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Abstract

Modern Asian winter monsoon characterised by the strong northwesterly wind in East
Asia and northeasterly wind in South Asia, has a great impact on the surface tempera-
ture of the Asian continent. Its outbreak can result in significant cooling of the monsoon
region. However, it is still unclear whether such an impact existed and is detectable5

in the deep past. In this study, we use temperature reconstructions from plant and
mammal fossil data together with climate model results to examine the co-evolution
of surface temperature and winter monsoon in the Late Miocene (11–5 Ma), when a
significant change of the Asian monsoon system occurred. We find that a stronger-
than-present winter monsoon wind might have existed in the Late Miocene due to the10

lower Asian orography, particularly the northern Tibetan Plateau and the mountains
north of it. This can lead to a pronounced cooling in southern China and northern In-
dia, which counteracts the generally warmer conditions in the Late Miocene compared
to present. The Late Miocene strong winter monsoon was characterised by a marked
westerly component and primarily caused by a pressure anomaly between the Tibetan15

Plateau and Northern Eurasia, rather than by the gradient between the Siberian High
and the Aleutian Low. As a result, the close association of surface temperature with
winter monsoon strength on inter-annual scale as observed at present may not have
established in the Late Miocene.

1 Introduction20

Modern surface temperature in Asia is strongly modulated by the strength of winter
monsoon, i.e., northwesterly (northeasterly) wind over East Asia (India). As shown
in Fig. 1a, strong winter monsoon years as depicted by enhanced low-level northerly
wind in East Asia, are associated with an extensive decline of winter temperature in
East Asia and India due to cold air mass advection brought by the winter monsoon25

wind. Also accompanying the strong winter monsoon wind is a strengthened Siberian
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High and Aleutian Low (Fig. 1a) and a dipole change of the zonal wind in the upper
troposphere (Fig. 1b) indicating an enhanced westerly jet stream and monsoon trough
over East Asia. How the surface temperature in Asia had been influenced by the winter
monsoon strength in deep geological times, however, is largely unknown.

While the existence of the Asian winter monsoon can be traced back to the Eocene5

(Licht et al., 2014), the Late Miocene (11–5 Ma) is still an important period with signifi-
cant changes of the Asian monsoon system documented by various geological records
(An et al., 2001; Fortelius et al., 2002; Wang et al., 2005; Molnar et al., 2010). Large
uncertainties still remain regarding the relative strength of winter monsoon in this pe-
riod (Tang et al., 2011). Most studies have suggested a weak winter monsoon in the10

Late Miocene (Guo et al., 2002; Jia et al., 2003; Wan et al., 2007; Jiang and Ding,
2010; Jacques et al., 2013; Lu and Guo, 2014). They attributed this to the lower ele-
vation of the Tibetan Plateau (TP) and the absence of the northern hemispheric ice
sheet in the Late Miocene, both of which has been shown by climate models to favour
a weaker Siberian High and a dampened winter monsoon wind (Kutzbach et al., 1993;15

An et al., 2001; Liu and Yin, 2002; Zhang et al., 2014). Conversely, there are some
studies indicating a strong winter monsoon (or winter monsoon dominated climate) in
the Late Miocene or even earlier periods (Vandenberghe et al., 2004; Li et al., 2008,
2014; Quan et al., 2012; Zhang et al., 2012), requiring different mechanisms to explain
these changes. Better knowledge on temperature changes over the Asian monsoon20

region and its association with the winter monsoon strength in the Late Miocene would
provide useful insights into the evolution of the winter monsoon system and its driving
mechanisms at this period.

In this study, we synthesize quantitative reconstructions of the Late Miocene temper-
ature over the Asian monsoon region from two independent proxies, and compare them25

with climate model simulations of the Late Miocene. We show that the winter temper-
ature in southern China and northern India might have been lower-than-present in the
Late Miocene, owing to a strong winter monsoon wind caused by the lower elevation of
the northern TP and the mountains north of it. The strong winter monsoon was charac-
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terised by a marked westerly component caused by a pressure anomaly between the
TP and Northern Eurasia, while the modern-like Siberian High driven winter monsoon
system may not have been fully established in this period.

2 Materials and methods

2.1 Temperature reconstruction from proxy records5

In this study, we use temperature reconstructions based on plant and mammal fossil
records from the Late Miocene localities in Asia. The palaeobotanical values for Chi-
nese localities are collected from the published literature (Xia et al., 2009; Jacques
et al., 2011; Liu et al., 2011; Yao et al., 2011; Xing et al., 2012), and for Indian locali-
ties we use unpublished data (from T. Utescher, see Table S1 in the Supplement). The10

temperature values are estimated from either macrofossil (e.g., leaf, fruit and wood)
or microfossil (e.g., pollen) assemblages using mainly the Coexistence Approach (CA)
(Mosbrugger and Utescher, 1997; Utescher et al., 2014). The CA assumes that climatic
tolerances of a fossil plant are equivalent to that of its nearest living relative (NLR), and
estimates the climate conditions for a given fossil plant assemblage by overlapping the15

climatic tolerances of corresponding NLRs of each fossil taxon (i.e. the coexistence in-
terval of NLRs) (Mosbrugger and Utescher, 1997). The CA can reconstruct various cli-
mate variables, but here we use only the mean annual temperature and coldest month
temperature. Noted that the CA can only give an estimated interval, the width of which
varies in dependence of climate requirements of NLRs involved. The real value can20

be at any position between the upper and lower ends of the interval. This introduces
some complications when comparing the reconstructed temperature with the climate
model or observation data. To overcome these issues, we use the Hagamann distance
based on fuzzy logic (Guiot et al., 1999) to define the difference between the plant
fossil reconstruction and the observation or model data. More detail on this method is25

described in the Supplement.
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For the mammal fossil reconstructions, we use published method (Liu et al., 2012)
to estimate mean annual temperature and coldest quarter temperature based on the
molar tooth crown properties of the mammal communities (See Table S2 in the Supple-
ment). These properties are mean molar tooth crown height, i.e., hypsodonty and the
mean longitudinal loph count of herbivore taxa found at a locality. All the Asian mammal5

fossil data are obtained from the NOW database (downloaded on 28 November 2012
from http://www.helsinki.fi/science/now/).

2.2 Climate model simulations

The Late Miocene climate simulations with a fully coupled global climate model
ECHAM5/MPIOM (Micheels et al., 2011) and a regional climate model COSMO-CLM10

(Tang et al., 2011), are employed to demonstrate surface temperature and winter mon-
soon changes in the Late Miocene. They are referred to as GLMio and RLMio. The
corresponding present-day control runs are referred to as GCTRL and RCTRL, re-
spectively (Table 1). The global model simulations use T31 resolution (3.75◦ ×3.75◦)
with 19 terrain-following vertical layers for its atmospheric model ECHAM5 and 3◦ ×3◦

15

and 40 unevenly spaced vertical levels for its ocean circulation model MPIOM. The
regional model runs are driven by the global model output, and cover the Asian mon-
soon area with a spatial resolution of 1◦ ×1◦ on the rotated model grid and 20 vertical
levels. To better represent the Late Miocene climate, the physical boundary conditions,
such as orography, land–sea distribution and vegetation, were modified in GLMio and20

RLMio (see details in the Supplement). Particularly in Asia, the height of the northern
Tibetan Plateau (TP) and the mountains north of it was greatly reduced (according
to Zheng et al., 2006; Wang et al., 2008; Jolivet et al., 2007; Charreau et al., 2009),
while the southern TP was kept close to present height in both experiments (accord-
ing to Rowley et al., 2001; Spicer et al., 2003; Polissar et al., 2009) (Fig. 2). GLMio25

was integrated over 2600 years so that the model runs are in their dynamic equilibrium
in terms of global mean temperature and sea ice volume. We use the last 110 year
model integrations for analysis. Since our regional model requires only several months
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to spin up (Tang et al., 2011), RLMio was integrated for only 110 years, and the last
109 year results were used for analysis. It has been shown that both GLMio and RLMio
can represent the Late Miocene Asian monsoon climate satisfyingly (Micheels et al.,
2011; Tang et al., 2011, 2013a). But the high-resolution regional model can better de-
pict small-scale orography and its influence on climate over the Asian monsoon region5

(Tang et al., 2011, 2013b). It is, therefore, expected to offer more precise insights into
the winter monsoon and temperature changes in the Late Miocene than its driving
global model.

To further assess the contribution of different factors to surface temperature and
winter monsoon changes in the Late Miocene, an additional global and regional model10

experiment were performed (Table 1). In the global model experiment GLMioPD, all the
boundary conditions are kept the same as GLMio, except that the orography in Asia are
prescribed as present. It was initialised from the restart files of GLMio at 2500 year and
was integrated for 100 years. We use the last 10 year results for analysis. In the regional
model experiment RLMioPD, the model is driven by the output of GLMio but uses the15

present-day regional orography. It was integrated for 10 years and the last 9 year results
were used for analysis. By comparing the climatologies of GLMioPD (RLMioPD) with
that of GLMio (RLMio) and GCTRL (RCTRL), the influence of Late Miocene Asian
orography and other boundary condition changes on the monsoon strength can be
distinguished, respectively.20

3 Results

The difference of mean annual (winter) temperature between the Late Miocene and the
present as indicated by the proxy and model are displayed in Fig. 3. Both the plant and
mammal fossil data reveal a generally higher-than-present annual temperature over
the Asian continent in the Late Miocene (Fig. 3a and b), which is consistent with the25

warmer global conditions of this period (Pound et al., 2011). The increase of surface
temperature is most pronounced in high-latitude regions and the TP, but is relatively

68

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/11/63/2015/cpd-11-63-2015-print.pdf
http://www.clim-past-discuss.net/11/63/2015/cpd-11-63-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
11, 63–93, 2015

Strong winter
monsoon causes
Miocene cooling

H. Tang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

small over the low-latitudes. In southern China and northern India, there are even plant
and mammal fossil localities indicating lower temperature in the Late Miocene than at
present (Fig. 3a and b), which is at odds with the warmer global climate in this period.
Such decrease of mean annual temperature mostly results from the winter temperature
changes. As shown in Fig. 3c and d, the coldest month (quarter) temperature derived5

from fossil data exhibit similar cooling as that of mean annual temperature in southern
China and India, while the warmest month temperature does not (see Fig. 6).

Both our global and regional model runs capture the first-order feature of tempera-
ture changes in the Late Miocene, i.e., strong increase (weak increase or decrease) of
temperature in the high-(low-)latitude Asia (Fig. 3). However, the decrease of tempera-10

ture over southern China and northern India as indicated by proxy data is not observed
in GLMio in both annual and winter temperature (Fig. 3a and c). RLMio also under-
estimates the drop of temperature in southern China and northern India, but displays
a more pronounced decline of temperature (particularly in winter) over northern India
and much smaller increase of temperature over southern China and the Indochina sub-15

continent than GLMio (Fig. 3b and d). It therefore yields a better agreement with the
proxy data in these regions.

To understand the cooling of southern China and India shown in the proxy and the
warm “biases” of GLMio and RLMio in these regions, temperature and the associated
changes in sea level pressure and low-level wind in both the global and regional model20

experiments are shown in Fig. 4. It is indicated that the decrease of winter temperature
in southern China and northern India can be linked to a strong winter monsoon primar-
ily induced by the Late Miocene Asian orography (Fig. 4e and f). In particular, the lower
height of the northern TP results in an increase of sea level pressure over the plateau
but a decrease of sea level pressure to the north of the plateau. This guides a stronger25

low-level westerly wind through the north of the plateau, facilitating the winter monsoon
wind and the decline of winter temperature in East Asia and India (Fig. 4e and f). Such
an effect is further manifested by our regional mountain uplift experiments, in which the
winter monsoon wind is strengthened by the absence of the northern and southeastern
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TP, causing winter temperature to drop considerably over China and India (see Fig. S1
in the Supplement).

In contrast to the effect of Late Miocene Asian orography, the other Late Miocene
boundary conditions have little influence on the winter monsoon, and thus give rise to
a general increase of winter temperature in the monsoon region representing warmer5

Late Miocene conditions (Fig. 4c and d). This warming effect is relatively strong in
northern China (Fig. 4c and d). This counteracts the cooling effect of strong winter
monsoon due to the Late Miocene Asian orography (Fig. 4e and f) and thus leads to
an increase of temperature in northern China in both GLMio and RLMio (Fig. 4a and
b). In comparison, the warming is relatively small in southern China and India (Fig. 4c10

and d). As a result, the cooling effect of strong winter monsoon (Fig. 4e and f) is better
detected in these regions in GLMio and RLMio (Fig. 4a and b).

Fig. 5 illustrates the composite difference of winter surface temperature, sea level
pressure and low-level wind between strong and weak winter monsoon years in our
climate model runs. In the present-day control runs, both the global and regional15

models correctly represent the close relation among winter monsoon wind, Siberian
High/Aleutian Low and surface temperature over East China and India as that shown
in the Reanalysis Data (cf., Figs. 5a and b and 1). In comparison, both models simulate
a much weaker decrease of surface temperature over the continent during the strong
winter monsoon years in their Late Miocene runs (Fig. 5c and d). The strengthening of20

the Siberian High during the strong winter monsoon years is also much reduced in the
Late Miocene runs, even though the deepening of the Aleutian Low over the North Pa-
cific persists. These differences between the Late Miocene and present-day runs imply
that the modern-like winter monsoon system with strong association of Siberian High
and surface temperature changes on the inter-annual scale may not have established25

in the Late Miocene.
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4 Discussion

4.1 Cooler winter in the Late Miocene

Cooler winter in the Miocene and earlier periods has been recently noticed in sev-
eral plant fossil localities from southern China (Quan et al., 2012; Zhang et al., 2012).
Our compilation of the Late Miocene plant and mammal fossil reconstructions in Asia5

reveals some heterogeneity between localities (Fig. 3 and Tables S1 and S2) due to
either uncertainties of the reconstruction methods or to unknown orography details of
different localities in the Late Miocene. But all for that, there is a clear indication of
overall cooler conditions in southern China and northern India in the Late Miocene in
contrast to northern China where estimates show uniformly warmer-than-present con-10

ditions (Fig. 3).
In southern China, the evidence for cooler Late Miocene winter temperature mostly

comes from reconstructions based on plant fossils using the Coexistence Approach
(CA). The Climate Leaf Analysis Multivariate Program (CLAMP) and Leaf Margin Anal-
ysis have also been used to reconstruct temperature in some plant fossil localities15

from southwest China, both supporting lower-than-present winter temperature in the
Late Miocene (see Table S1) (Xing et al., 2012). This gives us confidence in the Late
Miocene temperature reconstructions for this region. The plant fossil records are rel-
atively sparse in the Indian and Indochina subcontinent, but 3 out of the 4 available
localities indicate cooler-than-present annual or winter temperature. In particular, we20

reconstruct temperature of the locality in Nepal for three different periods of the Late
Miocene based on pollen data from Hoorn et al. (2000) (see Sural Khola in Fig. 6a). The
earlier periods (i.e., 11.5–8 and 8–6 Ma) display cooler than present temperature while
the later period (6–5 Ma) shows marked increase in temperature, particularly in win-
ter. This indicates that the cooler-than-present surface temperature may have mainly25

existed in the earlier Late Miocene (i.e., before 6 Ma).
Using molar tooth crown properties (i.e., hypsodonty and loph count) of fossil mam-

mals to reconstruct surface temperature is a novel method recently developed by Liu
71
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et al. (2012). It is based on the observation that in today’s mammal faunas, mammalian
herbivore assemblages with higher mean number of longitudinal cutting edges (loph
score) and low mean molar crown height (hypsodonty score) are associated with colder
environments and thus indicative of lower temperature, and vice versa. The linear re-
gression model using these two properties as predictors is fairly robust in predicting5

the global pattern of temperature at present day (Liu et al., 2012). In particular, the
coldest quarter temperature (i.e, winter temperature) is best predicted by these dental
traits (Liu et al., 2012), a circumstance attributable to the fact that these dental traits are
more linked to the length and frequency of harsh intervals, when nothing but mechan-
ically demanding and nutrient-poor food is available, than to the average properties of10

foods available in average years (Fortelius et al., 2014). Applying the same model to
the Late Miocene fossil localities also reveals a cooler-than-present surface temper-
ature in several localities in the Indian and Indochina Subcontinent (Fig. 3b and d).
This corroborates the cooler condition of these regions in the Late Miocene. We note
that the locality in central India may have too low temperature estimate, due to short15

species list (only two taxa are recorded, both of which have low hypsodonty but high
loph count, see Eronen et al. 2012, for further discussion on the short list anomaly).
Except this locality, all the other localities showing cooler-than-present temperature
have long species list, offering a good representation of the mammal assemblage and
thus reliable temperature estimate. The reason for the cooler temperature estimates in20

these localities is mainly the absence of species with low loph count, such as primates.
Compared to the plant and mammal proxies, our Late Miocene climate model runs

show consistently warm “biases” in southern China and India. Nevertheless, the sen-
sitivity experiments reveal that the cooler-than-present winter temperature in the Late
Miocene can be physically plausible and explained by the strong winter monsoon due25

to the Late Miocene Asian orography changes, i.e. the lower elevation of the north-
ern TP and the mountains north of it. As shown in Fig. 6, both global and regional
Late Miocene model runs (GLMio and RLMio) fail to reproduce the decrease of an-
nual or winter temperature compared to present day as showed in the selected fossil
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localities from southern China and India. But considering only the effect of the Late
Miocene orography changes (RLMio-RLMioPD), the regional model is able to produce
the decrease of annual or winter temperature in all these fossil localities, even though
the magnitude is still smaller than that indicated by the proxies. In all the selected plant
fossil localities, temperature change in summer is more positive than in winter (Fig. 6a).5

This is also well captured by the effect of the Late Miocene orography changes (RLMio-
RLMioPD).

We note that the cooling effect of strong winter monsoon can be further enhanced
by its interaction with ocean circulation. A prominent shoaling of the thermocline over
northern South China Sea has been reported to occur in 8–7 Ma as a result of a strong10

winter monsoon leading to enhanced offshore flow (Zheng et al., 2004). This may have
given rise to a further decrease of surface temperature in the surrounding area, and
explains why the drop of winter temperature is most evident in the fossil localities along
the coast of southern China (Fig. 3c). In our regional Late Miocene model run (RLMio),
the lack of decrease of winter temperature in southern China compared to the proxies15

(Fig. 3d) can be related to the prescribed sea surface temperature in the model that
cannot represent the influence of winter monsoon on ocean water mixing. In contrast,
our fully coupled global model depicts this interaction, and thus displays a more sig-
nificant cooling over the East China Sea in response to the enhanced winter monsoon
(cf., Figs. 4a and e and 4b and f).20

In general, our regional model perform better in depicting the winter cooling over
southern China and India in the Late Miocene (Fig. 3 and 6). Although our global
model also simulates stronger winter monsoon in the Late Miocene, it fails to capture
any cooling in the continental Asia (Fig. 4a). This can be ascribed to either too over-
whelming global warming effect (Fig. 4c) or too weak cold air advection with the winter25

monsoon (Fig. 4e). The discrepancies between model and proxy in depicting the win-
ter cooling in southern China and India in the Late Miocene highlight the importance of
more temperature reconstructions over India and southern China using different prox-
ies such as clumped isotopes (e.g., Suarez et al., 2011) and biomarkers (e.g., Peterse
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et al., 2014) to test this pattern. On a model perspective, more sensitivity experiments
using the fully coupled models with different Late Miocene boundary conditions, such
as vegetation and surface elevation, are required to better understand the source of
the warm “biases” in the model.

4.2 Strong winter monsoon wind in the Late Miocene5

The winter cooling as manifested in our proxy data together with our modelling results
points to a strong winter monsoon in the Late Miocene. This is in contrast to previous
studies which suggest a weaker-than-present winter monsoon in this period (Guo et al.,
2002; Jia et al., 2003; Fan et al., 2006; Wan et al., 2007; D. H. Sun et al., 2008; Jiang
and Ding, 2010). We note that most of these studies use accumulation rate of aeolian10

deposit to infer the winter monsoon strength. This proxy, however, is questionable,
because it is not only modulated by the winter monsoon strength, but also influenced by
the conditions (e.g., vegetation and wind speed) in the dust source and capture regions
(Yue et al., 2009; Shi et al., 2011). In addition, dust storms occur more frequently in
spring than in winter (Molnar et al., 2010), indicating dust accumulation rate may not be15

a direct winter monsoon proxy. Instead, using quartz grain size (or coarse particle size)
fraction of aeolian deposit as a proxy for winter monsoon strength, Vandenberghe et al.
(2004) and Y. B. Sun et al. (2010) claimed a relatively strong winter monsoon in the
Late Miocene. A winter monsoon dominated climate over the western Loess Plateau
before 6 Ma is also reported by Li et al. (2008, 2014), who use cold-philous species of20

fossil snails as an indicator for the winter monsoon strength. A recent model study using
the ensemble of Mid-Pliocene global simulations also revealed a stronger-than-present
winter monsoon wind in southern China and India (Zhang et al., 2013).This further
supports the existence of a strong winter monsoon in the pre-Quaternary periods when
the global climate was generally warmer.25

Our model results suggest that the Late Miocene Asian orography, i.e., the lower
elevation of northern TP and the mountains north of it, can be responsible for the
strong winter monsoon in the Late Miocene (Fig. 4e and f). This is distinct from the
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conventional modelled effect of the whole TP, which states that the growth and uplift of
the entire TP strengthens the Siberian High and the winter monsoon wind in East Asia,
and vice versa (Kutzbach et al., 1993; An et al., 2001; Liu and Yin, 2002). We notice
that the low Late Miocene Asian orography indeed weakens the Siberian High over
northern Eurasia (Fig. 4e and f), which agrees with previous studies (Kutzbach et al.,5

1993; An et al., 2001; Liu and Yin, 2002). But the pressure over the Japan Sea and
North Pacific is also weakened (Fig. 4e). As a result, the pressure gradient between the
Siberian High and the Aleutian Low is not strongly modified (compare monsoon index
SH of G(R)LMio with that of G(R)LMioPD in Table 2). Meanwhile, we see a strong
positive pressure anomaly over the TP due to the reduced height of the northern TP10

(Fig. 4e and f). This enhances the pressure gradient between the TP and the northern
Eurasia, and thus intensifies the westerly wind through the north of the plateau that
eventually causes a strong winter monsoon wind in East Asia.

The Late Miocene orography, i.e., the lower elevation of northern TP and the moun-
tains north of it, also promotes the upper tropospheric westerly jet stream over the15

northern TP, northern China and southern Japan and weakens the westerly flow to the
north of it (Fig. 7e and f). This is similar to that observed between strong and weak
winter monsoon years at present (Fig. 1b). According to Jhun and Lee (2004), such
dipole changes in the upper-level westerly wind speed indicate anomalous cyclonic
vorticity to the north of the jet stream over East Asia (compare monsoon index JS of20

G(R)LMio with that of G(R)LMioPD in Table 2) that can strengthen the mid-tropospheric
monsoon trough and thus the low-level winter monsoon wind. The dominance of the
westerly flow in maintaining the winter monsoon in the Late Miocene as suggested
by our model results is concordant with the studies by Ding et al. (1999), Sun (2004)
and Vandenberghe et al. (2004), which emphasize the importance of westerly flow for25

dust transport in the Late Miocene. It also agrees with geochemical evidence implying
a much higher contribution of dust materials to the Loess Plateau from its west (i.e.,
Qilian Mountains) than from its north (i.e., Gobi Altay Mountains) in the Late Miocene
(Chen and Li, 2013).
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Compared to the effect of the Late Miocene Asian orography, the other Late Miocene
boundary conditions seem to have slightly opposite effect on the upper-level westerly
jet stream (Fig. 7c and d and Table 2). They also reduce the pressure gradient between
Siberian High and Aleutian Low (compare monsoon index SH of G(R)LMioPD with that
of G(R)CTRL in Table 2), and thus favour a slightly weakened winter monsoon wind5

in East Asia (Fig. 4c). We note that the response of upper-level westerly flow to the
Late Miocene Asian orography is much weaker in our regional model experiment than
in the global model (cf., Fig. 7e and f), even though the patterns are similar. This can
be ascribed to the strong control of global forcing on the upper level circulation in
winter in the regional model. Accordingly, global model should be more sensitive than10

the regional model in depicting the upper-level winter monsoon response to the Asian
orography changes.

Recent model studies have revealed that different parts of the Asian orography have
distinct influence on the Siberian High and the westerly jet stream and therefore the
winter monsoon (Shi et al., 2014; Zhang et al., 2014). Zhang et al. (2014) showed that15

the presence of the middle TP can enhance the Siberian High but reduce the winter
monsoon wind in East China (Fig. 10a in their paper), which is consistent with our
modelled effect of the Late Miocene Asian orography (Fig. 4e). However, they showed
that the presence of the northern TP can enhance the northerly wind in East China,
which is contradictory to our model results. Also seemingly contrary to our results, Shi20

et al. (2014) reported that the presence of the mountains north of the TP (i.e., Tianshan
Mountains and Mongolian Plateau) is essential for the enhancement of the westerly jet
over Japan. The Late Miocene orography used in our model experiments include both
the lower-than-present northern TP and the mountains north of it. The combined effect
of these orography changes might be different from their individual effects (Tang et al.,25

2013b). More modelling studies are needed to better understand the individual as well
as the combined effect of different regional orography in Asia on the westerly jet and
Siberian High that together determine the winter monsoon strength.
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4.3 The establishment of modern winter monsoon system

A previous study has suggested that the modern-like Siberian High driven winter mon-
soon system might have existed as early as in the Late Oligocene (Y. B. Sun et al.,
2010). This, however, is not supported by our model results. The winter monsoon in
the Late Miocene has a marked westerly wind component, and the Siberian High is5

still weak due to the warmer high-latitudes and the low Asian orography (Fig. 4a and
b). As a result, we do not observe a strong association of Siberian High and winter
temperature changes with the strength of winter monsoon wind on inter-annual scale
in the Late Miocene (Fig. 5c and d) as that at present (Fig. 5a and b). Further uplift of
the northern TP (Zheng et al., 2006; Wang et al., 2008) and the Gobi Altay Mountains10

(Jolivet et al., 2007) (which weakens the low-level westerly flow to the north of the TP),
and the cooling of the Northern Hemisphere (which strengthens the Siberian High),
might be essential for the shift from a westerly driven to a Siberian High driven winter
monsoon regime, and the emergence of the modern-like winter monsoon system.

5 Conclusions15

Modern observations reveal a close association between surface temperature and the
Asian winter monsoon strength. In this study, we examine this relationship in the Late
Miocene by analysing the temperature reconstructions from plant and mammal fossil
records and the climate model results. We find that a strong winter monsoon wind might
have existed in the Late Miocene owing to the lower elevation of the northern Tibetan20

Plateau and the mountains north of it. This can lead to a cooler-than-present temper-
ature (particularly in winter) in southern China and northern India, which is opposite
to the warmer global conditions in this period. The Late Miocene winter monsoon had
a marked westerly component, while the Siberian High was still weak due to warmer
global climate and the lower Asian orography. As a result, the modern-like interannual25

variation of the winter monsoon with a strong association with the Siberian High and
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the surface temperature changes in the monsoon region may not have been fully es-
tablished in the Late Miocene. Both the global and regional models are useful tools
to study the winter monsoon changes in geological periods. While the global model is
more sensitive in depicting the response of sea level pressure and upper-level circula-
tion to Asian orography changes, the high-resolution regional model may better capture5

the surface temperature changes in accordance to the winter monsoon strength.

The Supplement related to this article is available online at
doi:10.5194/cpd-11-63-2015-supplement.
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Table 1. List of model experiments in this study.

Exp. ID Description

GCTRL Present-day global model run
GLMio Late Miocene global model run
GLMioPD Same as GLMio except that the present-day orography in

Asia (see box in Fig. 2a) is used.
RCTRL Present-day regional model run
RLMio Late Miocene regiona model run
RLMioPD Regional model run using Late Miocene global forcing

(i.e., GLMio) but present-day regional orography.
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Table 2. Winter monsoon indices in different global and regional model experiments. The Effect
of the Late Miocene Asian orography changes and other Late Miocene boundary conditions on
the winter monsoon can be deduced by comparing G(R)LMio with G(R)LMioPD and comparing
G(R)LMioPD with G(R)CTRL. SH (hPa) denotes mean sea level pressure difference between
the locations in Russia (106.1◦ E, 52.9◦ N) and Japan (145.0◦ E, 43.6◦ N) in winter (Sakai and
Kawamura, 2009). JS (ms−1) denotes 300 hPa zonal wind shear between 110–140◦ E, 27.5–
37.5◦ N and 80–120◦ E, 50–60◦ N in winter (Jhun and Lee, 2004).

GCTRL GLMio GLMioPD RCTRL RLMio RLMioPD

SH 26.08 20.96 20.66 20.57 15.19 16.19
JS 33.40 35.71 28.98 37.85 38.06 37.04
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Figure 1. Composite difference of (a) winter temperature (◦ C) (shaded), 850 hPa wind (ms−1)
(vector) and sea level pressure (hPa) (contour) and (b) 300 hPa zonal wind between the strong
and weak winter monsoon years based on NCEP/NCAR reanalysis (1948–2011) (Kalnay et al.,
1996). Colour shading (black vector) in (a) denotes temperature (wind) differences significant
with a Student’s t test (p < 0.05). Positive (negative) sea level pressure differences are denoted
by solid (dashed) contour. The strong (weak) winter monsoon years are defined as the years
when the northerly wind strength over 110–130◦ E, 25–45◦ N (purple box in a) is higher (lower)
than the multi-year average with one SD.
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Figure 2. Surface elevation in global model present-day control run (GCTRL) (a) and Late
Miocene run (GLMio) (c), and in regional model present-day control run (RCTRL) (b) and Late
Miocene run (RLMio) (d). The red box in (a) denotes the region where the present-day orogra-
phy is prescribed in the global model experiment GLMioPD (see Table 1).
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Figure 3. Temperature changes (◦C) in the Late Miocene as indicated by proxy and climate
models. Mean annual temperature: (a) GLMio-GCTRL, (b) RLMio-RCTRL. Mean winter tem-
perature: (c) GLMio–GCTRL, (d) RLMio–RCTRL. The dotted area has temperature anomalies
significant with a Student’s t test (p < 0.05) in the models. The circles denotes the changes in
mean annual temperature (MAT) in (a) and (b), and coldest month (quarter) temperature, i.e.,
CMT (CQT), in (c) and (d), as indicated by plant and mammal proxies. The arrows denote the
fossil localities selected for Fig. 6: 1. Fushan, 2. Xiaolongtan, 3. Lühe, 4. Khorat, 5. Sural Khola,
6. Sop Mae Tham, 7. Jilong, 8. Zinda.
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Figure 4. Winter temperature (◦C) (shaded), 850 hPa wind (ms−1) (vector) and sea level pres-
sure (hPa) (contour) changes due to the Late Miocene Asian orography and other bound-
ary condition changes. (a) GLMio-GCTRL, (b) RLMio-RCTRL, (c) GLMioPD-GCTRL, (d)
RLMioPD-RCTRL, (e) GLMio-GLMioPD, (f) RLMio-RLMioPD. The solid (dashed) contours de-
note the positive (negative) pressure anomalies. The dotted areas (black vectors) denote tem-
perature (wind) anomalies significant with a Student’s t test (p < 0.05).
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Figure 5. As that in Fig. 1a, but for the climate model experiments. (a) GCTRL, (b) RCTRL, (c)
GLMio, (d) RLMio.
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Figure 6. Model-proxy comparison at selected plant (a) and mammal (b) fossil localities indi-
cated by numbers in Fig. 3. In (a), the line in the box denotes the median value of plant fossil
reconstruction, the box shows the 25–75 % range and the whiskers show the total range. In
(b), the height of the bar denotes the value estimated from mammal fossil data. The circle and
asterisks denote the mean values of the global and regional model results, respectively. For
the localities where the surface elevation is different between the two compared model exper-
iments, the effect of elevation on surface temperature is removed by assuming a lapse rate
of 6 ◦Ckm−1 to obtain the pure effect of winter monsoon on temperature changes. MAT: Mean
annual temperature; CM(Q)T: Coldest month (quarter) temperature; WMT: Warmest month
temperature.

92

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/11/63/2015/cpd-11-63-2015-print.pdf
http://www.clim-past-discuss.net/11/63/2015/cpd-11-63-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
11, 63–93, 2015

Strong winter
monsoon causes
Miocene cooling

H. Tang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 7. 300 hPa zonal wind in winter and its changes due to the Late Miocene Asian orog-
raphy and other Late Miocene boundary conditions. (a) GCTRL, (b) RCTRL, (c) GLMioPD-
GCTRL, (d) RLMioPD-RCTRL, (e) GLMio-GLMioPD, (f) RLMio-RLMioPD. The purple boxes in
(a) denote the regions used to calculate winter monsoon index JS in Table 2. The black con-
tours surround the regions with surface pressure lower than 700 and 900 hPa. The dotted areas
denote wind anomalies significant with a Student’s t test (p < 0.05).
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