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ABSTRACT

The climate of the Marine Isotopic Stage 13 (MIS-13) is explored in the fully coupled atmosphere–

ocean general circulation model the Hadley Centre Coupled Model, version 3 (HadCM3). It is found that

the strong insolation forcing at the time imposed a strengthened land–ocean thermal contrast, resulting in

an intensified summer monsoon over Asia. The addition of land ice over North America and Eurasia

results in a stationary wave feature across the Eurasian continent. This leads to a high pressure anomaly

over the Sea of Japan with increased advection of warm moist air onto the Chinese landmasses. This in

turn reinforces the East Asian summer monsoon (EASM), highlighting the counterintuitive notion that,

depending on the background insolation and its size, ice can indeed contribute to strengthening the

EASM. The modeling results support the geological record indication of a strong EASM 500 000 years

ago. Furthermore, Arctic Oscillation, El Ni~no–Southern Oscillation, and Indian Ocean dipole–like tele-

connection features are discussed in the MIS-13 environment. It is shown that the change in the tropical

Pacific sea surface temperature has the potential to impact the North Atlantic climate through an at-

mospheric ‘‘bridge.’’

1. Introduction

A fully coupled atmosphere–ocean general circula-

tion model (AOGCM) is used to examine the climate of

the Marine Isotopic Stage 13 (MIS-13), ;500 000 years

before present, with an emphasis on theAsianmonsoon.

This interglacial is of particular interest as it appears to

have had unusually strong monsoons, according to some

paleorecords. At the time, among the nine interglacials

of the past 800 000 years, MIS-13 had relatively low

methane and carbon dioxide concentrations and was

a cool interglacial, at least in Antarctica (Jouzel et al.

2007). Why such a strong monsoon could have occurred

during a cold interglacial is still not fully understood.

The loess records indicate that China was both warmer

and wetter during MIS-13 compared to today (Kukla

et al. 1990; Guo et al. 1998, 2009). Sediment core data

from the eastern Tibetan Plateau (Chen et al. 1999) and

red soils from southern China (Yin and Guo 2006) lend

support to the idea of stronger precipitation rates during

MIS-13. This is also indicated in the d18O records from

speleothems in western China (Cheng et al. 2012). Ev-

idence of a strong North African monsoon during

MIS-13 is found from a thick layer of sapropel in a core

from theMediterranean Sea (Rossignol-Strick et al. 1998).

Indications of positive rainfall anomalies at the time

are also found in observations from the Amazon basin

(Harris and Mix 1999). Ostracod data from England

indicate that the local temperatures could have been

similar to today, with a larger seasonality and possibly

colder—or much colder—winters (Holmes et al. 2010).

On the other hand, the Antarctic ice core records show

that the MIS-13 was a cool interglacial, with Antarctic

temperatures 18–1.58C colder than during the last mil-

lennium (Jouzel et al. 2007).

De Vernal and Hillaire-Marcel (2008) investigated

the pollen content in sediment cores from theGreenland

coast, showing that herb and shrub (i.e., nonarboreal)

pollen were abundant around 500 ka. Dinocyst data

from the Greenland coast further show that the sea
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surface temperatures in that region were ;28C during

winter and ;48C in summer (de Vernal and Hillaire-

Marcel 2008), compared to around 3.98 and 7.38C, re-
spectively, at present (Locarnini et al. 2006). Pollen data

can give indications of the extent of the Greenland Ice

Sheet, in the sense that vegetation abundance implies

a larger area of ice free conditions. Based on this as-

sumption, the pollen data of de Vernal and Hillaire-

Marcel suggest that the Greenland Ice Sheet most likely

was substantially reduced during MIS-13. Spahni et al.

(2005) speculated that the MIS-13 Northern Hemisphere

(NH) ice sheets could have had a more southerly exten-

sion compared to previous interglacials owing to its rel-

ative coolness, however. According to data from Lake

Baikal, on the other hand, there was seemingly a lack of

extensive mountain glaciations from MIS-15 to MIS-11

(Prokopenko et al. 2002).

Considering the myriad of somewhat-mixed-signal

paleodata for the MIS-13 climate, GCM experiments

are needed to further our knowledge and understanding

of this interglacial.

In this work, the possible existence of a positiveArctic

Oscillation (AO)–like climate coupled to a positive In-

dian Ocean dipole (IOD)–like state is suggested in the

MIS-13 mean climate. The positive phase of the Arctic

Oscillation is characterized by the deepening of sea level

pressure over the North Pole and a heightening at the

midlatitudes (Thompson and Wallace 2000). This di-

rects the oceanic storm tracks farther north and typically

advects warmer and moister air zonally onto the conti-

nents. El Ni~no–Southern Oscillation (ENSO) involves

numerous changes to the atmospheric and oceanic state,

including anomalously warm waters in the equatorial

east Pacific (e.g., Trenberth and Paolino 1981). This

facilitates enhanced convective activity, which tends to

reverse the trade winds, and a reorganization of the

Hadley and Walker cells ensues (Trenberth et al. 1998).

The changes to the upper-level winds have the potential

to trigger Rossby waves, which transport the El Ni~no

signal to higher latitudes (Hoskins and Jin 1991). ENSO

can affect the SSTs of the Indian Ocean and lead to so-

called Indian Ocean dipole events. The positive IOD

phase consists of a region of negative SST anomaly to

the east of a positive anomaly in the tropical Indian

Ocean (Yamagata et al. 2003). AO, ENSO, and IOD

events have the potential to impact the monsoons of

India and East Asia.

Themonsoons arise from differential heating between

land and ocean.When the landmasses warmup in spring–

summer, the land–sea temperature gradient is increased,

which sets up an onshore low-level wind. A low pressure

center develops over land with an anticyclonic outflow

aloft. A high pressure center over the ocean drives the

surface winds toward the land. This onshore moisture

flux feeds the resulting strong monsoonal precipitation.

This circulation pattern is reversed in winter. The East

Asian summer monsoon (EASM) is not only affected by

El Ni~no–Southern Oscillation and the Indian Ocean

dipole, but a number of other factors including, for ex-

ample, the state of the intertropical convergence zone

(ITCZ), the sea surface temperatures of the west Pacific

warm pool, the Eurasian land surface properties, and the

North Pacific high pressure cell (Lau et al. 2000). Ex-

tratropical dynamics and tropical thermodynamics af-

fect the jet stream over Asia, which is a governing factor

for the placement of the monsoon front (Sampe and Xie

2010). A substantial contribution of the monsoon rain-

fall is supplied by the mei-yu, baiu, and changma fronts

(Chen 1983)—referred to as the rainy seasons over the

land regions of China, Japan, and Korea, respectively.

They can be viewed as one large-scale front, but they are

not necessarily active at the same time, as the monsoon

front progresses northward and then retreats on a time

scale of around May–September. The mei-yu system

provides precipitation to a large part of China. The front

emerges in late April and peaks in intensity in mid-June.

It develops from the collision of warm and moist air

masses of the Pacific subtropical high to the south and

the cooler and drier air of a migrating high pressure cell

to the north (Chen 1983). The baiu season in Japan

usually lasts from June to mid-July and tends to be less

intense than the mei-yu. The baiu front results from the

interaction of cold northerly airflow and warm moist

southerlies, advected northward by the western branch

of the North Pacific high. This creates unstable convec-

tive air masses over the Japanese archipelago (Sampe

and Xie 2010). The changma front supplies rainfall to

Korea, as it runs at a right angle to the peninsula, stretching

from the northwest Pacific to the west side of the Tibetan

Plateau (Oh et al. 2007).

The MIS-13 climate was first inspected with a climate

model in the work of Yin et al. (2008). The Loch–

Vecode–Ecbilt–Clio–Agism Model (LOVECLIM), an

earth system model of intermediate complexity (EMIC),

was used to evaluate the response to the astronomical

greenhouse gas (GHG) and ice sheet forcings ofMIS-13.

It was revealed that the strong insolation forcing led to

stronger NH monsoons. The inclusion of ice sheets in

the NH further enhanced the East Asian summer

monsoon, due to a ‘‘wave train’’ across Eurasia. Yin

et al. (2008) identified the need to confirm these findings

with a fully coupled GCM, owing to the relative sim-

plicity of the LOVECLIM three-level atmosphere, us-

ing prescribed cloud cover. It is also essential to check

themodel dependency of the results. TheAGCM results

of Muri et al. (2011) gave further insight into theMIS-13
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climate, though those AGCM simulations used pre-

scribed SSTs from the LOVECLIM experiments of Yin

et al. (2008). The experiments performed in this work

are independent of any previous MIS-13 modeling and

are also the first more complexAOGCMexperiments of

MIS-13. Herein we investigate if and how it is possible to

have stronger monsoons during MIS-13 under the in-

fluence of insolation and greenhouse gases and of ad-

ditional Northern Hemisphere ice sheets. Although the

MIS-13 ice sheet configuration is uncertain, the as-

sumptions of Yin et al. (2008) are followed, as the d18O

of benthic foraminifera from marine sediment cores in-

dicate a larger ice volume. Land ice was therefore

added to North America and west Eurasia in the model

for sensitivity studies.

This paper evaluates the impacts of insolation, green-

house gases, and ice sheets on the MIS-13 climate, in-

cluding the East Asian summer monsoon. The findings

of Yin et al. (2008) with regards to a strengthened

EASM for MIS-13 with further ice sheet reinforcement,

are corroborated by the results of this study. Further-

more, the GCM results are compared to geological re-

cords to the extent possible. Themodel and experiments

are described in section 2. The impacts of insolation

and GHG on the MIS-13 climate are investigated in

section 3a. Teleconnection patterns in a MIS-13 setting

are explored in sections 3b–3d. Section 4 evaluates the

impacts of additional North American and Eurasian ice

sheets on the MIS-13 climate, in particular on the East

Asian monsoon. It is followed by a summary and con-

clusions (section 5).

2. The HadCM3 model and experimental design

The Hadley Centre Coupled Model, version 3

(HadCM3), is a climate configuration of the Met Office

UnifiedModel. It is a fully coupledAOGCMand is widely

used, including in the Intergovernmental Panel onClimate

Change (IPCC) Third and Fourth Assessment Reports.

The atmosphere has 19 vertical levels and a time step of

30min. The longitude by latitude resolution is 3.758 3 2.58
(Pope et al. 2000). The atmosphere is based on the hy-

drostatic and primitive equations and uses hybrid co-

ordinates in the vertical. Essential physical processes

including clouds, radiation, convection, and precipitation

are parameterized. The surface albedo in the land surface

scheme [MetOffice SurfaceExchange Scheme, version 2.1

(MOSES 2.1); Cox et al. (1999)] is a function of snow

depth, vegetation type, and temperature of snow and ice.

The orography and gravity wave parameterization in-

cludes the effects of flow blocking, trapped lee waves, and

high drag states (Gregory et al. 1998).

The HadCM3 ocean has 20 vertical levels with a 1.258
latitude 3 1.258 longitude Arakawa B grid (Gordon

et al. 2000). It is based on the primitive equations, and

the time step is 1 h. A thermodynamic sea icemodel with

leads and snow cover is included in the ocean. The at-

mosphere and ocean are coupled once a day. The at-

mosphere uses fixed SST throughout the day and then

passes the accumulated fluxes of heat, moisture, and

momentum to the ocean model, which then carries for-

ward the integration.More details of themodel are found

in Pope et al. (2000) and Gordon et al. (2000).

The internal variability of the HadCM3 model is docu-

mented in Collins et al. (2001). The model has represen-

tative ENSO and Arctic Oscillation variability, broadly

similar to observations. TheArcticOscillation inHadCM3

is also assessed in Gillett et al. (2002). Spencer et al.

(2005) evaluated the IOD in HadCM3 and found the

representation to be realistic.

Three model experiments performed with HadCM3

are

1) the preindustrial (PI), year 1850, control run;

2) the MIS-13 no-ice with the astronomical parameters

and GHG values set to those of the 506-ka (Table 1)

modern land ice distribution;

3) the MIS-13 ice with 506-ka astronomical parameters

and GHGs as in experiment 2 and including addi-

tional ice sheets over North America and western

Eurasia [see Fig. 2 in Muri et al. (2011)].

The boundary conditions in the two MIS-13 runs were

changed according to Yin et al. (2008), whereupon the

astronomical configuration was set to those of 506 ka

(Berger 1978). This involves changing the obliquity (the

axial tilt) of Earth, the eccentricity of its orbit around the

sun, and the longitude of perihelion (Table 1). Today

perihelion occurs around the NH winter solstice. At

506 ka, on the other hand, the closest approach to the

sun was duringNH summer. These new parameter values

lead to changes in the incoming solar radiation at the top

of the atmosphere (insolation) in the model. Modern

TABLE 1. The astronomical parameters and GHG concentrations for the preindustrial (PI) and MIS-13 experiments.

Obliquity Eccentricity Perihelion (lon) CH4 (ppb) CO2 (ppm) N20 (ppb)

PI 23.4468 0.016 724 102.048 760 280 270

MIS-13 23.3778 0.034 046 274.058 510 240 280
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values were used in the control simulation for obliquity,

eccentricity, and longitude of perihelion. The differ-

ences in MIS-13 insolation compared to present are

shown in Fig. 1. Earth received more energy during

boreal summer and less during winter at 506 ka than

presently. The greenhouse gas concentrations were

altered (cf. Table 1), and the largest radiative forcing

from the GHG changes is from the CO2 reduction,

20.79Wm22. The volume of the ice sheet added to

North America is of 7.38 km3, that is, twice the size of

the west Eurasian one of 3.63 km3.

The last 100 years of the model runs were used in the

analysis. The model experiments had reached equilib-

rium in the surface climate after a long spinup of 700

years. Importantly, the surface climate is stable, with

no statistically significant trends on multicentury time

scales. The data were tested using linear regression and

a Student’s t test, with a p value of 0.05. There is a non-

significant trend in the ocean surface temperatures of

theMIS-13 experiments of20.006Kcentury21 and a slow

linear trend in the deep ocean of 20.06K century21 at

3347m. This is comparatively small considering the size

of the forcing changes in the model from the applied

boundary conditions and should not affect the conclu-

sions of this study.

3. The MIS-13 climate

a. Model climatology and comparison to geological
reconstructions

First, the Marine Isotopic Stage 13 no-ice experiment

is compared to the preindustrial experiment. The GHG

and insolation are changed in this MIS-13 experiment

(Table 1, Fig. 1). The June–August (JJA) air tempera-

ture at 1.5m reveals a strong warming of the continents

during MIS-13 of as much as 38–58C across the extra-

tropics (Fig. 2a). This continental heating is also seen in

the LOVECLIM (Yin et al. 2008) and the Action de

Recherche Petite Echelle Grande Echelle (ARPEGE)

models (Muri et al. 2011). The lack of substantialmountain

glaciation during MIS-13, suggested by Prokopenko

et al. (2002), could have been caused by this prominent

JJA warming of the Eurasian continent with a modeled

38–78C warming in the Baikal region. A cooling of 18–
38C is seen over India and tropical North Africa where

there is a strong increase in the monsoon precipitation.

Furthermore, there is a cooling of 38–58C across the

Southern Ocean due to the summer remnant effect of

insolation and a reduction in the CO2 concentrations of

40 ppm (Yin and Berger 2012). There is also a 28–38C
cooling over Antarctica. The Antarctic, indeed, experi-

ences cooler conditions throughout the year, endorsing

the suggestion of a cooler MIS-13 from the ice core re-

cords fromDomeC (Spahni et al. 2005). TheDecember–

February (DJF) temperatures reveal a MIS-13 cooling

everywhere, particularly at high latitudes where the

magnitudes are of 38–78C (Fig. 2b), as a response to

lower CO2 concentrations and Northern Hemisphere

winter occurring at aphelion.

TheMIS-13 no-ice global-mean JJA temperatures are

of the same magnitude as the PI, though the annual-

mean and winter temperatures are 18–28C colder. Thus,

a larger seasonality is seen in the model, as one might

expect from Fig. 1. A larger amplitude in the seasonal

cycle at MIS-13 has indeed been suggested by Holmes

et al. (2010). Ostracod and herptile data from the En-

glish Channel were used to investigate the temperatures

of MIS-13. The data show indications of local winter

temperatures being cooler than presently, while the

summer temperatures were similar to today. The MIS-13

no-ice simulation shows no significant changes in JJA

temperatures over Britain and the channel (Fig. 2a) and

18–28C cold anomaly during DJF (Fig. 2b), hence sub-

stantiating the findings of Holmes et al. (2010).

The JJA precipitation rate differences show a north-

ward shift in the ITCZ across the Atlantic (Fig. 2c).

The Central American monsoon is wetter, as well as the

North African, Indian, and East Asian monsoons. The

model results thus support the paleoindices from Kukla

et al. (1990), Rossignol-Strick et al. (1998), Guo et al.

(1998), and Yin and Guo (2006) of wetter conditions in

these monsoon areas. The sapropel data from a marine

core in the eastern Mediterranean show a substantial

peak in the monsoon index at 506 ka (Rossignol-Strick

et al. 1998). The origin of the sapropel is thought to be

FIG. 1. The differences in insolation (Wm22; incoming solar

radiation at the top of the atmosphere) between the MIS-13 and

control simulations.
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from the Nile flood plains across Ethiopia, resulting

from strong summer precipitation, indicative of a strong

African monsoon. The model shows a significant in-

crease in the JJA precipitation rates at MIS-13 across

tropical Africa, including Ethiopia, corroborating the

paleodata of Rossignol-Strick et al. (1998).

Guo et al. (1998) investigated the paleosoils in China

on the Loess Plateau around ;358N, 1108W and found

that MIS-13 likely was a period of great warmth and hu-

midity, with strong seasonal contrasts. The well-developed

soils from MIS-13 are thought to indicate a strong mon-

soon regime. The MIS-13 no-ice simulation supports the

loess records, showing intensified monsoon activity, with

stronger seasonality andwarm,wet summers (Fig. 2). The

JJA temperatures are modeled to be as much as 38–58C
warmer in that region. Furthermore, evidence of an

enhanced EASM has been found in the paleosoils in

southern China (Yin and Guo 2006), which is also found

in the model.

The summer monsoon is actually modeled to be stron-

ger and covering the whole of China with magnitudes of

0.5–5mmday21 in excess compared to the PI (Fig. 2c).

The MIS-13 EASM enhancement is not only in agree-

ment with the geological records, as described in the

above paragraph, but also with EMIC (Yin et al. 2008)

and AGCM results (Muri et al. 2011). The HadCM3

MIS-13 precipitation increase over central China is of

comparablemagnitude to the ones seen in LOVECLIM,

that is, of 1–3mmday21). The driver behind the mon-

soon strengthening is the increase in insolation due to

the astronomical configuration at the time. The insola-

tion increase is as much as 45–50Wm22 north of 108N in

June (Fig. 1). The intense JJA heating of the NH con-

tinents increases the land–sea thermal contrast, rein-

forcing the onshore flux of moisture. Themonsoon feeds

off this moisture source and is, hence, strengthened at

506 ka.

The SouthAmericanDJFmonsoon is enhanced in the

MIS-13 experiments, endorsing the paleo-observations

of wetter conditions from the Amazon basin (Harris and

Mix 1999). The terrigenous sediments from the Ceara

Rise off the Brazilian coast mainly originate from the

Amazon lowlands, having been transported by the

Amazon River. It is thought that the sediment data

FIG. 2. Differences between the HadCM3 MIS-13 no-ice and PI experiments: 1.5-m temperature (K) for (a) JJA and (b) DJF, and

precipitation rate (mmday21) for (c) JJA and (d) DJF. The areas outside of the black hatching indicate regions with a level of confidence

higher than 95%.
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reflect the north–south meandering of the intertropical

convergence zone, following the glacial–interglacial

stages. The high level of geothite found in the sediment

dated to MIS-13 is thought to represent high precip-

itation and soil carbon levels in the Amazon lowlands.

This precipitation is mainly delivered by the South

American monsoon. There is a DJF increase in precip-

itation of 0.5–3.0mmday21 over the Amazon lowlands

in theMIS-13 no-ice model, as seen in Fig. 2d, the model

hence lends support to the data of Harris and Mix

(1999).

With regards to sea ice, there is an increase in the

northward extent and amount in the Southern Ocean

throughout the whole year. During DJF the Arctic sea

ice rim extends farther south in the North Pacific, reaching

western parts as far as north as Japan (Fig. 3a). In the

NorthAtlantic, there is also an increase along thewestern

edge from Newfoundland to Iceland and also in the

Barents Sea. There is a decrease of sea ice concentration

in the Norwegian Sea—however, a characteristic also seen

in the LOVECLIM ocean (Yin et al. 2008; Sundaram

et al. 2012). This North Atlantic feature persists through

to the summer (Fig. 3b). An increase in salinity is also

seen in the regions of increased sea ice concentrations

(Fig. 3c). The salinity is reduced in the Mediterranean,

tropical/subtropical North Atlantic, and the northern

Indian Ocean; a freshening that is due to the increased

rainfall rates. The lower salinity of the northern Indian

Ocean is in agreement with the findings of Bassinot et al.

(1994). The model simulates 20.5 to 22.0-psu freshen-

ing of the water. The exact magnitude of change from

the d18O record in the marine sediment core from the

Maldives is not known, but the sign of change is con-

sistent between the data and model.

The JJA ocean surface streamfunction shows an

increase in the Gulf Stream of ;0.2 sverdrups (Sv [
106 m3 s21) along the East Coast of the United States

(Fig. 3d) during the MIS-13. There is also an increase in

the northward transport of the Kuroshio and an in-

tensification of the North Pacific gyre, possibly due to

the stronger overlying atmospheric anticyclone, associ-

ated with the Arctic Oscillation, as addressed in section

3b. With regards to the Southern Ocean, there is a year-

round streamfunction decrease of 1–2 Sv south of;608S
and an increase of 0.2–1 Sv north of this. This shift re-

sults from the northward extension of the MIS-13 sea

ice.

The DJF SSTs (Fig. 3e) show a cooling of most of the

ocean of 0.58–48C. There are, however, two regions of

positive anomalies in theNorthAtlantic at;508Nand in

the Greenland Sea. This could be due to the presence of

the AO-like ocean signal. The JJA SST exhibits a more

complicated picture (Fig. 3f): there is still the large-scale

cooling, as seen in DJF, except for the North Atlantic,

Mediterranean, western Indian Ocean, and the South

Pacific convergence zone. Furthermore, there is a posi-

tive anomaly along the equatorial far eastern Pacific.

These JJA SST features are associated with the Arctic

Oscillation and Indian Ocean dipole conditions, and

‘‘El Ni~no like’’ pattern, as discussed in subsequent

sections 3b–d.

Dinocyst assemblages from an ocean sediment core

at 588N, 48.28W indicate a 18C reduction in winter sea

surface temperature at 506 ka (de Vernal and Hillaire-

Marcel 2008). The DJF SSTs off the southern coast of

Greenland in the MIS-13 no-ice experiment are 18–28C
colder (Fig. 3e). The modeled regional DJF SSTs are

therefore consistent with this dataset, both in sign of

change and magnitude.

b. The Arctic Oscillation

The JJA geopotential height at 700mb is higher at

;358–408Nover the Pacific andAtlantic and lower north

of;608N (Fig. 4a). The pattern of a positive anomaly to

the south and negative at high latitudes is typical of the

positive phase of the Arctic Oscillation. This oscillation

is attributed to midlatitudinal internal atmospheric dy-

namics and impacts the mid to high latitudes. The AO

positive phase is due to a stronger polar vortex. The AO

is also linked to the strength and location of the extra-

tropical jet (Ambaum et al. 2001). Thompson and

Wallace (2000) showed that the AO can exist in all

seasons, but a linkage between the troposphere and

stratosphere is only present during DJF. The AO is

closely related to the North Atlantic Oscillation (NAO)

(Walker and Bliss 1932; Ambaum et al. 2001). It can be

viewed as a regional version of the AO, being confined

to theAtlantic and not the additional Pacific basin (Hurrel

1995; Wallace 2000).

In the MIS-13 no-ice experiment, the pressure is

lower over the pole and higher over the two ocean basins

(Fig. 4a), which resembles a positive AO (e.g., Wallace

2000; Hurrel 1995). This is related to the increase in

the ocean surface streamfunction mentioned above,

that is, a stronger wind-driven circulation of the western

boundary currents. The negative JJA air temperature

and SST anomaly seen in theNorthAtlantic centered on

608N (Fig. 3f) is due to the stronger north-northwesterly

winds coming off the Greenland Ice Sheet (Fig. 4b),

which also happens in the positive state of the Arctic

Oscillation. The JJA increase in the Labrador Sea ice

concentrations (Fig. 3b) is another representative fea-

ture of an AO positive phase. The drier conditions in

the Mediterranean region and wetter in northeastern

America are further typical characteristics of a positive

AO (Hurrell and van Loon 1997). There is an increase
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FIG. 3. Differences between the HadCM3MIS-13 no-ice and PI experiments: sea ice concentration (fraction) for (a) DJF and (b) JJA;

(c) the annual-mean salinity differences (psu), and (d) JJA ocean surface streamfunction (cm3 s21); (e) the DJF and (f) the JJA SST

differences (K). Regions outside of the black hatching indicate a level of confidence higher than 95%.
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in the correlation between the AO index and drying in

these areas in the MIS-13 no-ice climate compared to

the preindustrial (Figs. 5a,b).

c. El Ni~no–Southern Oscillation

El Ni~no–Southern Oscillation and the Indian Ocean

dipole (section 3d) are features of interannual variabil-

ity. Here we deal only with the average summer climate

calculated over the last 100 years of the simulation and

refer to its characteristics as El Ni~no like and positive or

negative ‘‘IOD like’’ (as done for positive or negative

AO in the previous section).

With regards to the mean state in the tropical Pacific,

the east–west temperature gradient in the sea surface

temperatures of the tropical Pacific decreases in sum-

mer; hence, we refer to it as an El Ni~no–like pattern in

the summer SSTs. This is while the winter and annual

tropical Pacific SST are more La Ni~na–like with a cold

anomaly core in the central Pacific. There is a 0.28–28C
warm anomaly in eastern parts, in the region 1208–808W
(Fig. 6a), and 18–28C cold anomaly along the equator in

the western Pacific and hence a reduction in the east–west

equatorial temperature gradient. This happens only during

NH summer, and the annual mean and winter SSTs in

the tropical Pacific are more La Ni~na like.

The tropical North Atlantic JJA SSTs are warmer in

the MIS-13 experiment (Fig. 3f). This could be related

to the warm anomaly in the far eastern Pacific. Curtis

and Hastenrath (1995), Enfield andMayer (1997), Klein

(1999), and Hastenrath (2000) have all shown evidence

of a link between the two regions. They could be coupled

through changes in the Hadley and Walker circulations

or the Pacific North American pattern (Wallace and

Gutzler 1981). These circulations can act as a ‘‘bridge’’

coupling the two ocean basins.

The vertical wind along equator shows the reorga-

nization of the Walker circulation in July (Fig. 6b). The

updrafts are increased over the positive SST anomalies

at;608–908E and;808–1108W. At the same time, there

is an increase in the descent over the colder SSTs of

the western Pacific at 1208E–1808. The two new action

centers (at;808E and;1008W) correspond to the main

convergence and convective activity with increased hu-

midity stretching vertically to 350mb (Fig. 6c). The July

surface winds in the tropical eastern Pacific are reversed

in theMIS-13 experiment (Fig. 6d), bringing more warm

moist air to Central America and feeding its summer

monsoon (Fig. 2c). These changes to the Walker circu-

lation facilitate communication from the equatorial

Pacific to the Atlantic and could hence explain the SST

changes seen in the equatorial Atlantic.

A change in SSTs of the tropical Pacific Ocean is

thought to have the largest effects on the tropical parts

of the EASM. However, for the unusually strong 1997/98

El Ni~no, a signal was found even in northern China;

while there was extensive flooding in tropical parts of

China, there was drought in the northern parts. The in-

crease in SST in the east Pacific, in combination with the

decrease in the west and a southward displacement of

the west Pacific high, results in a southward shift in the

FIG. 4. (a) The JJA geopotential height differences (m) at 700 hPa north of 208N between theMIS-13 no-ice and PI

experiments; (b) the JJA MIS-13 no-ice surface winds (m s21) in the North Atlantic. Regions outside of the gray

shading indicate level of confidence higher than 95%.

1 DECEMBER 2013 MUR I ET AL . 9703



monsoon front. This MIS-13 case, however, is more

complicated. The higher pressure over the North Pacific,

as for a positive AO, leads to a stronger onshore mois-

ture flux north of 208N in China. This result is an in-

crease in precipitation over the whole EASM region in

this model experiment.

Circulation anomalies in the Philippine Sea tend to

appear in conjunction with changes to the Pacific SSTs,

affecting precipitation rates in East Asia (e.g., Wang

et al. 2000; Watanabe and Jin 2002; Chou et al. 2009).

The Philippine Sea anticyclonic anomaly (Fig. 7b) con-

nects the climate of the tropical east Pacific and East

Asia. The circulation anomaly is associated with changes

in the Walker circulation, combined with the 18–28C
cooling of the west Pacific warm pool (Fig. 6a). The

resulting positive horizontal moisture convergence

contributes to the EASM enhancement in the south-

ern parts.

d. Indian Ocean dipole and the Indian monsoon

The JJA SST in the Indian Ocean show indications of

an Indian Ocean dipole positive phase; that is, there is

a cold anomaly in eastern parts and a warm anomaly to

the west of this (Fig. 6a). The positive SST anomaly lasts

from July to November. The IOD has been linked to

tropical Pacific SSTs (Ashok et al. 2001). The increase

in precipitation in the eastern Pacific (Fig. 2c) is an in-

dication of the shift in theWalker circulation. TheWalker

cell is descending over the western Pacific where the

precipitation is suppressed (Fig. 7a) and the SST low-

ered. The easterly winds across the Indian Ocean are

strengthened (Fig. 7d) and there is a buildup of warmer

waters to the west. This easterly wind strengthening

phenomenon in the model is also seen in observational

data from positive IOD events (Sundaram et al. 2010).

There is an increase in cross-equatorial flow in the

eastern Indian Ocean (Fig. 7d). Strong cross-equatorial

moisture transport has been known to facilitate strong

monsoon conditions in India (Krishnan 2009). The cor-

relation between precipitation rates and the IOD index

is shown in Figs. 5c and 5d for the MIS-13 no-ice and PI,

respectively. The correlation is higher in the MIS-13

simulation over India. Additionally, the intensified zonal

wind shear contributes to increasing the barotropic

FIG. 5. Correlation between the AO index and annual precipitation rates in (a) the MIS-13 no-ice and (b) the PI simulations and the

correlation between the IOD index and annual precipitation rates for (c) the MIS-13 no-ice and (d) the PI.
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instability potential, which again is favorable for con-

vective activity.

The two positive geopotential height anomalies in the

Indian Ocean (Fig. 7b), one north and one south of the

equator, tend to trigger and drive positive IOD-like

events through their combined transport of warm sur-

face waters to the western Indian Ocean.

The positive phase of the IOD has been known to

increase the precipitation in the western Indian Ocean,

NorthAfrica, and northern India, while causing awarming

of the air off the coast of Japan (Ashok et al. 2001; Saji

et al. 1999). Similar features are identified in the MIS-13

no-ice HadCM3 experiment. The JJA geopotential height

differences at 500mb show a heightening of 2m over the

FIG. 6. Differences between the MIS-13 no-ice and PI experiments: (a) JJA SST (K; enlarged regional version of

Fig. 2a), (b) the vertical profile in July along the equator of the vertical velocity differences (mPa s21), (c) the specific

humidity (kg kg21; colored contours) and zonal wind differences (m s21; black contours), and (d) the surface wind

differences. Areas outside of the black hatching indicate a level of confidence higher than 95%.
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cold IOD-like anomaly (Fig. 7b). There is also a positive

anomaly in the Bay of Bengal and Philippine Sea. The

negative anomalies correspond to the regions of in-

creased precipitation, that is, northern India, the west-

ern Indian Ocean, and North Africa.

The three teleconnection phenomena seen in this

MIS-13 no-ice experiment are likely linked. That is, the

El Ni~no–like SSTs in the Pacific could be correlated to

the positive IOD-like condition, which has been linked

to changes in the atmospheric conditions over the

FIG. 7. (a) The JJA precipitation rate differences between MIS-

13 no-ice and PI (mmday21; enlarged regional version of Fig. 2c),

(b) the JJA geopotential height differences (m) at 500 hPa, (c) the

JJA surface winds of MIS-13 no-ice, (d) the surface wind differ-

ences (m s21) between MIS-13 no-ice and PI, and (e) the monthly

evolution of the Indian Ocean SST differences.
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Pacific–North America region. The enhanced convec-

tion in the Indian Ocean and a reduction in the west

Pacific initiate changes in North America (Franzke et al.

2011), impacting the AO conditions. Also, the reorga-

nization of the Walker cell in the Pacific induces an

atmospheric bridge to the Atlantic, possibly affecting

the AO.

4. The ice sheet impacts on the MIS-13 climate,
in particular the East Asian summer monsoon

To evaluate the impacts of the added ice sheets over

North America and west Eurasia, the MIS-13 experi-

ment with these two ice sheets, including the MIS-13

GHG and insolation values, is compared to the MIS-13

experiment with GHG and astronomical forcing only

(exp 3 2 exp 2). The presence of ice sheets can reduce

the land–sea thermal contrast and thus weaken mon-

soon circulations (e.g., Keshavamurty and Sankar Rao

1992). Hence, first we evaluate the impacts on the East

Asian summer monsoon.

The JJA precipitation rate differences between the

MIS-13 ice and MIS-13 no-ice experiments (Fig. 8a)

reveal that the ice sheets indeed contribute to intensify

the EASM. This rather counterintuitive phenomenon

was first detected in LOVECLIM by Yin et al. (2008)

and later also in ARPEGE (Muri et al. 2011). There is a

0.3–1.5mmday21 increase in northeastern, central, and

southeastern China, stretching into the South China and

Philippine Sea, with an increase also seen in the Amur

region of Eurasia. It is dryer over Japan, however. This

suppression of the baiu precipitation is attributed to an

anticyclonic anomaly (Figs. 8c,e) centered over the

northern island of Japan, induced by the ice sheets. This

high pressure anomaly leads to a 0.3–1.5mmday21 drying

over Japan and Korea. On the other hand, it acts to in-

crease the mei-yu rainfall, as the high is setting up an

onshore flow onto the Chinese mainland from the North

Pacific (Fig. 8c). The low-level winds pass over the warm

SST of the west Pacific, picking up moisture, then into

eastern China feeding the precipitation in the MIS-13

ice run. The JJA omega differences (Pa s21; the vertical

wind velocity, negative values indicate ascent) show

how the regional precipitation decrease over Japan and

Korea correspond to areas of reduced omega, while the

updraft is increased over China (Fig. 7a).

The baiu precipitation is also suppressed by the ice

sheets in the LOVECLIM experiment (Yin et al. 2008)

and the magnitudes are comparable to the HadCM3; for

example, in the Japan Sea there is a 0.3–1.2mmday21

precipitation rate reduction.At the same time, themei-yu

front is enhanced in bothmodels with a 0.1–1.3mmday21

increase in LOVECLIM and 0.3–1.5mmday21 increase

in HadCM3. Though the spatial distribution differs

somewhat between the models, the mechanisms behind

the changes remain the same, proving the robustness of

the results found in Yin et al. (2008). Some of the dif-

ferences include a larger area of drying centered over

the Sea of Japan in LOVECLIM (Fig. 8b), while the

area of precipitation increase is larger in HadCM3. The

surface wind patterns (Figs. 8c,d) are also within relative

agreement between LOVECLIM and HadCM3, though

the magnitude of change is larger in HadCM3, possibly

explaining the higher precipitation increase by the

mei-yu front. Furthermore, the discrepancies result

from the differences in complexity, physical parame-

terization, and both horizontal and vertical resolution

between the two models.

The positive geopotential height anomaly over north

Japan, which is responsible for the precipitation increase

over China, is part of a wavelike pattern. This starts on

the west side of the west Eurasian ice sheet and ends

over the northwest Pacific; that is, it propagates across

Eurasia. There is an anomalous low centered over north-

eastern Europe, a high east of the Ural Mountains, a low

over east Siberia, and a blocking high over north Japan

(Fig. 8e). This wave pattern highly resembles the ice

sheet response seen in the results from the LOVECLIM

(Yin et al. 2008; Sundaram et al. 2012) and ARPEGE

models (Muri et al. 2011). Only the positive anomaly

over northern Japan is at a higher latitude and closer to

land in HadCM3 and LOVECLIM, while the negative

anomaly over east Siberia resides more northward in

HadCM3 than the two other models. This Rossby wave

has been demonstrated to be formed by the topography

of the Eurasian ice sheet, and whether the Eurasian ice

sheet can reinforce the EASM depends on the back-

ground insolation and its magnitude (Yin et al. 2009).

The mountain torque from the ice sheets triggers an-

gular momentum anomalies propagating in a westerly

fashion. There is an anticyclonic flow anomaly around

the ice sheets (Fig. 8c), and the increased northerly

winds east of the ice promotes the drying seen on the lee

side of the ice sheets (Fig. 8a).

The mean sea level pressure (MSLP) is heightened

across the Arctic by as much as 3–4 hPa over the pole

(Fig. 9b). It is lowered over the central NorthAtlantic by

1–1.5 hPa and south of the ice sheets. The North Pacific

high is stronger in the MIS-13 ice experiment, and the

cell is expanded compared to the preindustrial. These

synoptic-scale pressure changes, induced by the ice sheets,

result in an absence of the positive AO-like phenome-

non seen in the MIS-13 experiment without any added

ice. The heightening of the pressure at high latitudes, in

addition to the lowering of the surface pressure over

midlatitudinal North America, the North Atlantic, and
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FIG. 8. The JJA differences between theMIS-13 ice andMIS-13 no-ice experiments for (left) HadCM3 and (right) LOVECLIM: (a),(b)

precipitation rates (mmday21), (c),(d) surface winds, and (d),(e) the geopotential height (m) differences at 500 hPa. Areas outside the

black hatching indicate a level of confidence higher than 95%.

9708 JOURNAL OF CL IMATE VOLUME 26



western Eurasia (Fig. 9b), indicates that the positive AO

pattern is absent in the MIS-13 ice experiment. On the

other hand, the positive IOD and El Ni~no conditions are

still present in theMIS-13 ice experiment (Fig. 10e). The

ice sheet impacts are hence not strong enough to over-

come this signal in the MIS-13 climate.

The LOVECLIM SST differences between theMIS-13

ice and MIS-13 no-ice experiments show a warming of

the North Pacific and an overall cooling of the Southern

Ocean and the high-latitude North Atlantic (Muri et al.

2011). The HadCM3 displays a warming of the North

Atlantic and cooling in the high-latitude Pacific and the

Greenland/Barents Seas (Fig. 10d). The JJA SST warm-

ing signal in the midlatitude North Atlantic (Fig. 10d)

could be due to the increase in the northward transport

of warm waters by the Gulf Stream. This in combination

with the easterly wind anomaly at mid–high latitudes

could result in a pile up of warmer water here. The

streamfunction of the oceanic upper layer shows a fur-

ther increase in the Gulf Stream and Oyashio/Kuroshio

in the North Pacific (Fig. 10e). It is further reduced by

0.2–0.5 Sv in the Southern Ocean where there is more

sea ice (Fig. 10f).

The DJF sea ice concentration is higher in the north-

western rim of the Pacific and in the Barents and Green-

land Seas, while it is lowered by as much as 15% in the

Labrador Sea. JJA sees increased sea ice across the Arctic

Ocean, though a decrease to the northwest of the North

American ice sheet (Fig. 10f). As in LOVECLIM, the

HadCM3 MIS-13 ice experiment experiences increased

sea ice concentrations in the Southern Ocean through-

out the year. The salinity is higher in the Arctic Ocean

throughout the year, peaking in the vicinity of the ice

sheets with a 2–3-psu increase. There is also a positive

salinity anomaly in the midlatitudinal North Atlantic,

while the water in the Labrador Sea is fresher. In JJA

the waters are also fresher in the Barents Sea (Fig. 10b),

possibly due to increased river runoff.

The meridional JJA SST gradient between the South

and North Atlantic basins (Fig. 10c), of 18–28C at trop-

ical latitudes, results in increased convergence in the

tropical NorthAtlantic. The air diverges aloft and crosses

the equator before descending over the tropical South

Atlantic. This gradient occurs when both insolation and

ice sheet forcings are applied to the model. This way, the

influence of the ice sheet can be transported to the

Southern Hemisphere.

5. Summary and conclusions

We have examined aspects of the Marine Isotopic

Stage 13 climate using a fully coupled AOGCM, eval-

uating the climatic response to insolation, CO2, and ice

sheets. The LOVECLIM results of Yin et al. (2008),

including the insolation-driven strong NH monsoons

during MIS-13 and the ice sheet reinforced East Asian

summer monsoon, are confirmed by the results pre-

sented here. The astronomical forcing for the time

period leads to a substantial heating of the JJA conti-

nents, a deepening of the thermal lows, and an enhanced

land–sea thermal contrast driving the strong monsoon.

Furthermore, the inclusion of the NH ice sheets results

in the triggering of wave activity and the establishment

of an anticyclonic anomaly over Japan. This increases

the onshore winds over China, strengthening the mei-yu

frontal precipitation. Performing this set of experiments

FIG. 9. (a) The vertical wind (V; mPa s21) differences at 600 hPa between the MIS-13 ice and MIS-13 no-ice experiments (V positive

downward) and (b) the JJA MSLP (mb) differences.
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FIG. 10. The JJA (a) 1.5-m temperature differences betweenMIS-13 ice and no-ice and (b) JJA salinity differences (psu). The JJA SST

differences (K) (c) between the MIS-13 ice and PI experiments and (d) between the MIS-13 ice and MIS-13 no-ice. (e) The annual-mean

ocean surface streamfunction (cm3 s21) differences and (f) the JJA sea ice concentration differences (fraction). Nonhatched indicate

a level of confidence higher than 95%.
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with the AOGCM is a valuable validation of the

LOVECLIM model, as it confirms that LOVECLIM is

an expedient tool for broadscale climate investigations.

The HadCM3 presents a positive Arctic Oscillation

mode in the MIS-13 no-ice experiment. In addition to

this, the east–west gradient of the tropical Pacific SST

decreased during the NH summer, causing rearrange-

ment of the Walker circulation. A positive IOD-like

pattern is developed in conjunction, owing to the changes

in the Pacific trade winds.

The ENSO has the potential to affect the North At-

lantic climate through an atmospheric bridge that links

the Pacific to the Atlantic as a result of changes in the

Walker circulation. These teleconnections are impor-

tant modulators in present climate. It is also shown that

current GCMs are, in fact, capable of representing these

key features of the climate system.

The EMIC LOVECLIM has proven to be a resilient

tool for climate simulations.More sophisticatedAOGCMs

do, however, provide more detailed and refined in-

formation. The results presented here enabled validation

of a number of paleoobservations from the MIS-13, in-

cluding the cold Antarctic, amplification of the seasonal

temperature cycle, and the wetter and warmer monsoon

areas. The inclusion of NH ice sheets contributes to

amplifying the EASM precipitation. However, the

configuration of the ice sheets during MIS-13 is still un-

known and remains to be reconstructed from geological

data or simulated with climate–ice sheet coupled models.
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