compared to today, but insolation is displaced further southward, resulting in a change of the
alone does not make the MIS-13 EASM exceptionally strongprecipitation pattern in China. Moreover Zhou et al. (2009)
as compared to other interglacials. Unexpectedly, they als@xplored the impacts of higher and lower pool SSTs on the
found that a small Eurasian ice sheet reinforces additionEast Asia summer monsoon rainfall for the present day using
ally the EASM through a topographically induced wave train, five different atmospheric general circulation models. Their
which might explain the exceptional EASM during MIS-13. results suggest that the SST changes in the warm pool influ-
These findings have been confirmed by more complex genence the Walker circulation, with a subsequent reduction of
eral circulation models including an atmosphere-only modelconvection in the tropical central and eastern Pacific, which
ARPEGE (Sundaram et al., 2012; Muri et al., 2012) andin turn forces an El Nifio—Southern Oscillation (ENSO)/Gill-
an atmosphere—ocean coupled model HadCM3 (Muri et al.fype response that modulates the WPSH.
2013). However, it is still unclear if there was any other ice  Given the importance of the IPWP SST on the EASM and
sheet than Greenland in the NH during MIS-13 because som#he enhanced SST in the warm pool region during MIS-13,
terrestrial proxies seem to indicate a relatively warm condi-one may wonder which role this warm pool warming plays
tion during this interglacial (Guo et al., 2009). This means on the EASM during MIS-13, whether it is at the origin of
that the explanation provided by the Eurasian ice sheet fothe exceptionally strong EASM during this interglacial, and
an exceptional MIS-13 EASM becomes uncertain, and othewhat its relative importance is as compared to insolation. We
factors might play a role. aim at answering these questions in this study by performing
Recently, hydrographic reconstructions from the Southsensitivity experiments with the Hadley Centre atmosphere
China Sea suggest that the tropical dynamics would havenodel HadAMS3. The individual impacts of the IPWP warm-
played a role in the climate abnormality during MIS-13 ing and of insolation, as well as their synergism, are quan-
through maintaining or even increasing the longitudinal seatified through factor separation analysis (Stein and Alpert,
surface temperature (SST) gradient in the equatorial Pacifid 993) (see Sect. 2 for detailed information). Although many
(Yuand Chen, 2011). Although MIS-13 was cooler than moststudies have discussed the impact of warm pool surface con-
of the interglacials over most of the oceans (Lang and Wolff,ditions on the EASM (see the paragraph above), they are
2011), SST reconstructions from the western Pacific warmmainly based on modern background climate and insolation.
pool region (Medina-Elizalde and Lea, 2005; de Garidel- Given the different configurations in the climate forcings (for
Thoron et al., 2005) show that this region during MIS-13 is asexample, NH summer occurs at aphelion at present day, but
warm as or warmer than many other interglacials. The max-it may occur at perihelion during the past interglacials), it is
imum annual mean SST reconstruction during MIS-13 ofworth investigating the impact of warm pool during the past
de Garidel-Thoron et al. (2005)92 N, 141°46 E) is about interglacials using climate models. Moreover, factor separa-
1 °C higher than today (29.4¢). tion analysis allows separating the pure impact of insolation
The Indo-Pacific warm pool (IPWP) is an important fea- and of the warm pool warming as well as their synergism.
ture of the climate system. Through the excitement of at-Therefore, this study may provide broader implications than
mospheric deep convection, the warm pool is capable of in-only for MIS-13 regarding the impact of warm pool warming
fluencing global climate via the Walker and Hadley circu- on the EASM and its synergic effect with insolation.
lations and serves as a major source of heat and water va- The EASM system is generally described as the com-
por (Sardeshmukh and Hoskins, 1988; Webster and Lukashination of three main components: the East Asian
1992). This warm pool is a major source of moisture for the meiyubaiu/changmafront (a major rain-bearing system in
Asian summer monsoon. The SST anomalies there have beghe subtropics and mid-latitudes), the western Pacific sub-
considered to be important for monsoon variability (Nitta, tropical high, and the tropical western Pacific monsoon
1987; Shen and Lau, 1995; Lau et al., 2000; Kawamura et al.trough, which corresponds to the western Pacific intertrop-
2001). The warming of IPWP has caused rainfall to increasdcal convergence zone (ITCZ). In addition, the intensity and
over most of the local basin and the maritime continent (Zhoulocation of subtropical westerly jet (SWJ) and tropical east-
etal., 2009). Many studies (e.g., Nitta, 1987; Kurihara, 1989;erly jet (TEJ) at upper level (200 hPa), and the modulation of
Huang and Sun, 1992) have shown that the thermal state ahe Hadley and Walker circulations play a major role in the
the tropical western Pacific and convective activity aroundEASM rainfall variability. These EASM-associated features
the Philippines play important roles in the interannual vari- are analyzed here. In this study, East China monsoon region
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Table 1. Experiment list. “MIS-13" insolation means the insola- meaning when more than one factor are involved, because
tion at 506 ka BP. “MIS-13" SST means the simulated MIS-13 SST it includes the pure impact of one factor and the joint effect
by Muri et al. (2013) using the atmosphere—ocean coupled mode{or synergism) with all the other factors. In the case of more
HadCMS3 forced by the MIS-13 insolation and greenhouse gas conthan one factor, the Alpert—Stein factor separation methodol-
centrations. “Warmer warm pool” SST is the same as “MIS-13” ogy (Stein and Alpert, 1993) must therefore be used because
SST except that the SST over the IPWP is increased. Detailed |nforIt allows isolating the individual effect of each factor on any
mation about forcing and boundary conditions is given in Sect. 2.

climatic variable as well as the synergistic effect with the
other factors. This methodology has been used in many mod-
eling studies to quantify the relative importance of specific

Experimentname Insolation SST

foo Present MIS-13 processes or forcings and their interactions as, for example,
f10 MIS-13 MIS-13 for the Holocene (Berger, 2001; Claussen et al., 2001), the
fo1 Present  warmer warm pool Eemian (Kubatzki et al., 2000; Crucifix and Loutre, 2002)
f11 MIS-13 warmer warm pool

and the last nine interglacials (Yin and Berger, 2012).

In this study, the Alpert-Stein factor separation method-
ology is applied to two factors: the warm pool SST and
refers to the area between 105-12@nd 20-40N (Weiand  insolation. This requires four experiments (Table 1) to be
Wang, 2004; Lee et al., 2008), northern and southern Chinamade which are labeled 00, 01, 10 and 11 for any climatic
being separated by 30 latitude. Model and experiment de- variable, f. The simulated field will be given the valyg
sign are given in Sect. 2. The pure impacts of insolation andvhen all factors are acting, and a valfig when they are all
of the IPWP SST enhancement on the EASM, their syner-‘switched off”. In the other two experimentgjo and fo1,
gism as well as their combined effect are discussed in Sect. 3inly one factor is changed at a time. According to Stein and
Conclusion is given in the final section. Alpert (1993), we have

fir= foo+ fro+ for+ fi1. (1)
2 Model and experiment design .

Whereflo = f10— foo is the pure contribution of insolation;
As we would like to investigate the impact of enhanced warmf01 = fo1—_foo is the pure contr|but|on of enhanced warm
pool SST on the EASM during MIS-13, SST is prescribed in pool SST; fll = f11— foo— flo— flo is the synergism be-
our experiments. In such a case, an atmosphere-only modélveen insolation and warm pool SST.
instead of an atmosphere—ocean coupled model is required. The reference insolation and reference SST (Table 1) are
The atmosphere model used here is HadAM3 (Pope et alrespectively the present-day insolation and the 12-month
2000), which was developed at the Hadley Centre for Cli-SST simulated by the atmosphere—ocean coupled model
mate Prediction and Research. It is based on the hydrostatidadCM3 forced by the MIS-13 insolation and greenhouse
and primitive equations and uses an Arakawa B-grid and hy-gas concentrations (Muri et al., 2013). They have been used
brid vertical coordinates. It has a horizontal resolution of in the reference experimeligo. In the experimenfi, the in-
3.75 in longitude and 2.5in latitude, with 19 vertical lev-  solation of MIS-13 and the reference SST are used. In the ex-
els. HadAM3 has been demonstrated to perform well in theperimentfp1, the reference insolation and the modified SST
atmospheric model intercomparison project and to produce are used. As the IPWP is typically defined as the oceanic re-
reasonable representation of the Asian monsoon circulationgion enclosed by the 2& isotherm of SST (e.g., Ho et al.,
and precipitation (Martin et al., 2000; Zhou et al., 2009). It 1995; Fasullo and Webster, 1999) and as it appears particu-
has also been used in many studies on the response of Edatly warm from March to July with the highest peak in May
Asian monsoon to modified forcings. For example, Liu et (Zhang et al., 2009), the modified SST is obtained by adding
al. (2012) have recently used HadAMS3 to investigate the im-1°C to the reference SST from March to July at each grid
pact of the changes in Tibetan Plateau thermal forcing on theoint of the IPWP region (where SS¥28°C or the great
EASM. warm pool) which extends from the eastern equatorial Indian

As far as the methodology used is concerned, we stres®cean to the western tropical Pacific (Fig. 1). Based on some

that, different from the traditional studies where sensitivity available studies (Zhou et al., 2009; Li et al., 1999; Zhao et
experiments are made to investigate the impact of only onel., 2000), it could be said that the EASM regional precipita-
factor (insolation or SST), in this study we would like to tion is very sensitive to changes in SST over the warm pool
test the relative importance of insolation and of the warmregion at the seasonal and annual scales. We note that, due to
pool SST on the EASM. In the traditional studies where thelack of precise reconstruction of the warm pool SST during
impact of only one factor is evaluated, the common proce-MIS-13 at these scales, this change in SST is used only as a
dure is to analyze the difference between a control run andensitivity test. In the control experimefit;, the MIS-13 in-
a simulation where this factor is switched off. However, this solation and the modified SST are used. Therefore, the pure
difference between two experiments does not have a simplénpact of insolation, of increased IPWP SST, their synergism
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Figure 1. Area of the Indo-Pacific warm pool surrounded by°Z8isotherm line. Annual mean SST values are provided by the HadCM3
simulation for MIS-13 (Muri et al., 2013).

and their combined impact are given I8y — foo, fo1— foo, land—sea thermal contrast. Chou (2003) showed that strong
f11+ foo— fi0— fo1, and f11 — foo, respectively. We note  meridional temperature gradient due to land—sea heating con-
that, due to the difference in methodology between our studytrast enhances the intensity of Asian summer monsoon and
where the impacts of both insolation and SST are evaluated aéxtends the corresponding monsoon rain belt northeastward.
the same time (using the factor separation methodology) an€orrespondingly, the low pressure over the Asian continent
the traditional study where only one factor is evaluated for abecomes deeper, and the high pressure over the Pacific and
given specific value of the other factor, we must be cautioudndian Ocean is intensified. The intensified and northward-
when comparing our results with those from the traditional shifted high-pressure system over the northwestern Pacific
study. contributes to the strengthening and northward displacement
Snapshot simulations have been made like in many paleoef the EASM rain belt over northern China via changes in the
climate modeling studies. The same greenhouse gas concelow-level prevailing winds.
trations and astronomical parameters as in previous MIS-13 Under the impact of insolation only, a huge increase in
simulations (Yin et al., 2008) have been used. All four ex- JJA precipitation (2.4 mm day) is simulated over northern
periments use the same greenhouse gas concentrations (CQhina but a very small change over southern China (Fig. 3).
equivalent= 240 ppmv). The insolation of MIS-13 was cal- The spatial distribution of summer precipitation anomalies
culated according to the astronomical parameters at 506 kéFig. 4a) shows a significantly drier condition over Indo-
BP (Berger, 1978). The large eccentricity and NH summerChina and south of the Indian Peninsula but wetter condi-
occurring at perihelion lead to more insolation received bytions in northern China, northeast Asia, northern India and
the whole earth but particularly over the NH during boreal south of Tibet. Increase in JJA precipitation over northern
summer. For each experiment, the model is integrated ove€hina and northeast Asia is due to the large warming over
35 years, but only the data obtained over the last 10 years arhie NH land with an enhanced land—sea thermal contrast and
analyzed. a shifting of ITCZ to the north. The ITCZ can be indicated
by the strongest rising motion in the Hadley cell (Fig. 5a).
Under the influence of insolation, there is an anomalous de-
scending motion around 20! and an anomalous rising one
around 38 N, indicating a northward movement of the ITCZ
Fig. 5b). Another important atmospheric feature for the East
sian summer monsoon is the East Asian jet, which is jointly
controlled by extratropical dynamics and tropical heating.
3.1 Pure contribution of insolation on the EASM The changes in position and intensity of the jet core is di-
rectly associated with the meridional gradient of air temper-
As can be seen from Fig. 2a, the summer temperature anomature in the troposphere (the larger the meridional gradient,
lies due to insolation change onlyi16 — foo) over the NH  the stronger the jet). The East Asia jet displacement has a
continents are positive. The maximum summer temperaturdarge impact on the position of the monsoon rain belt over
anomaly reaches & over the mid-latitude land. This in- East Asia especially in summer (e.g., Liang and Wang, 1998;
crease in temperature over land combined with the lack ofKuang and Zhang, 2006). Indeed, under the impact of inso-
temperature increase over the ocean results in a strongdation only, the area of maximum temperature gradient shifts

3 Results and discussions

In this section, the pure contributions to the MIS-13 EASM
of insolation and of enhanced IPWP SST are analyzed, a
well as their synergism and combined effects.
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(a) pure impact of insolation (b) pure impact of enhanced warm pool SST

Figure 2. Simulated summer (JJA) surface air temperature anomi@ly. (a) Pure impact of insolatior(b) pure impact of enhanced IPWP
SST,(c) synergism between insolation and enhanced IPWP SSTAmbmbined effect of insolation and enhanced IPWP SST. Areas with
significance level greater than 99 % are shaded in gray.

north due to a northward displacement of the maximum heatgion near 33N, all phenomena related to the rain associated
ing over the northern continents in the upper level. As indi- with the meiyubaiuW/changmafront. The enhanced land—-sea
cated by the zonal wind anomaly at 200 hPa, Fig. 5b showshermal contrast and enhanced meridional temperature gra-
that the southern part of the subtropical East Asian jet is sigdient during boreal summer strengthens the EASM circula-
nificantly weakened and its northern part is intensified andtion, leads to stronger southerly winds prevailing over eastern
expanded. This is accompanied by a strong anomalous risin@hina and finally to more northward transport of water vapor
motion over northern China providing more rainfall there.  (Fig. 8a) from the Arabian Sea, the Bay of Bengal and the
For more details about ascending and descending motiongestern Pacific. Figure 8a shows that, under the impact of
over East Asia, the vertical velocity (omega) has been anahigh NH summer insolation, the Arabian Sea and the Bay of
lyzed. The JJA vertical velocity anomaly shows a strong as-Bengal are important sources of moisture transport to south-
cending motion occurring between 30 and 8Dfrom the  ern China, but in northern China moisture originated from
surface to upper level (Fig. 7a) and leading to more pre-the western Pacific.
cipitation through deep convection over northern China (as The seasonal cycle of precipitation anomaly shows over
shown also by the meridional wind circulation anomaly in northern China an increase from March to June with a plateau
Fig. 5b). Under the impact of insolation only, the ITCZ and in July (2.8 mmday? in June and in July) and a sharp de-
East Asian jet both shift northward from their mean posi- crease from August and September. This is generally in phase
tion, while a strong low-level convergence dominates the re-with seasonal changes in local surface temperature and inso-
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3 - ——— - tropical jet also shifts southward as indicated by the change
s”mt:em g:'_”a ((ngﬂlgssiﬁgg in the zonal wind circulation anomaly (Fig. 5¢), leading to
southern Ina - s - . .
25 | more rainfall over East Asia south of 2. The remarkable

decrease in the land—sea thermal contrast during boreal sum-
mer weakens the EASM circulation and generates northerly
wind anomaly over eastern China, which prevents the north-
ward transport of water vapor as shown in Fig. 8b. The ver-
tical velocity anomaly (Fig. 7b) indicates that the ascending
motion over~ 30° N almost disappears, being changed into

a weak descending motion over both northern and southern
China from the surface to the upper levels revealing less con-
vection and precipitation over the whole of China. On the
contrary, anomalous ascending motion occurs south ©iN20

N
- &)1 N
. . .

o
3
.

Precipitation change (mm/day)

0 along with precipitation increase due to stronger local con-
vection caused by the enhancement of the IPWP SST. We

05 ‘ ‘ ‘ note that an atmosphere-only model is used in our study. This
Pure impact ~ Pure impactof ~ Synergism  Combined effect means that there is no feedback from atmosphere to ocean.

of insolation - enhanced Duan et al. (2008) found that the atmospheric feedbacks cool

warm pool SST . .
SST through enhanced evaporation and reduced solar heating

Figure 3. Summer precipitation change averaged over northern anccaused by deep convection during the active phase of mon-
southern China. soon. They found that absence of such kinds of feedbacks
in the atmosphere-only model generates more precipitation
over the IPWP by maintaining the high SST for too long.
lation, showing the importance and direct influence of theseAccording to their study, the large precipitation increase over
factors on the northern EASM precipitation. Over southernthe IPWP in our study might therefore be exaggerated.
China there is an abrupt increase only from April to May Our simulated result that increased SST over the IPWP
(2.5mmday?) and decrease from May to June (Fig. 6a, leads to reduced summer precipitation in China is in line with
b). This is completely independent of local insolation and other modeling studies. By using a two-level global circu-
temperature changes, indicating the influence of the interlation model, Huang and Sun (1992) showed that when the
nal feedbacks in particular from the insolation-driven sea-SST over tropical western Pacific warm pool is above nor-
sonal SST changes on the southern EASM precipitation. Shinal, then East Asia receives below normal rainfall in sum-
et al. (2012) show that the condition of the tropical Pacific mer. Tschuck et al. (2004) also showed that a warmer west-
SST can modulate the impact of insolation leading to dif- ern Pacific leads to anomalous north-easterlies over China
ferent response of the EASM precipitation to insolation in indicating a weakened East Asian monsoon.
northern and southern China. The general features of our Many studies have used modern observational data or
insolation-induced changes in atmospheric circulations angroxy reconstructions to discuss the relationship between
regional precipitation patterns are in line with the results of SST and the precipitation in China, but interpretations based
other modeling studies (Wei and Wang, 2004; Braconnot ebn data are much more diverse than based on modeling re-
al., 2008), showing the robustness of the model response tsults. Zhao et al. (2000) found that increased SST in the
modified insolation forcing. western Pacific warm pool corresponds to less rainfall in
northern China and more rainfall in southern China. Zhang et
3.2 Pure contribution of the IPWP SST on the EASM al. (2009) studied the correlation between the western Pacific
warm pool SST and the East China precipitation during the
The pure impact of enhanced IPWP SShi(— foo) leads  past 360 years. They found that this correlation has strong
to a slight decrease in JJA precipitation in both northern andegional diversity, but it is only over the Yellow River and
southern China (Fig. 3). The spatial distribution of the sum-Huaihe River basin in northern China that this correlation
mer precipitation anomalies (Fig. 4b) shows a drier condition(negative) is significant. Yang and Lau (2004) found that the
over India and China but a wetter one over the IPWP regioninterannual variation of the summer precipitation over cen-
itself and over the maritime continents. It indicates that thetral eastern China and over southern coastal China is corre-
SST increase over the IPWP region only leads to an increaskted with a north—south dipole mode of SST anomalies over
in local convection and precipitation, but reduces the EASMthe western North Pacific, the tropical Indian Ocean and the
precipitation. Such a warmer IPWP reduces the land—se&arm pool: when SSTs are abnormally warm over the warm
thermal contrast over the NH land in summer and shifts thepool and northern Indian Ocean and are abnormally cold over
ITCZ southward as indicated by the change in the meridionakhe western North Pacific, summer precipitation tends to be
wind circulation anomaly (Fig. 5c). Here, the 200 hPa sub-heavier than usual in central eastern China but to be less in
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(b) pure impact of enhanced warm pool SST

90E 100E 110E 120E 130E 140E 150E 160E 170E 1 60E 70E B8OE 9O0E 100E 110E 120E 130E 140E 150E 160E 170E 180

(c) synergism

B0E 70E B80E 9OE 100E 110E 120E 130E 140E 150E 160E 170E 180 B0E 70E B8OE 9OF 100E 110E 120E 130E 140E 150E 160E 170E 180

-l T T

-5 -4 -3 -2 -1 -05 05 1 2 3 4 5

Figure 4. Same as Fig. 2 except for summer precipitation anomaly (mmYayreas with significance level greater than 99 % are sur-
rounded by contour lines.

southern coastal China. Lee et al. (2008) found that the northiation in northern China is negatively correlated with the SST
EASM precipitation is negatively correlated with the tropical in the western Pacific warm pool, which is in agreement with
western Pacific SST and is positively correlated to the tropi-our model results. The conclusions are more controversial
cal Indian Ocean SST, and that the south EASM precipitatiorfor southern China. Among them, Zhao et al. (2000) found
is positively correlated with the western North Pacific SST a positive correlation between southern China precipitation
but has no obvious correlation with the Indian Ocean SST.and the SST of western Pacific warm pool. This, at a first
However, also based on observational data, Saji and Yamaglance, seems to be contrary to our results, but actually it is
gata (2003) found that the precipitation over India and south-not because it is not appropriate to compare the finding of
ern Chinais enhanced during the positive IOD (Indian OcearZhao et al. (2000) with our results. In our experiment the
dipole) event, an event which is characterized by anomalou$ST is indeed enhanced not only over the western Pacific
cooling in the eastern equatorial Indian Ocean and anomawarm pool but also over the Indian Ocean warm pool, a re-
lous warming in the western equatorial Indian Ocean. gion extending from the tropical western Pacific to the east-
The different findings from these studies based on data oern equatorial Indian Ocean (Fig. 1). This means that in our
proxy reconstructions might be related to different data setsimulation the precipitation in southern China responds to
or different analytical techniques which have been used. Nevehanges in SST not only in the western Pacific warm pool but
ertheless, these studies tend to show that the summer precimdso in the Indian Ocean warm pool. In our experiment, due
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Figure 5. JJA mean meridional wind circulations averaged over 105 Figure 6. Seasonal cycle of precipitation anomaly over nortt{ajn
to 120 E. (a) The control experimentfyg), (b) the pure impact of and southerr{b) China. Contributions of insolation, of enhanced
insolation (f1o— foo), and(c) the pure impact of enhanced IPwp PWP SST, their synergism and combined effect are given.

SST (fo1 — foo)- Stream lines indicate meridional wind circulation
for (a) and anomalies fotb) and(c). Contour lines indicate zonal
wind circulation (with an interval of 5ms! for a) or anomalies

(with an interval of 2msY for b andc). ergism (Fig. 4c) shows a drier condition over northern China

and northeastern Asia but a wetter over India (west coast of
India and north part of Bay of Bengal) and southern China.

to the SST increase in the eastern equatorial Indian Ocean, @onsistently, a strong ascending motion is seen in south-
negative “lOD-like” event is created. Presumably opposite to€M China and a weak descending motion in northern China
the positive 10D situation as in Saji and Yamagata (2003), a(Fig. 7¢). The strong upward motion in southern China corre-
negative 10D might be associated with reduced precipitationsPonds well to the enhanced precipitation there. The EASM
over India and southern China, which is indeed the case irfirculation is weakened with anomalous northerly winds over

our simulation (Fig. 4b). eastern China. Such an anomalous northerly surface wind is
not favorable for the moisture transport up to northern China.
3.3 Synergism But at the same time, the monsoon circulation over the In-

dian domain (land and ocean) becomes intensified, provid-
Synergism can be defined as the additional contribution duéng more moisture transported to southern China (Fig. 8c). In
to two or more factors when they act together compared tasouthern China, the synergism can be explained by the inten-
the sum of their individual contributions. It is therefore given sified meridional transport of water vapor inland over south-
by (f11— foo) — (f10 — foo) — (fo1 — foo) (see Sect. 2). As ern China which results from a joint effect of the insolation-
shown in Fig. 3, the synergism between insolation and theinduced increased southerly wind and the SST-induced in-
increase of the IPWP SST contributes to a large increasereased local evaporation over the IPWP which provides
in the summer precipitation over southern China but de-more water vapor to be transported. These two factors act
crease over northern China. The corresponding spatial distogether providing a better condition for precipitation in-
tribution of summer precipitation anomalies due to the syn-crease in southern China than when one of them acts alone. In
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Figure 7. Same as Figs. 2 and 4 except for summer vertical velocity anomaly‘él)’aseraged over 105 to 12&.

vertically integrated moisture transport, a localized cyclonicure 3 shows that the precipitation increase in northern China
(moisture convergence) flow over East China could be assois only due to changes in insolation whose effect is never-
ciated with more precipitation in southern China and less intheless weakened by the effect of enhanced IPWP SST and
northern China (Fig. 8c). the synergism. However, the precipitation increase in south-
ern China is mainly due to the synergism, the pure impacts of
3.4 Combined effect of insolation and the IPWP SST insolation and of the IPWP SST being quite small. The pure
and their relative importance impact of enhanced IPWP SST has relatively small impact
over the mainland of China.
The primary source of monsoon circulation depends largely The JJA vertical velocity anomaly (Fig. 7d) shows two
on the surface latitudinal temperature distribution over landcenters of ascent and deep convection. One is over north-
and the adjacent sea especially over the Asian domain. Thern China and results from the pure impact of insolation
combined effect f11 — foo) of insolation and enhanced SST (Fig. 7a). Another is over southern China and its position
over the IPWP region decreases the latitudinal temperaturéndicates that it is mostly contributed from the synergism
gradient at least by 08 when compared to the pure insola- (Fig. 7c¢). The heavy rainfall increase in China is closely re-
tion effect (Fig. 2d compared to Fig. 2a) due to the additionallated to these two strong upward motions. At low level, wind
warming over the IPWP region. The combined effect leadsstrength and direction during JJA also well support the mois-
to same amount of summer precipitation increase in northture transport over East Asia from the Indian Ocean and the
ern and in southern China (Fig. 3). This is also shown in thenorthwestern Pacific. Analysis of the spatial distribution of
spatial pattern of JJA precipitation anomaly (Fig. 4d). Fig-
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(a) pure impact of insolation (b) pure impact of enhanced warm pool SST
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Figure 8. Same as Figs. 2, 4 and 7 except for summer vertically integrated moisture transport anomaly}@&dhnin the whole tropo-
sphere.

the total moisture transport (Fig. 8d) shows that, in south-in May to June. This plateau is actually due to the fact that
ern China, the moisture transport is mainly from the Indiana decline of precipitation induced by the pure effect of the
Ocean (especially from the Bay of Bengal), and it resultsenhanced IPWP SST and of the synergism counteracts the
from the pure impact of insolation (Fig. 8a) and is reinforced increase caused by the pure impact of insolation. In northern
by the synergism effect (Fig. 8c). In northern China, the China, the peak related to insolation coincides with the peak
moisture transport from the west Pacific Ocean dominatesof the synergism and the deepest minimum in the IPWP SST
and it completely results from the pure impact of insolation. contribution. This leads to the peak of the combined effect
This, again, shows the dominant role of insolation on theoccurring in July. Then there is a fast decline from July to
northern EASM precipitation and its joint effect with syn- September mainly caused by changes in insolation. In south-
ergism on the southern EASM precipitation. ern China it is quite different with a steep rise from April to

For the annual cycle, the precipitation change due to com-June and a more gentle drop from June to October (Fig. 6b).
bined effect shows a positive anomaly from April to August The occurrence of the peak of the combined effect is in June
with a peak in July for northern China and from May to Au- coinciding with the peak of the synergism which appears 1
gust with a peak in June for southern China (Fig. 6a, b). Inmonth later after the peak of the pure effect of insolation.
northern China, there is a steep drop from July to SeptemThe smooth decrease from July to October is mainly caused
ber and a more gentle rise from March to July with a plateauby the synergism.
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4 Conclusions teleconnections. Many terrestrial records from the Northern
Hemisphere indicate quite warm land surface during MIS-13
Our model results show that strong summer insolation duringGuo et al., 2009). Moreover, the pollen records from marine
MIS-13 strengthens the summer monsoon precipitation insediment of southwest Greenland show that MIS-13 has the
both northern and southern China, and particularly in north-second largest pollen abundance (only secondary to MIS-11)
ern China. High summer insolation leads to a large warm-among the interglacials of the last 1 million years, leading to
ing over the NH land during its summer, an enhanced land-the assumption of the presence of forest vegetation at least
sea thermal contrast, a northward shift of the ITCZ, an in-over southern Greenland and a reduced Greenland ice vol-
tensification and northward shift of the tropical easterly jet. ume (de Vernal and Hillaire-Marcel, 2008). In the meantime,
The northward shift of WPSH, strong low-level southerly the loess grain size data from northern China have indicated
wind, more moisture transport from northwest Pacific andthat MIS-13 had the weakest winter monsoon among the last
South China Sea and strong convection over mid-northermine interglacials (Guo et al., 2009). Therefore, the impact
China are observed. The pure impact of enhanced IPWP SS&f a smaller Greenland ice sheet might be investigated in the
slightly reduces the summer precipitation in both northernfuture to see if it helps to explain the exceptional EASM pre-
and southern China through reducing the land—sea thermalipitation in northern China as well as the weakened winter
contrast. It however leads to huge precipitation increase ovemonsoon during MIS-13.
the IPWP region due to strong convection there. The syn-
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