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Abstract The modern Asian monsoon system exhibits
strong interannual variation, which has profound environ-
mental and economical impacts. It has been well-docu-
mented that the mean Asian monsoon state underwent
significant changes in the Late Miocene (11-5 Ma ago).
But how the interannual variability of the monsoon climate
evolved during this period is still largely unknown. In this
study, a long-term simulation of the Late Miocene with a
fully coupled atmosphere—ocean general circulation model
(ECHAMS/MPI-OM) at T31L19 resolution is used to
explore the interannual variation of the Indian summer
monsoon (ISM) in the Late Miocene. The regional climate
model COSMO-CLM with a higher spatial resolution
(~1° x 1°) is further employed to better characterize the
spatial patterns of these variations. Our results show that
although the mean ISM circulation is weaker in the Late
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Miocene runs, its interannual variation is as strong as or
even stronger than at present and the dominant periods
(~2.6-2.7 years) are shorter than at present (~3.4-8.4
years). It is noticed that while the extratropical influence on
the ISM variability is weaker-than-present, a persistent El
Nino-Southern Oscillation with stronger-than-present
interannual variability is observed in our Late Miocene run.
This may have maintained a strong interannual variation of
the ISM with a shorter period in the Late Miocene. Our
findings do not only improve our understanding of the
Asian monsoon evolution in the Late Miocene, but also
shed light on the future changes in the interannual vari-
ability of the ISM.

Keywords Interannual variability - Indian summer
monsoon - ENSO - Late Miocene - AOGCM -
Regional climate model

1 Introduction

The interannual variation of the Asian summer monsoon is
a prominent feature of the modern Asian monsoon system
(Gadgil 2003; Wang et al. 2001; Webster et al. 1998). The
severe droughts and floods caused by such inter-annual
behaviour have enormous ecological and social-economic
impacts (Cruz et al. 2007; Webster et al. 1998). The
presence of the Asian summer monsoon can be traced back
to early Cenozoic (Huber and Goldner 2012; Zhang et al.
2012), and a multi-phase development of the mean Asian
monsoon climate has been documented by various geo-
logical proxies (An et al. 2001; Clift et al. 2008; Sun et al.
2010; Sun and Wang 2005). These developments are pri-
mary attributed to the changes in both global climate and
regional tectonics such as the uplift of the Tibetan Plateau
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(TP) (An et al. 2001; Dupont-Nivet et al. 2007; Ge et al.
2012; Molnar et al. 2010; Prell and Kutzbach 1992).
Among those periods, the Late Miocene (11.6-5.3 Ma) is
widely regarded as a crucial period in the Asian monsoon
history (Molnar et al. 2010; Quade et al. 1989; Wang et al.
2005; Zachos et al. 2001). A major intensification of the
mean state of the Indian summer monsoon (ISM) circula-
tion (Kroon et al. 1991) and the seasonality of precipitation
over India (Dettman et al. 2001; Quade et al. 1989; Sanyal
et al. 2010) in this period have been inferred from proxy
records, which witnessed the emergence of modern ISM
climate. Nevertheless, it is still ambiguous how the shift in
the mean monsoon climate affected the interannual vari-
ability of the ISM during the Late Miocene.

The interannual variation of the ISM is closely linked to
atmosphere—ocean interactions. Particularly, it is strongly
associated with the El Nifio-Southern Oscillation (ENSO)
in the tropical Pacific (Gadgil 2003; Ju and Slingo 1995;
Wang et al. 2001; Webster et al. 1998). The lighter (hea-
vier) than normal ISM rainfall usually corresponds to
positive (negative) phase of ENSO, i.e. the El Nifio (La
Nifa) conditions. Some proxy studies have claimed a
permanent El Nifio-like condition in the tropical Pacific
before the mid-Pliocene (~3—4 Ma ago) (Fedorov et al.
2010; Molnar and Cane 2002; Wara et al. 2005). This may
have been responsible for the warmth and the spatial pat-
tern of the mean hydrological changes in these periods
(Barreiro et al. 2006; Brierley and Fedorov 2010; Goldner
et al. 2011; Shukla et al. 2009; Vizcaino et al. 2010). If
such permanent El Nifio-like condition took place, a weak
interannual variability of the ISM is expected in the Late
Miocene. However, recent geological evidence reveals a
persistent interannual ENSO variability in the Pliocene and
the preceding periods (Galeotti et al. 2010; Ivany et al.
2011; Scroxton et al. 2011; Watanabe et al. 2011). If such
modern-like ENSO variability existed in the Late Miocene,
it would then be anticipated that the interannual variability
of the ISM might have also been analogous to its present-
day state.

In addition to tropical teleconnections (e.g. ENSO), the
extratropical forcings also play important roles in driving
the interannual variability of the present-day ISM (Yang
and Lau 2006). Two types of extratropical forcings have
been widely recognized in the modern Asian monsoon
system. The first forcing mechanism is the summer wave
train responses originating from North Atlantic and Eur-
ope, such as the circum-global teleconnection (CGT) (Ding
and Wang 2005) and the summer North Atlantic Oscilla-
tion (NAO) teleconnection (Syed et al. 2012). The positive
(negative) mode of CGT and summer NAO can both
induce positive (negative) upper-level geopotential
anomalies over west-central Asia, therefore facilitating
(suppressing) the low-level convergence over India
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(Saeed et al. 2011). The second forcing mechanism is the
winter and spring snow cover/depth over Eurasia, which
can influence the onset and strength of the ISM by affecting
surface albedo over Eurasia, and hence thermal contrast
between land and ocean (Barnett et al. 1988; Fasullo 2004,
Vernekar et al. 1995). Although the spatial association of
snow cover/depth with ISM is complex and is modulated
by ENSO and NAO (Robock et al. 2003), a negative
relation between winter/spring snow cover over western
Eurasia and the ISM has been widely observed (Turner and
Slingo 2011; Ye and Bao 2001). Studies have shown that
the Late Miocene was much warmer-than-present in the
high-latitude Eurasia (Knorr et al. 2011; Lunt et al. 2008;
Micheels et al. 2007; Pound et al. 2012; Schneck et al.
2012). Accordingly, the mean Eurasian snow cover in
winter and spring might have been much less extensive.
Moreover, the atmospheric circulation over North Atlantic
in the Late Miocene may have also been distinct from that
at present (Eronen et al. 2009, 2012; Micheels et al. 2011).
How these changes in extratropical forcings may have
affected the interannual variability of the ISM remains
obscure.

The fully coupled atmosphere—ocean general circulation
models (CGCM) have been successfully applied to investi-
gating the inter-annual climate variability (particularly
ENSO) in several pre-Quaternary periods, such as the Eco-
cene (Huber and Caballero 2003), Miocene (Galeotti et al.
2010; Krapp 2012; von der Heydt and Dijkstra 2011) and the
mid-Pliocene (Haywood et al. 2007). However, few studies
have been focusing on the interannual variability of the
Asian monsoons in the deep past. In this study, we use the
CGCM ECHAMS/MPI-OM to explore the interannual var-
iation of the ISM and its relation with ENSO and extra-
tropical forcings in the Late Miocene when the mean state of
the ISM underwent significant changes. The regional climate
model COSMO-CLM with higher spatial resolution is also
employed to further capture the spatial structure of the
interannual changes, particularly in precipitation. Since the
magnitude of the global warming and atmospheric CO,
concentration in the Late Miocene and Pliocene are likely to
be comparable to that in the future (Haywood et al. 2009;
Kutzbach and Behling 2004; Lunt et al. 2008), understanding
the Asian monsoon climate in these periods may provide
insights to its future changes (Utescher et al. 2011).

In this paper, we first describe the models and data in
Sect. 2. Then, the changes in the mean state of the ISM,
and the temporal and spatial structures of the interannual
variation of the ISM in our Late Miocene runs are descri-
bed in Sect. 3. The tropical and extratropical teleconnec-
tions affecting the ISM variability are also analyzed in this
section. Finally, in Sect. 4, the possible mechanisms for the
interannual variability of the ISM in the Late Miocene are
discussed.
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2 Models and data
2.1 Global climate model

Long term simulations for the present-day and the Late
Miocene (11-7 Ma, i.e. Tortonian) with the CGCM
ECHAMS/MPI-OM (Micheels et al. 2011) are used in this
study. They are referred to as GCTRL and GTORT,
respectively. Both GCTRL and GTORT runs are integrated
over 2,600 years so that the model runs are in their
dynamic equilibrium in terms of global mean temperature
and sea ice volume. Here we use the last 110-year model
integrations for analysis.

ECHAMS5/MPI-OM has been regarded as one of the state-
of-the-art CGCMs that represent the Asian summer monsoon
mean and interannual variability relatively well compared to
other CGCMs (Kripalani et al. 2007a, b). The ability of
ECHAMS/MPI-OM in representing the Asian summer
monsoon variability has been partly attributed to its good
performance in simulating the ENSO-related sea surface
temperature (SST) variability (Kripalani et al. 2007a). In this
study, the resolution of the atmospheric model (i.e.
ECHAMS) is T31 (about 3.75° x 3.75°) with 19 terrain-
following vertical layers. The ocean circulation model (i.e.
MPIOM) uses an Arakawa C-grid with an approximate res-
olution of 3° x 3° and 40 unevenly spaced vertical levels.

To better represent the climate in the Late Miocene, the
physical boundary conditions, such as orography, land—sea
distribution and vegetation, were modified in GTORT.
Table 1 summarizes the major changes in physical bound-
ary conditions in GTORT. More details can be found in our
previous studies by Eronen et al. (2009) and Micheels et al.
(2011). Briefly, the orography in GTORT is generally lower
than at present. For instance, Greenland is much lower than
today because of the removal of the modern ice sheet. The
palaeo-elevation of the TP in the Late Miocene is still lar-
gely uncertain (Molnar et al. 2010; Yin 2010). Large
regional differences in surface uplift of the TP have been
reported (Rowley et al. 2001; Spicer et al. 2003; Wang et al.
2008; Zheng et al. 2000). This, however, can not be rep-
resented by our global model owing to its coarse resolution.
As aresult, the TP is generally reduced to 70 % of present-
day height. The land—sea distribution in GTORT is largely
the same as today. But Australia is two grid cells southward
compared to GCTRL (based on Herold et al. 2008). This
leads to an open Indonesian Seaway. There is also an open
Panama Isthmus with a depth of 500 m in the ocean model
of GTORT (based on Collins et al. 1996). In addition, the
Paratethys Sea and the Pannonian Lake in Central Eurasia
are present in GTORT (based on Harzhauser and Piller
2007; Popov et al. 2006). For vegetation, a proxy-based
reconstruction of vegetation (Micheels et al. 2007) is
employed. The Tortonian vegetation is characterized by a

larger-than-present forest cover and less desert. Particu-
larly, the present-day deserts in central Asia and Sahara are
replaced by grassland and savanna in GTORT. The boreal
forests extend far more into the high latitudes including
Greenland (see Fig. 2 in Micheels et al. 2011). The CO,
concentration in GTORT is set to 360 ppm which is
equivalent to present. A wide range of the estimated CO,
concentration for the Late Miocene (200-400 ppm) has
been reported based on different methods (Beerling and
Royer 2011; Bradshaw et al. 2012; Kurschner et al. 2008;
Pagani et al. 1999; Pagani et al. 2005; Pearson and Palmer
2000). The value that we chose lies in the range of these
estimates, therefore should be reasonable for the Late
Miocene. The orbital parameters were also chosen the same
as present-day, because the Tortonian covers a time span of
4 million years including many orbital cycles.

2.2 Regional climate model

The regional model used in this study is COSMO-CLM,
which is the climate mode of a non-hydrostatic regional
weather prediction model consortium for small-scale mod-
elling (COSMO) (available at http://www.clm-community.
eu). It can simulate the mean Asian monsoon circulation and
precipitation well compared to other regional climate models
(Dobler and Ahrens 2010; Rockel and Geyer 2008) and has
been applied in projecting the future mean ISM state (Dobler
and Ahrens 2011). Compared to its driving models (e.g.
ECHAMS), COSMO-CLM improves not only the spatial
patterns of precipitation, but also the temporal correlations of
ISM and ENSO (Dobler and Ahrens 2010). This important
feature would allow the regional model to capture the
interannual variability of the ISM more realistically.

In this study, we use the regional model version 2.4.11
of COSMO-CLM. The -configuration of the model
parameters are the same as in our previous studies (Tang
et al. 2011, 2012). The regional model domain covers the
Asian monsoon area (0—60°N and 50-140°E) with a spatial
resolution of 1° x 1° on the rotated model grid and 20
vertical levels. Two regional model simulations are ana-
lyzed: a present-day control run (CTRL) and a Tortonian
run (TORT). Both experiments are integrated for 110
years. Because the initial adaptation of the upper-level soil
moisture in the regional model takes a few months (Tang
et al. 2011), the first year integration is left for the model to
spin up. We use the last 109-year results for analysis.

The initial and physical boundary conditions for both
CTRL and TORT have been described in detail by Tang
et al. (2011). For CTRL, we use the last 110-year output of
present-day global climate run (i.e. GCTRL) as the initial
and lateral boundary forcing. The physical boundary con-
ditions (e.g. land—sea distribution, orography and vegeta-
tion) are as at present. In contrast, TORT is driven by the
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Table 1 The setup of the physical boundary conditions for the Tortonian in the global (GTORT) and regional (TORT) climate models (from

Tang et al. 2011)

Boundary conditions GTORT

TORT

Orography Tibetan Plateau (TP): 70 % (of present-day height)
Lower Greenland, Alps and other orography
Vegetation Northward expansion of warm forest

Grassland and savanna over central Asia,

western Asia and Sahara

Boreal forest over the northern high latitudes

including Greenland

Land-sea distribution Presence of the Paratethys

Open Panama Isthmus with a depth of 500 m;

Northern TP: 30 % (of present-day height)
Central and southeastern TP: 80 %
Southern TP: 100 %

Tian Shan, Gobi Altai and Zagros: 70 %
Other orography: 70-90 %

Northward expansion of temperate
deciduous forest in northern Asia

Grassland over central Asia
Mixed-leaf forest in the southern TP

Open forest in the northern TP and the
Loess Plateau

Presence of the Paratethys with the same
extent as GTORT

southward shift of Australia and open Indonesian seaway

pCO2

Orbital parameters

Same as GCTRL (360 ppm)
Present-day

Same as CTRL (360 ppm)
Present-day

last 110-year output of the Tortonian global climate run
(i.e. GTORT). The physical boundary conditions in
TORT are modified to be consistent with that in GTORT
(Table 1). However, the orography in TORT is modified in
more details owing to the relatively high resolution of the
regional model. We keep the southern TP at the present-
day height (based on Coleman and Hodges 1995; Rowley
et al. 2001; Spicer et al. 2003), but reduce the central TP
and the northern TP to 80 and 30 % of their present-day
height, respectively (based on Liu-Zeng et al. 2008;
Rowley and Currie 2006; Wang et al. 2008; Zheng et al.
2000). For other topography, such as the Tianshan and
Zagros Mountains, significant surface uplift during the Late
Miocene has been reported (Allen et al. 2004; Charreau
et al. 2009; Lacombe et al. 2006). But quantitative palae-
oaltimetry studies are very limited. Therefore, their
elevations are assumed to be 70 % of their present-day
heights. The sensitivity of the ISM to different orographic
configurations in our regional model can be found in our
previous study (Tang et al. 2012).

2.3 Monsoon indices

Various diagnostic indices have been proposed to capture
the general intensity of the ISM (Goswami et al. 1999;
Parthasarathy et al. 1992; Wang et al. 2001). Although each
of them is capable of providing concise yet adequate mea-
sures of the ISM individually, the use of only one of these
indices may over-simplify the complexity of the ISM sys-
tem. To comprehensively measure the mean state and the
interannual variation of the ISM intensity, four summer
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monsoon indices are calculated in this study. (1) All Indian
monsoon rainfall index (AIMR) is originally defined by
June—July—August—September (JJAS) precipitation (mm)
over all of India excluding the four hilly meteorological
subdivisions (Parthasarathy et al. 1992). In this study, we use
JJA precipitation instead to be consistent with other mon-
soon indices. (2) The vertical zonal wind shear index (WY)
is defined as JJA-mean zonal wind difference (m/s) between
850 and 200 hPa over 60-90°E, 5-20°N (based on Webster
et al. 1998). (3) The vertical meridional wind shear index
(MH) is defined by JJA-mean meridional wind difference
(m/s) between 850 and 200 hPa over 70-110°E, 10-30°N
(based on Goswami et al. 1999). (4) The low-level zonal
wind shear index (IMI) is JJA-mean zonal wind difference
(m/s) between southern (60-80°E, 5-15°N) and northern
(70-90°E and 20-30°N) India at 850 hPa (based on Wang
et al. 2001). The latter three indices capture different
dynamical aspects of the ISM, such as the traverse monsoon
circulation (WY), monsoon Hadley circulation (MH) and
lower tropospheric vorticity associated with the Indian
monsoon trough (IMI), respectively. The averaging areas for
WY and IMI are smaller than the original definitions so that
they can be applied also to our regional model results.

3 Results
3.1 Mean ISM state in the Late Miocene

Using a set of adapted Late Miocene boundary conditions,
GTORT displays a global annual mean temperature of
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(a) 850 hPa wind GTORT-GCTRL JJA

(C) 850 hPa wind TORT-CTRL JJA
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Fig. 1 The mean summer (JJA) wind anomalies (m s~ at 850 hPa
(a, ¢) and mean annual precipitation anomalies (mm dayf')
(b, d) between the Tortonian and the present-day control runs
(modified from Tang et al. 2011). a, b GTORT minus GCTRL.

18 °C and annual mean precipitation of 1,110 mm. This is
+1.5 °C warmer and +43 mm/year wetter than in GCTRL
(Micheels et al. 2011). The performance of the GTORT
simulation in relation to proxy data and other models has
been analyzed by Micheels et al. (2011) in detail. In respect
to mean annual temperature, GTORT agrees well with
proxy data in the mid-latitudes, but tends to be slightly too
warm in the tropics and too cold in the high-latitudes. This
indicates a steeper meridional temperature gradient in
GTORT than that suggested by proxy data. Nevertheless,
compared to previous Tortonian experiments using
ECHAM4 coupled to a mixed-layer ocean model (Micheels
et al. 2007; Steppuhn et al. 2007), GTORT produces more
pronounced global warming over the high-latitudes, there-
fore the consistency of GTORT and proxy data has been
improved. With respect to annual mean precipitation,
GTORT demonstrates good agreement with proxies over
central Europe and East Asia. It, however, represents
slightly more arid conditions over central Eurasia and the
eastern Mediterranean. In general, the results of GTORT
show state-of-the-art performance in capturing the Late
Miocene climate compared to other Miocene experiments
(Bradshaw et al. 2012; Herold et al. 2011; Knorr et al. 2011;
Pound et al. 2011; Tong et al. 2009), therefore are warranted
for further analysis.

30°E 60°E 90°E 120°E 150°E

¢, d TORT minus CTRL. The hatched areas in b, d and the shaded
areas in a, ¢ show the significant anomalies with a Student’s ¢ test
(p < 0.05). The colour of vectors in a, ¢ denotes the changes in wind
speed

Over the Asian monsoon region, GTORT shows a low-
level northerly wind anomaly over East Asia, and an east-
erly wind anomaly over the South China Sea, the Indian
Subcontinent and the Arabian Sea in summer compared to
GCTRL (Fig. la). This suggests a weakened summer
monsoon circulation in both India and East Asia (Tang et al.
2011). Consistent with the weakened summer monsoon
circulation, there is a decrease of mean annual precipitation
over East Asia in GTORT (Fig. 1b), but precipitation over
India increases. This is due to the higher SST over Indian
Ocean in GTORT, which leads to a stronger evaporation
and a greater moisture advection onto the Indian subconti-
nent (Micheels et al. 2011). The contradictory changes in
ISM precipitation and circulation can also be seen in the
alternative monsoon indices (Table 2). While WY suggests
weaker monsoon intensity in GTORT, the rainfall index
(AIMR) together with MH and IMI indicates a stronger one.

The mean climate anomalies estimated by regional cli-
mate model experiments (i.e. TORT-CTRL) are generally
in concert with that of the global model (Tang et al. 2011).
As illustrated in Fig. 1c, TORT also exhibits a weakened
summer monsoon circulation. However, the precipitation
anomaly between TORT and CTRL displays more regional
differences compared to the global model results. For
instance, precipitation decreases in northern China but
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Table 2 The mean and standard deviation of the ISM indices in the
global and regional climate model experiments

AIMR WY MH IMI
GCTRL
Mean 661 27.00 0.75 8.70
SD 133 1.97 0.82 1.81
GTORT
Mean 788 25.80 0.96 9.70
SD 128 238 0.80 1.97
p value
Mean® <0.0001 <0.0001 0.05 <0.0001
SD® 0.69 0.05 0.78 0.39
CTRL
Mean 358 25.78 —0.23 7.28
SD 98 2.34 1.07 2.17
TORT
Mean 364 24.56 —0.11 10.03
SD 113 2.80 1.09 2.37
p value
Mean 0.69 <0.001 0.41 <0.0001
SD 0.14 0.06 0.86 0.35

Detailed information on the monsoon indices are described in Sect.
2.3 in the text

4 The significance of difference in mean value between GCTRL
(CTRL) and GTORT (TORT) with a Student’s # test

" The significance of difference in standard deviation between
GCTRL (CTRL) and GTORT (TORT) with an F test

increases in southern China. The increase of precipitation
over India mainly occurs in the western coast of
India, while its northern part becomes drier in TORT
(cf. Fig. 1b, d).

The consistency of the mean summer monsoon state in
GTORT and TORT with the Asian monsoon proxies has
been discussed in Tang et al. (2011). Both GTORT and
TORT are in general concert with the monsoon proxies.
For example, the reduced rainfall over northern China in
GTORT and TORT (Fig. 1b, d) is consistent with the
mammal fossil records which indicate drier-than-present
conditions in the Tortonian (Eronen et al. 2010; Liu et al.
2009). The weakened summer monsoon wind over the
Arabian Sea (Fig. 1a, c) is also inferred from foraminiferal
records in this region (Huang et al. 2007; Kroon et al.
1991). The stronger ISM precipitation in GTORT is more
concordant with fossil and chemical records from this
region (Clift et al. 2008; Dettman et al. 2001; Hoorn et al.
2000). In contrast, TORT shows better agreement with
monsoon precipitation proxies in southern China (Clift
et al. 2008) and northwestern India and Pakistan (Quade
et al. 1989; Sanyal et al. 2010). This demonstrates the
advantage of high-resolution regional climate model in
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depicting the spatial difference of monsoon rainfall in the
Late Miocene (see more discussion in Tang et al. 2011).

3.2 Interannual variability of the ISM
in the Late Miocene

3.2.1 Temporal structure

The intensity of the ISM interannual variability can be
evaluated by the standard deviations of different monsoon
indices (Table 2). The changes of the intensity of the ISM
interannual variability in GTORT depend on the mon-
soonal indices chosen and do not necessarily coincide with
the changes of the mean ISM strength. Compared to
GCTRL, the standard deviations of AIMR and MH are
slightly smaller in GTORT. However, WY and IMI show
larger standard deviations (Table 2). Particularly, the
increase of standard deviation of WY is significant at 0.05
level. This indicates a similar-to or even stronger-than-
present interannual variation of the ISM in the Late Mio-
cene. This trend is further confirmed by the regional model
results, which exhibit larger standard deviations of all the
monsoon indices in TORT than in CTRL (Table 2).

On interannual scale, all the summer monsoon indices
are closely related to each other (Table 3). Particularly, IMI
is highly correlated with monsoon rainfall (AIMR) (Fig. 2;
Table 3). For simplicity, we choose IMI for the following
spectra and composite analyses. Additionally, the spectra
of AIMR are shown and discussed in Online Resource. We
do not use direct rainfall index (e.g. AIMR) here, because it
is usually not well-simulated compared to circulation
indices in CGCMs (Fu and Lu 2010).

The spectrum of IMI in modern NCEP/NCAR reanalysis
data reveals a major variation of the ISM intensity at
periods of about 5.5 and 11.1 year (Fig. 3a). The spectrum
of IMI in GCTRL has dominant periods in the range of 8-5

Table 3 Correlation of different monsoon indices in the control
(GCTRL and CTRL) and the Tortonian (GTORT and TORT) runs

AIMR- AIMR- AIMR- WY- WY- MH-

wY MH IMI MH IMI IMI
GCTRL 0.47 0.89 0.87 0.31 0.57 0.74
GTORT 0.58 0.85 0.81 0.57 0.63 0.65
CTRL  0.53 0.69 0.72 0.52 0.73 0.60
TORT  0.71 0.70 0.81 0.63 0.77 0.66
NCEP 044 0.51 0.63 0.31 0.52 0.17

The correlation coefficients of the same monsoon indices based on the
homogeneous all-Indian monsoon rainfall data (Parthasarathy et al.
1994) provided by Indian Institute of Tropical Meteorology (http://
www.tropmet.res.in) and the NCEP/NCAR reanalysis 1 for the period
1948-2010 are also shown as reference. All the correlation coeffi-
cients are significant at 0.05 level except those in italics
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Fig. 2 Time series of

(a) GCcTRL
dynamical index (IMI) (bar) .

and rainfall index (mm) (AIMR)
(line) of the ISM. a GCTRL,

b GTORT. The 11-year
Gaussian filter has been applied
to remove the variation on
decadal scale. The grey
horizontal lines denote one
standard deviation of IMI
(solid) and AIMR (dashed)
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years, which is close to that in reanalysis data (Fig. 3b). In
contrast, GTORT shows a pronounced variation of IMI at
periods of 2.7-2.6 year, indicating a strong quasi-biennial
variation of the ISM in the Late Miocene (Fig. 3c). The
variation of IMI at a period of ~9 year is still significant in
GTORT, but is much less dominant compared to that in
GCTRL. The spectra of IMI from the regional model
results (i.e. CTRL and TORT) are analogous to that in the
global model (Fig. 3d, e), even though the dominant peri-
ods in CTRL (TORT) are slightly different from that in
GCTRL (GTORT).

3.2.2 Spatial pattern

To demonstrate the spatial pattern of climate changes
associated with the interannual variation of the ISM, the
composite differences of summer rainfall (mm/day) and
850 hPa wind (m/s) between the strong and weak ISM years
are illustrated in Fig. 4. The strong (weak) ISM years are
defined as the years when their IMI is above (below) the
average with one standard deviation. In GCTRL, during the
strong ISM years, precipitation increases significantly over
India and the Bay of Bengal due to enhanced low-level
vorticity around this region. Associated with this is a
strengthened cross-equatorial southerly flow along the coast
of East Africa. There is also an increase of precipitation and
southerly wind over northern China, indicating an in-phase
change of the East Asian summer monsoon with the ISM
(Fig. 4a). Out of the Asian monsoon region, precipitation
greatly increases over the eastern tropical Indian Ocean,
while it decreases over the western tropical Pacific

accompanied by an easterly wind anomaly there. All the
above mentioned patterns are in general agreement with
those shown in modern reanalysis data (Fig. 4c; Wang et al.
2001). However, the magnitude of changes in reanalysis
data is much smaller (cf. Fig. 4a, c) and less significant.
Particularly, the southerly wind anomaly over East Asia and
the easterly wind anomaly over western tropical Pacific are
hardly visible in reanalysis data (Fig. 4c). The composite
differences in GTORT are quite similar to that in GCTRL
(Fig. 4b). A small difference is that the increase of precip-
itation over East China is more extensive in GTORT than in
GCTRL during the strong ISM years.

The composite differences between strong and weak ISM
years in the regional model broadly agree with those of the
global model (Fig. 5). Nevertheless, some meso-scale
structures of precipitation changes, which are not visible in
the global model, are more clearly manifested in the regional
model. For instance, a zonal elongated band of strong sum-
mer rainfall increment over northern China during strong
ISM years is seen in both CTRL and TORT (Fig. 5). Such a
band of strong rainfall increment moves southward in TORT
compared to CTRL (cf. Fig. 5a, b). This can be due to the
southward displacement of the mean position of the sub-
tropical rain front (referred to as Meiyu front in June and July
in China) in TORT owing to the lower TP (Tang et al. 2011).
It is also noticed that precipitation variations over north-
western India are smaller in TORT than in CTRL, which may
be related to the weaker mean summer monsoon rainfall in
this region in TORT. In general, it seems that the high-
resolution regional model experiments do not provide
much additional information on the spatial structure of the
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Fig. 3 Spectra of dynamical ISM index (IMI) in a NCEP/NCAR
reanalysis 1 for the time period 1948-2011 (Kalnay et al. 1996). The
data are obtained from the NOAA/OAR/ESRL PSD, Boulder, CO,
USA  (http://www.esrl.noaa.gov/psd/). b GCTRL, ¢ GTORT,
d CTRL, e TORT. The smooth coloured curves are the red noise
spectrum and its 95 % confidence level. The 11-year Gaussian filter
has been applied to remove the variation on decadal scale before
spectral analysis

interannual variation of the ISM. This is in contrast to the fact
that the regional model produces greater regional difference
in the mean monsoon rainfall changes than the global model
(cf. Fig. 1b, d), therefore implying that the interannual
variation of the Asian monsoon rainfall might be largely
modulated by external global forcings and large-scale
circulation rather than the local dynamical processes within
the monsoon region.

To demonstrate the major spatial pattern of the inter-
annual variation, we also performed an empirical orthog-
onal function (EOF) analysis on summer precipitation and
850 hPa wind over the Asian monsoon region (0-60°N,
60—150°E). The first EOF modes, which account for more
than 40 % of the total variance in both GCTRL and
GTORT (Fig. S2 in Online Resource), are quite similar to
that depicted by the composite differences between strong
and weak ISM years (Figs. 4, 5). This, hence, confirms the
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spatial pattern of the interannual variation of the ISM
described in Figs. 4 and 5.

3.2.3 ENSO and ENSO-ISM relation

The interannual variation of ENSO is a salient feature of
the present-day climate system. The observed spectrum of
the monthly EIl Nifio index (i.e. NINO 3.4; 1854-2010)
shows a prominent irregular variation at periods of 3-7
years (Fig. 6a). The spectrum of NINO 3.4 in GCTRL
(Fig. 6b) is close to the observed spectrum, but exhibits a
major variation at shorter periods (about 3.5-2 years). This
has been found to be a common bias in many CGCMs (e.g.
von der Heydt and Dijkstra 2011). Compared to GCTRL,
the spectrum of NINO 3.4 in GTORT displays a major
period focusing at 2.8-2.5 year (Fig. 6¢). This suggests a
more periodic ENSO variability in the Late Miocene. The
standard deviations of three different El Nifio indices
(NINO3, NINO3.4 and NINO#4) all show higher values in
GTORT in all four seasons except spring (Table 4). This
points to a larger amplitude of ENSO in the Late Miocene
than at present (particularly in the summer season). The El
Nifio events have been divided into central Pacific (i.e. El
Nifio Modoki) and eastern Pacific types (Yeh et al. 2009).
The ratio of the occurrence of central and eastern Pacific El
Nifo events is 2.27 in GCTRL and 2.43 in GTORT. This
suggests no apparent shift in the spatial pattern of ENSO
variability between GCTRL and GTORT.

The connection between ENSO and the interannual
variation of the ISM can be displayed by the composite
difference of surface temperature between strong and weak
ISM years (Fig. 7). In GCTRL, strong ISM is associated
with the decline of summer SST over the central and
eastern tropical Pacific, and the increase of summer SST
over the western tropical Pacific, such as the Philippine
Sea. This suggests La Nifia conditions during the strong
ISM years, which is consistent with modern observations
(Fig. 7c; Gadgil 2003). However, the decrease of SST over
the central and eastern tropical Pacific in GCTRL is too
strong and extends too far into the western Pacific during
the strong ISM years (cf. Fig. 7a, c¢). This is known as the
cold tongue bias, which has been noticed in many CGCMs
including ECHAMS/MPIOM (Guilyardi 2006; Guilyardi
et al. 2009; Jungclaus et al. 2006; Lu et al. 2008; Muller
and Roeckner 2008). In GTORT, the surface temperature
anomalies during the strong ISM years resemble that in
GCTRL (Fig. 7b). The decrease of SST over the central
and eastern tropical Pacific is even stronger and more
meridionally confined in GTORT. This indicates a persis-
tent or even stronger ENSO-ISM relation in GTORT.

Figure 8 further illustrates the lead-lag correlation
between NINO3.4 and IMI. It shows that IMI is most nega-
tively related to NINO3.4 in the same summer season. Such
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Fig. 4 Composite difference of summer rainfall (mm/day) and 850
hPa wind (m/s) between the strong and weak ISM years with respect
to IMI. a GCTRL, b GTORT, ¢ NCEP/NCAR reanalysis 1 for the
time period 1948-2011. The precipitation differences significant with
a Student’s 7 test (p < 0.05 in a and b, p < 0.1 in ¢) are colour shaded.
The wind anomalies that either the zonal or meridional wind
difference is significant with a Student’s ¢ test (p < 0.05 in a and b,
p < 0.1 in ¢) are denoted by black vector. The number of years
selected for computing the strong/weak composites are annotated in
the bottom-left corner of each figure

negative relationship seems to remain in the preceding and
following winter season in both GCTRL and GTORT. This is
in contrast to the reanalysis data which indicates a sudden
shift to a positive correlation between IMI and NINO3.4 in
the preceding winter season (Fig. 8). Such bias can be better
detected in Fig. 9 which illustrate the annual evolution of

ISM strong minus weak year
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Fig. 5 As in Fig. 4, but for the regional climate model results.
a CTRL, b TORT. The precipitation differences significant with a
Student’s ¢ test (p < 0.05) are hatched

NINO3.4 anomalies associated with different ISM and
ENSO strength. In reanalysis data, the strong negative
(positive) ENSO events in summer all begin with a positive
(negative) ENSO in the preceding winter (Fig. 9c). This
accounts for the reversed sign of the correlation coefficients
between IMI and NINO3.4 from preceding winter to summer
(Fig. 8). Our global model well captures the shift of ENSO
phase from positive in winter to strong negative in summer
(black and blue lines in Fig. 9a, b). However, a positive
ENSO almost persists throughout the year when the ISM is
prominently weak (green and purple line in Fig. 9a, b). This
mainly contributes to the persistent negative correlation
between IMI and NINO3.4 in the preceding winter in both
GCTRL and GTORT (Fig. 8). Compared to GCTRL,
GTORT shows more prominent transition of ENSO status
from winter to summer. Even in the normal monsoon and
ENSO years, a reverse of ENSO phase in spring is visible
(dashed lines in Fig. 9b). This suggests a stronger biennial
oscillation of ENSO in GTORT. As a result, IMI in GTORT
shows stronger positive correlations with NINO 3.4 in the
winter season 1 year before and in the summer and winter 1
year after (Fig. 8).
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Fig. 6 Spectra of monthly El Nifio index (NINO 3.4) in a NOAA
extended reconstructed sea surface temperature (NOAA_ERS-
ST_V3b) (Smith et al. 2008) for the time period 1854-2010. The
data are obtained from the NOAA/OAR/ESRL PSD, Boulder, CO,
USA, through their Web site (http://www.esrl.noaa.gov/psd/).
b GCTRL, ¢ GTORT. NINO 3.4 is defined as the sea surface tem-
perature averaged over 170-120°W and 5°S—5°N. The annual cycle
has been removed and the 11-year Gaussian filter has been applied to
remove the variation on decadal scale. The smooth coloured curves
are the red noise spectrum and its 95 % confidence level

3.2.4 Extratropical forcings and the ISM

The summer NAO is an important extratropical forcing for
the interannual variation of the ISM (Syed et al. 2012).
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Table 4 The standard deviation of seasonal mean El Nifio indices in
GCTRL and GTORT

DIJF MAM IJA SON

GCTRL

NINO3 1.34 0.88 1.31 1.13

NINO3.4 1.58 1.11 1.29 1.61

NINO4 1.81 1.26 1 1.97
GTORT

NINO3 1.43 0.75 1.74 1.35

NINO3.4 1.64 0.89 1.78 1.73

NINO4 1.82 1.13 1.36 2.16
p value®

NINO3 0.50 0.10 0.003 0.07

NINO3 .4 0.70 0.02 0.001 0.45

NINO4 0.95 0.26 0.002 0.34

NINO4: SST over 160°E-150°W, 5°S—5°N; NINO3.4: SST over
170°W-120°W, 5°S-5°N; NINO3: SST over 150°W-90°W, 5°S-5°N

* The significance of difference in standard deviation between
GCTRL and GTORT with an F test

To depict NAO and its relation to ISM strength, a NAO
index defined by the difference of zonal-averaged (80°W—
30°E) sea level pressure between 35°N and 65°N (Li and
Wang 2003) is used. The mean value of NAO index in all
four seasons is larger in GTORT than in GCTRL (Table 5),
suggesting a mean positive NAO-like condition in the Late
Miocene (Eronen et al. 2009, 2012; Micheels et al. 2011).
However, the standard deviation of NAO is smaller in
GTORT than in GCTRL in all four seasons (Table 5),
indicating a weakened NAO on interannual scale in the
Late Miocene. Interestingly, such stabilization of NAO
under a positive NAO-like mean state has also been found
in the experiments with increasing greenhouse-gas con-
centration for future (Paeth et al. 1999). This implies that
similar processes may occur in both the Late Miocene and
the future that lead to the weakened extratropical climate
variability and a stabilized zonal state over North Atlantic.

The correlation coefficients between summer NAO
index and the ISM indices are shown in Table 6. Before
correlation analysis, the covariance of these indices with
summer NINO3.4 has been removed so as to obtain the
independent influence of NAO on the ISM strength. It
displays that the summer NAO index is positively corre-
lated with all the ISM indices in GCTRL. Particularly, the
correlation with IMI is highest and significant at the 0.05
level. This is in concert with that of the reanalysis data
(Table 6), demonstrating a significant influence of summer
NAO (independent of ENSO) on the interannual variation
of the ISM at present day. In contrast, the correlations
become much weaker and even negative in GTORT (Table 6).
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Fig. 7 Composite difference of summer surface temperature (°C)
between the strong and weak ISM years. a GCTRL, b GTORT,
¢ NCEP/NCAR reanalysis 1 for the time period 1948-2011. The
hatched area denotes the significant difference with a Student’s  test
(p < 0.05). The strong (weak) ISM years are defined as in Fig. 4

This suggests that the modern summer NAO-ISM con-
nection may have not established in the Late Miocene.
Further analysis reveals that this can be ascribed to the
absence of North Atlantic forcing in the Late Miocene to
sustain a modern-like circumglobal teleconnection (CGT)
(Ding and Wang 2005) that modulates the ISM (see Fig. S3
in Online Resource).

To assess the influence of the preceding winter and
spring conditions over Eurasia on the ISM, the composite
differences of winter and spring surface temperature
between strong and weak ISM years are illustrated in Fig.
10. As a good proxy for snow cover, it has been found that
the higher (lower) than normal winter and spring temper-
ature can result in a strong (weak) ISM by modifying
meridional thermal contrast between land and ocean
(Chang et al. 2001; Peings and Douville 2010). Consistent
with previous studies, strong ISM years in GCTRL are
associated with a positive temperature anomaly over most
of Eurasia in the preceding winter. The increase of tem-
perature is most pronounced in East Asia (Fig. 10a), indi-
cating a weakened East Asian winter monsoon before a
strong ISM. In spring, there is also a positive temperature
anomaly over northern Eurasia, particularly Europe
(Fig. 10b).

Compared to GCTRL, the strong ISM years in GTORT
are associated with much less extensive positive

Lag cor of NINO3.4 SST with IMI
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Fig. 8 Lead-lag correlation coefficients between monthly-mean
NINO3.4 index and JJA-mean IMI in GCTRL (blue), GTORT (red)
and NCEP/NCAR reanalysis 1 (black). The grey dashed lines denote
the 95 % (approximately 90 %) confidence level for GCTRL and
GTORT (NCEP/NCAR reanalysis 1)

temperature anomaly over Eurasia in both winter and
spring (Fig. 10c, d). This implies a weaker correlation
between winter/spring Eurasian conditions and the ISM
strength. This can be attributed to the weak winter and
spring NAO on interannual scale in GTORT (Table 5). It
may also be related to the less snow cover and the weak-
ened snow cover-temperature feedback in GTORT owing
to the lower TP and the warmer high latitudes. As a con-
sequence, the influence of extratropical conditions in pre-
ceding winter and spring on the ISM seems to be much
reduced in GTORT.

4 Discussion

Our modeling results suggest a persistent or even stronger
interannual variability of the ISM in GTORT. While the
spatial pattern of the interannual variation in GTORT
resembles that in GCTRL, the dominant periods of the ISM
variation is shorter in GTORT than in GCTRL. We attri-
bute these changes mainly to the stronger and more regular
ENSO in GTORT (Table 4; Fig. 6). In addition, the impact
of extratropical forcings, such as summer NAO and Eur-
asian temperature in preceding winter and spring, on the
ISM is weak in GTORT (Table 6; Fig. 10). This leads to a
stronger ENSO-ISM relationship, therefore the stronger
interannual variation of the ISM in GTORT with a prom-
inent 2.7-2.6 year cycle (Fig. 3c) which is identical to the
major cycle of NINO 3.4 (Fig. 6¢). Compared to GTORT,
the ENSO variability in GCTRL is weaker and more
irregular (Fig. 6b), while the extratropical forcings exert
stronger independent influence on the ISM. Accordingly,
the control of ENSO on the interannual variation of the
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Table 5 The seasonal mean and standard deviation of North Atlantic
Oscillation (NAO) index (Pa) in GCTRL and GTORT
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Table 6 Correlation of summer (JJA) North Atlantic Oscillation
(NAO) index with ISM indices

DJF MAM JJA SON NAO-AIMR NAO-WY NAO-MH NAO-IMI
GCTRL GCTRL 0.15 0.17 0.17 0.22
Mean 1,446 821 942 1,317 GTORT —0.12 0.04 —0.06 —0.16
SD 595 396 189 308 CTRL 0.11 0.17 0.15 0.23
GTORT TORT —0.13 —0.002 —0.1 —0.12
Mean 1,681 1,097 1,229 1,775 NCEP 0.15 0.12 —0.03 0.28
Sb 261 364 163 289 The covariance of NAO index and ISM indices with NINO3.4 has
p value been removed before correlation analysis in order to obtain inde-
Mean® 0.003 <0.001 <0.001 <0.001 pendent influence of NAO on the ISM. The correlation coefficients
sp® 0.54 0.38 0.12 0.51 significant at 0.05 level is denoted in bold. The correlation coeffi-

4 The significance of difference in mean value between GCTRL and
GTORT with a Student’s ¢ test

" The significance of difference in standard deviation between
GCTRL and GTORT with an F test

ISM is probably weakened (Fig. 8). This may explain the
departure of the major periods of IMI (5-8 year) from that
of NINO3.4 (3.3-2 year) in GCTRL.
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cients based on NCEP/NCAR reanalysis 1 for the period 1948-2010
are also shown as reference

Our model results point to a persistent and even more
regular ENSO variability in the Late Miocene. This is in
contrast with previous studies that indicate a permanent El
Nifo-like condition before the Pliocene (Fedorov et al.
2010; Molnar and Cane 2002; Wara et al. 2005). Recently
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Fig. 10 Composite difference of winter (DJF) and spring (MAM)
surface temperature (°C) between the strong and weak ISM years.
a GCTRL DJF, b GCTRL MAM, ¢ GTORT DJF, d GTORT MAM.

retrieved proxy data, however, reveal that the interanual
behavior of ENSO in the Pliocene and the previous periods
might have been analogous to the present day (Galeotti
et al. 2010; Ivany et al. 2011; Scroxton et al. 2011; Wa-
tanabe et al. 2011). These results have been supported by
several CGCMs experiments (Table 7). Using CCSM,
Huber and Caballero (2003) found a stronger-than-present
ENSO variability in their Eocene simulation, and Galeotti
et al. (2010) and von der Heydt and Dijkstra (2011) also
found a stronger ENSO variability in their Miocene run.
Similar results are also observed in the Mid-Pliocene
simulation with HadCM3 by Haywood et al. (2007). Our
Late Miocene run shows consistent results with these
studies, even though we use a different model and different
boundary conditions (Table 7). It is interesting to note that
Galeotti et al. (2010) reported a stronger teleconnection
between ENSO and precipitation in central Europe in their
Miocene run. This is also observed in our Late Miocene run
(see Fig. S4 in Online Resource).

There are several mechanisms that may contribute to the
stronger and more regular ENSO in our Late Miocene run.
It can be related to the presence of open Panama and
Indonesian Seaways in GTORT (An et al. 2012; Jochum
et al. 2009; von der Heydt and Dijkstra 2011). von der
Heydt and Dijkstra (2011) have shown that these open
ocean gateways can enhance the amplitude of ENSO var-
iability. They attributed this to the stronger atmosphere—
ocean coupling in the wider Indo-Pacific ocean basin where
ENSO develops. They also found a less frequent ENSO in
response to the open ocean gateways (von der Heydt and
Dijkstra 2011). This, however, is not observed in our study.

0.1 0.25 05 0.75 1

The hatched area denotes the significant difference with a Student’s
t test (p < 0.05). The strong (weak) ISM years are defined as in Fig. 4

Such discrepancy can be due to the different CGCM used
in our study. Also, it can be related to the different
boundary conditions prescribed in our experiments. For
instance, we have much smaller opened Indonesian and
Panama Seaways in GTORT compared to the Miocene run
in von der Heydt and Dijkstra (2011). This may affect the
extent of tropical Pacific ocean basin and circulation,
possibly limiting the cycle of ENSO. We also have rela-
tively realistic representation of orography for the Late
Miocene (Table 1), while an idealized flat topography was
used for both the present-day and Miocene runs by von der
Heydt and Dijkstra (2011). The changes in orgraphy
between our GCTRL and GTORT may also affect ENSO
variability (see discussion below), therefore obsure the
influence of open seaways as shown by von der Heydt and
Dijkstra (2011).

It has been reported that the weakened thermohaline
circulation could favor a stronger ENSO variability and
ENSO-ISM relationship (Dong and Sutton 2007; Lu et al.
2008). This can be related to the changes in the mean
climate state, which is characterized by warmer SSTs/
enhanced precipitation in the western Indian Ocean and
colder SSTs/reduced precipitation in the eastern Indian
Ocean and the western tropical Pacific in summer. The
thermohaline circulation is found to be weaker in GTORT
than in GCTRL due to the weakened North Atlantic warm
current as a result of the open Panama Isthmus (Micheels
et al. 2011). This may contribute to the strengthened ENSO
and ENSO-ISM relation in GTORT.

Kitoh (2007) has discovered that lower global orography
can result in a strong and more periodical ENSO variability.
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This is ascribed to the weakened mean easterly trade winds
and a widening of the meridional extent of the equatorial
wind-ocean response when the mountains are low. In
GTORT, the global orography (particularly the TP) is
generally reduced (Table 1). This probably promotes ENSO
variability, and thus enhances the interannual variability of
the ISM in GTORT. Moreover, the lower TP and the sur-
rounding orography in GTORT (TORT) can directly mod-
ify the mean state of the ISM, which by itself may exert
profound impact on the interannual variability of the ISM
(Wu and Ni 1997), particularly its spatial patterns (see
discussion in Sect. 3.2.2).

The atmospheric CO, concentration and the magnitude
of global warming in the Miocene—Pliocene have been
considered to be analogous to possible future warming
(Haywood et al. 2009; Kutzbach and Behling 2004; Lunt
et al. 2008). Under the emission scenarios A1B and A2, the
atmospheric CO, concentration will arrive at 700 and 850
ppm in year 2100. Multi-CGCM simulations produce a
+2.8 and +3.4 °C warming of the global mean surface
temperature, respectively and significantly reduced merid-
ional temperature gradient in the future (IPCC 2007). This
resembles that observed in our Late Miocene simulation
and other Miocene and Pliocene experiments (see Table 7).
Although the global warming in the Late Miocene may
have been induced by the factors other than CO, (e.g.
vegetation, topography and land-sea distribution) (Brad-
shaw et al. 2012), understanding how climate operates in
such warm world in general sense would provide useful
insights to the future climate changes.

The projection for the ENSO variability under increas-
ing atmospheric CO, concentration in the future remains
uncertain (Collins et al. 2010; Paeth et al. 2008). However,
the majority of the CGCMs including ECHAMS5/MPI-OM,
have predicted an enhanced ENSO variability (Muller and
Roeckner 2008). A strengthened interannual variability of
the ISM (Fu and Lu 2010; Kripalani et al. 2007b) and a
closer ENSO-ISM relationship (Fu and Lu 2010) in the
future have also been predicted by multi-CGCM experi-
ments. Kripalani et al. (2007b) found a weakened ENSO-
ISM relation in the future. This is most likely because their
analyses are based on only the last 20 years of future
simulations, which may be biased because of the decadal
variation of the ENSO-ISM relationship.

The future changes in ENSO and ISM variability are
surprisingly similar to that found in our Late Miocene runs
and other CGCM simulations for similar warm geological
periods (Table 7). Such close resemblance may either be a
coincidence, or simply suggest that a stronger ENSO and
ENSO-ISM relationship might be a robust pattern in a
warm climate. Several processes might be responsible
for such tendency. For instance, a reduced meridional
temperature gradient may maintain a mean circulation

(e.g. weak Walker circulation) favorable for stronger
ENSO variability. The warmer high-latitudes may exhibit
less climate variability (e.g. weakened NAO variability),
therefore less disruption on ENSO and ENSO-ISM rela-
tion. Owing to the strong ENSO variability, the interannual
variability of ISM may have been stronger than at present
in the deep past, even though the lower TP and the sur-
rounding orography at that time may have favored a weak
mean ISM and also likely a less developed interannual
variability of the ISM.

5 Conclusions

The long term simulations of the Late Miocene climate by
a CGCM and a regional climate model show that although
the mean ISM circulation may have been weaker in the
Late Miocene primarily due to the lower TP, its interannual
variation may have been similar to or even stronger than
today. The spatial pattern of precipitation and low-level
wind changes on interannual scale may have remained the
same in the Late Miocene as at present. The high-resolu-
tion regional model experiments do not provide much
additional information on the spatial structure of the
interannual variation of the ISM. This implies that the
interannual variation of the ISM might be largely con-
trolled by external global forcings and large-scale circu-
lation rather than by local dynamical processes within the
monsoon region.

The strong ISM variability in our Late Miocene runs can
be largely attributed to the stronger and more periodical
ENSO variability, which maintains a tighter ENSO-ISM
relation. In addition, the extratropical influence on the ISM
variability is weaker, which may further facilitate a strong
ENSO-ISM relationship. The persistent and strong ENSO
variability in our Late Miocene run may result from the
combined effect of the open Panama and Indonesian sea-
way, the weakened thermohaline circulation, the lower
global orography and the warmer global climate.

Finally, we note several limitations of our study. Firstly,
we use only one CGCM experiment, and thus the results
may be subjected to that model’s biases. For instance, our
model simulates too strong and too much westward SST
anomalies over central and eastern Pacific associated with
ENSO. Such bias may overemphasize the influence of
ENSO on ISM in both the present-day and the Late Mio-
cene runs. Furthermore, large uncertainties still remain
about the boundary conditions for the Late Miocene, such
as orography and vegetation. More experiments with dif-
ferent boundary conditions for the Late Miocene and using
different CGCMs are necessary to fully evaluate the reli-
ability of our results. In spite of these deficiencies, our
results exhibit good agreement with available annually
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resolved proxies, which manifest a strong ENSO and its
teleconnection in the Late Miocene (see Fig. S5 in Online
Resource). The consistency between our Late Miocene run
and other CGCM simulations for geological warm periods
also support the fidelity of our modeling results, and
implies that a strong ENSO and ENSO related telecon-
nection (e.g. ENSO-ISM relation) may be a robust pattern
in geological warm periods as well as future warming
climate. The dynamical processes recognized in geological
warm periods, therefore, are likely to be responsible for the
future changes in climate variabilities.
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