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Abstract

The importance of evaluating models using paleoclimate simulations is becoming more
recognized in efforts to improve climate projection. To evaluate an integrated Earth Sys-
tem Model, MIROC-ESM, we performed simulations in time-slice experiments for the
mid-Holocene (6000 yr before present, 6 ka) and preindustrial (1850 AD) times under5

the protocol of the Coupled Model Intercomparison Project 5/Paleoclimate Modelling
Intercomparison Project 3. We first overview the simulated global climates by compar-
ing with simulations using a previous version of the MIROC model (MIROC3), which
is an atmosphere-ocean coupled general circulation model, and then comprehensively
discuss various aspects of climate change with 6 ka forcing. We also discuss the 6 ka10

African monsoon activity. The 6 ka precipitation change over northern Africa according
to MIROC-ESM does not differ dramatically from that obtained with MIROC3, which
means that newly developed components such as dynamic vegetation and improve-
ments in the atmospheric processes do not have significant impacts on representing
the 6 ka monsoon change suggested by proxy records. Although there is no drastic dif-15

ference in the African monsoon representation between the two models, there are small
but significant differences in the precipitation enhancement in MIROC-ESM, which can
be related to the representation of the sea surface temperature rather than the vegeta-
tion coupling, at least in MIROC-ESM.

1 Introduction20

In efforts to improve climate projection, the importance of evaluating climate models
by paleoclimate simulations is being increasingly recognized by the Intergovernmen-
tal Panel on Climate Change (IPCC). The Coupled Model Intercomparison Project
phase 5 (CMIP5) (Taylor et al., 2009) and Paleoclimate Modelling Intercomparison
Project phase 3 (PMIP3) are initiatives for the evaluation of models endorsed by the25
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World Climate Research Programme and the International Geosphere-Biosphere Pro-
gramme.

CMIP5/PMIP3 proposes several coordinated paleoclimate simulations to evaluate
the different model outputs against paleoproxy records (Braconnot et al., 2012). The
mid-Holocene (6000 yr before present; hereafter, 6 ka) has been used as a benchmark-5

ing period. The period 6 ka is characterized by enhanced seasonality in the Northern
Hemisphere and reduced seasonality in the Southern Hemisphere due to a difference
in solar insolation compared with the present day, associated with orbital variations of
the Earth (Berger, 1978). Many proxy records such as pollen (Prentice et al., 2000;
Harrison et al., 2001; Bigelow et al., 2003; Pickett et al., 2004; Wohlfahrt et al., 2008;10

Bartlein et al., 2011) and lake status data (Kohfeld and Harrison, 2000; Yu et al., 2000;
Harrison et al., 2003; Lezine et al., 2011) suggest humid and vegetated conditions over
the Sahara desert.

Paleoclimate Modelling Intercomparison Project phase 1 (PMIP1) compared simu-
lations using atmospheric general circulation models (AGCMs) and reported the en-15

hancement and northward shift of the summer African and Indian monsoons in 6 ka
(Joussaume et al., 1999). The modeled climate changes were consistent in sign with
paleoclimate proxy records, but failed to simulate an increase in precipitation sufficient
to maintain a fully vegetated Sahara.

Models with various levels of complexity have been used to investigate the effect20

of vegetation feedback to the African monsoon change in 6 ka. Using an intermedi-
ate complexity model, Ganopolski et al. (1998) found that vegetation played a role in
the increase in subtropical precipitation. There have been several attempts to simu-
late vegetation and/or ocean feedback using an asynchronous coupling scheme. Tex-
ier et al. (1997) simulated a 2.5-degree northward shift of vegetation in the Sahara.25

Claussen (1997) showed the possibility of a multiequilibrium vegetation state. Bracon-
not et al. (1999) coupled vegetation (diagnoses) and an oceanic general circulation
model (OGCM) asynchronously to an AGCM and concluded that both contribute to
enhance African precipitation. An alternative way to test the vegetation feedback to
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monsoon activity around 6 ka is to simulate the situation at that time using a boundary
condition derived from the vegetation type reconstructed from pollen proxy records
(Kutzbach et al., 1996b; Brostrom et al., 1998; Knorr and Schnitzler, 2006). Such
studies reported that paleovegetation provides a positive feedback to the monsoon,
but the precipitation enhancement was insufficient to maintain vegetation. Full cou-5

pling of the different climatic components was first implemented around the begin-
ning of the 21st century. A study employing atmosphere-vegetation coupling revealed
more grassland at the desert border (Doherty et al., 2000). Levis et al. (2004) carried
out atmosphere-ocean-vegetation coupled simulations and concluded that the albedo
change is important to increased precipitation. However, one model indicated negative10

vegetation-precipitation feedback (Notaro et al., 2008; Wang et al., 2008), although it
has been reported that the feedback is dependent on the vegetation type (Liu et al.,
2010).

In addition to the low-latitude changes, Kutzbach et al. (1996a) claimed that the
lowering albedo in the northern high latitudes, suggesting expansion of vegetation, fa-15

cilitates the northward expansion of vegetation. Although Otto et al. (2009) reported
that the contribution of vegetation to warming at northern high latitudes is small com-
pared with the contributions of the atmosphere and ocean, O’ishi and Abe-Ouchi (2011)
claimed that a dynamic vegetation model provided a larger positive feedback to 6 ka
climate temperature changes over Siberia.20

We now consider studies reporting the role of the ocean in the African and Asian
monsoons. Hewitt and Mitchell (1998) compared experimental results obtained us-
ing an atmosphere-ocean coupled general circulation model (AOGCM) and an AGCM
under 6 ka insolation forcing. The ocean coupling enhanced precipitation over Africa,
India, and the Indian Ocean. Braconnot et al. (2000) reported that the African and25

Asian monsoons were enhanced with ocean coupling. On the other hand, Voss and
Mikolajewicz (2001) reported that monsoon enhancement was suppressed with ocean
coupling in Asia. Their results were based on long-term integrations of AGCM simula-
tions periodically coupled with an OGCM. Using asynchronous coupling of an AGCM
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and OGCM, Liu et al. (1999) reported that the Asian monsoon was attenuated with
ocean coupling according to analyses of the monsoon response to 11 ka orbital forcing.
Liu et al. (2003) carried out AOGCM simulations for several Holocene time slices and
found that ocean coupling attenuated the Asian monsoon enhancement. Dallmeyer et
al. (2010) used an Earth system model (ESM) and investigated the effect of vegetation5

and ocean components on the total change to the Asian monsoon in 6 ka. They found
that the ocean played a major role in the monsoon change.

Zhao et al. (2005, 2007) and Zhao and Harrison (2011) made a multimodel intercom-
parison and reported that the sea surface temperature (SST) pattern played a role in
the enhancement of the African monsoon. Ohgaito and Abe-Ouchi (2007) reported that10

ocean thermodynamics played a major role in the further enhancement of the African
monsoon and attenuation of the Asian monsoon. The consistent results were reported
by Marzin and Braconnot (2009a, b). Ohgaito and Abe-Ouchi (2009) reported the im-
portance of the present-day SST reproduction to Asian monsoon changes in 6 ka.

Although the present work focuses on climate and monsoon changes in 6 ka, the15

mechanisms responsible for the present-day monsoon variability suggest how to inves-
tigate what happens to the monsoon area under the situation of climate change. We
briefly look at the types of influence that have been reported in studies on the strength
of the modern African monsoon. Many studies on the variability of present-day Sahel
precipitation suggest correlation with the ocean. Ocean forcing is the dominant driver20

of the decadal West African monsoon variability (Biasutti et al., 2008).
The influence of the SST variability on the African monsoon is intensively investi-

gated as part of the African Monsoon Multidisciplinary Analyses project. The SST in
each basin, such as the Mediterranean Sea, Indian Ocean, and Atlantic Ocean, af-
fects the interannual variability of the monsoon, whereas the global pattern affects25

the decadal variability of the monsoon (Rodriguez-Fonseca et al., 2011; Mohino et
al., 2011; Losada et al., 2010a, b). Fontaine et al. (2010) suggested that a warm
Mediterranean SST leads to a strong West African monsoon. On the other hand, Bader
and Latif (2003) suggested that a warm Indian Ocean SST correlates to less Sahel

3281

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/3277/2012/cpd-8-3277-2012-print.pdf
http://www.clim-past-discuss.net/8/3277/2012/cpd-8-3277-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 3277–3343, 2012

Climate and African
precipitation changes
in the mid-Holocene

R. Ohgaito 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
|

precipitation. Vizy and Cook (2001) stated that the SST over the Gulf of Guinea and
eastern North Atlantic affects the African monsoon.

There are many works on present-day soil moisture-monsoon feedback (Xue et al.,
2004; Douville et al., 2001, 2007; Bergengren et al., 2001; Philippon et al., 2005) sug-
gesting that the enhanced soil moisture favors a strong monsoon. There have been5

few studies on the present-day vegetation-monsoon feedback, but Zeng et al. (1999)
showed that vegetation amplifies monsoon activity. To understand the mechanisms re-
sponsible for monsoon changes under the situation of climate change, it is necessary
to consider the roles played by these factors.

Besides discussing precipitation variation and its causes, Wang et al. (2011) pro-10

posed the idea of the global monsoon (GM). Monsoon rainfall is an essential feature
of the seasonal contrast of the Earth’s hydrological cycle. The concept of the GM has
proven to be a useful tool in investigating the trend (Wang and Ding, 2006; Wang et
al., 2011) and interannual variability (Kim et al., 2011) of the hydrological cycle, and
to examine a numerical model’s fidelity (Wang et al., 2011). The GM concept will be15

applied to evaluate monsoon changes in 6 ka in Sect. 5.
For future climate projection and for climate-change studies, the importance of the

carbon cycle in the environment has been recognized in IPCC reports. The MIROC
team developed an ESM, namely MIROC-ESM (Watanabe et al., 2011). The newly
developed model should be tested against various conditions to instill confidence in20

climate projection using the model. Paleoclimate experiments provide a unique oppor-
tunity for such testing. To evaluate MIROC-ESM, we performed simulations of time
slice experiments for 6 ka (corresponding to mid-Holocene (exp3.4) in the CMIP5
database) and 0 ka (corresponding to piControl (exp3.1) in the CMIP5 database) under
the CMIP5/PMIP3 protocol as described by Sueyoshi et al. (submitted).25

In this study, we overview the climate changes simulated using MIROC-ESM un-
der 6 ka forcing. Furthermore, we focus on the African monsoon activities in 6 ka. We
present various analyses in which the MIROC-ESM results for African precipitation are
compared with results obtained with MIROC3, which is a previous MIROC AOGCM,
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and discuss possible factors affecting the representation of monsoon changes in 6 ka.
It is worth comparing the two similar models MIROC-ESM and MIROC3, for which we
know the difference in components, and discussing the consistency and differences
of the represented climate change to explore the source of the difference in climate-
change simulation.5

This work is organized as follows. We firstly explain the model and experimental
setup in Sect. 2. A 0 ka climate representation is then shown in Sect. 3. The global
changes in 6 ka are explained in Sect. 4 followed by analyses of monsoon changes in
6 ka in Sect. 5. Finally, we conclude the work in Sect. 6.

2 Models and experimental setup10

2.1 Model description

We use three models in this work, namely the ESM, MIROC-ESM, and
AOGCM MIROC3, and the AGCM part of MIROC3 for additional sensitivity experi-
ments. Because MIROC-ESM is based on MIROC3, we firstly explain MIROC3 briefly,
and then the differences in MIROC-ESM.15

MIROC3 is an AOGCM; the MIROC3.2 (medium resolution) (K-1 model developers,
2004) which was used in the IPCC Fourth Assessment Report (AR4). The AGCM part
has a horizontal resolution of spectral T42 and 20 vertical layers (the top of the at-
mosphere is at 10 hPa) and is coupled with the land module MATSIRO in which the
leaf-area index (LAI) is prescribed. The biogeochemical cycle is not included. The veg-20

etation types are prescribed to have modern distributions for the experiments in this
work. The OGCM module has a resolution of about horizontal 1◦ and 44 vertical layers.
The model has a simplified aerosol transportation component sSPRIANTARS.

MIROC-ESM was developed to better simulate future climate projection (Watanabe
et al., 2011). It has components of an AGCM with a horizontal atmospheric resolu-25

tion of T42 and 80 vertical layers including the stratosphere coupled with the land
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module MATSIRO, and an OGCM part that is identical to that for MIROC3. MIROC-
ESM has an aerosol transportation model SPRINTARS (Takemura et al., 2000, 2002,
2005), a terrestrial ecosystem component called the Spatially Explicit Individual-Based
Dynamic Global Vegetation Model (SEIB-DGVM) (Sato et al., 2007), an ocean ecosys-
tem component, and improved radiation code “mstrmX”, which eliminates the cold bias5

(Sekiguchi and Nakajima, 2009) in the previous version of MIROC (MIROC3). The
chemistry module CHASER is not activated in our experiments.

The newly incorporated component for MIROC-ESM, SEIB-DGVM, calculates vege-
tation dynamics such as photosynthesis, respiration, growth, and mortality. There are
17 vegetation types as listed in Table 2. The component predicts the LAI during the10

calculation. The above processes are computed using physical variables calculated by
MIROC-ESM. The LAI is then given for the calculations of biogeophysical processes
in MATSIRO: the processes for radiation transfer including surface albedo, intercep-
tion of precipitation, and energy transfer through latent and sensible heat. The carbon
cycle is fully calculated for the atmosphere, land, and ocean. The two models are com-15

pared in Table 1. The model structures were schematically presented by Sueyoshi et
al. (2012). Additionally, several sensitivity experiments are performed using the AGCM
part of MIROC3. Details are given in Sect. 2.2.

2.2 Experimental setup

We performed sets of simulations in time-slice experiments for 6 ka and 0 ka under the20

CMIP5/PMIP3 protocol. The major difference between 0 ka and 6 ka conditions was the
Earth’s orbit. Additionally, there was a small difference in the greenhouse-gas levels.
The other boundary conditions were the same. The orbital parameters for 6 ka were
set as eccentricity of 0.018682, obliquity of 24.105◦, and perihelion of 180.87◦ (Berger,
1978). As the greenhouse gases, CO2, N2O, and CH4 had 6 ka concentrations of 280,25

0.27, and 0.65 ppm, respectively. In the 0 ka experiment, the orbital parameters were
0.0672, 23.45◦, and 102.04◦ for the eccentricity, obliquity, and perihelion, respectively.
Because the experiments using MIROC3 were performed earlier than CMIP5, there is
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a little difference between greenhouse gases for 0 ka for MIROC-ESM and MIROC3.
CO2 and N2O levels are the same for the two models (285 ppm and 0.28 ppm) but
CH4 levels are 0.79 ppm and 0.86 ppm for MIROC-ESM and MIROC3, respectively.
The effect of this greenhouse gas difference is more than one order smaller than that
of the difference of the forcing of 0 ka and 6 ka (not shown).5

The change in solar insolation at the top of the atmosphere in 6 ka compared with
that in 0 ka is plotted in Fig. 1. In 6 ka, seasonality was enhanced in the Northern
Hemisphere and weakened in the Southern Hemisphere, especially at mid-latitudes.
There was more annual net solar radiation at high latitudes and less in the tropics,
compared with the case in 0 ka.10

The 0 ka simulation using MIROC-ESM was integrated for 629 years, and the clima-
tology of the last 100 yr was used for the analyses. The 6 ka simulation using MIROC-
ESM was initiated from the 250th year of the 0 ka simulation and integrated for 379 yr,
and the climatology for the last 100 years was used for the analyses. In MIROC3 sim-
ulation, the 0 ka experiment was integrated for 1050 yr and the climatology of the last15

100 yr was used for the analyses; this analysis is referred to as M30ka or 0 ka for
MIROC3. The 6 ka experiment was integrated for 650 yr, and the climatology of the
last 100 yr was used for the analyses; this analysis is referred to as M36ka or 6 ka for
MIROC3. These experiments are identical to those carried out by Ohgaito and Abe-
Ouchi (2007) and submitted to PMIP phase 2 (PMIP2). The experimental setup is20

schematically illustrated in Fig. 2, and the experiments are listed in Table 3.
We performed additional sensitivity experiments using the AGCM part of MIROC3 to

deepen the understanding of the precipitation changes over the Sahara Desert in 6 ka.
The reason for basing the tests on MIROC3 is that MIROC-ESM has a cost one order
of magnitude higher than that of MIROC3. The sensitivity experiments are listed in25

Table 4. M3Amiroc3 is the experiment sets (0 ka and 6 ka) of the MIROC3 AGCM with
prescribed SSTs, which are the climatologies of the MIROC3 experiments for 0 ka and
6 ka. M3Aesm is the same as M3Amiroc3 but with SSTs simulated in MIROC-ESM.
M3Aesmofs is an additional 6 ka experiment associated with M3Aesm. The SST in the
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6 ka experiment of M3Aesmofs is the climatological SST simulated using MIROC-ESM
but the global level is offset by +0.4 ◦C to check if global cooling might have affected
precipitation enhancement over the Sahara.

M3Alai is another test for the vegetation feedback. The climatological LAI obtained
in 0 ka and 6 ka simulations using MIROC-ESM were used in MIROC3 AGCM exper-5

iments as boundary conditions instead of the observation-based LAI, which is pre-
scribed in M3Amiroc3. The SSTs are the same as for M3Amiroc3. All the sensitivity
experiments were integrated for more than 20 yr, and climatologies for more than 15 yr
were used in the analyses.

3 0 ka climate representations10

3.1 Atmospheric variables

The simulated 0 ka basic climatic variables were compared with observation-based re-
analysis data (not shown). The temperature distribution is in good agreement with the
European Centre for Medium-Range Weather Forecasts reanalysis (ERA-40) data both
for MIROC-ESM and MIROC3. Slight cooling in the 0 ka simulations arises from differ-15

ences in the greenhouse-gas levels for the preindustrial era and those in the 20th cen-
tury. The precipitation distributions suggest that the South Pacific Convergence Zone
obtained with the two models is somewhat weaker than that described by the reanaly-
sis data, but the Inter Tropical Convergence Zone (ITCZ) of the models is reasonably
reproduced. Overestimation of the precipitation amount over the Northern African and20

Asian monsoon areas using MIROC3 is improved using MIROC-ESM. Watanabe et
al. (2011) performed a 20th century transient experiment using MIROC-ESM, and ob-
tained reasonable decadal global averaged temperature rises and falls when compared
with observational data.
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3.2 Oceanic variables

Net SST biases relative to the World Ocean Atlas 1998 (World Ocean Atlas, 1998)
are plotted in Fig. 3. Although the bias is more significant over the Pacific Ocean for
MIROC-ESM, with cooler tropics and warm high latitudes, both the models reasonably
simulate the global SSTs. Note that generally negative biases are expected because5

of a difference between the time of the experimental 0 ka (1850 AD) and that of the
observations in the 20th century.

The sea-surface salinity was also compared with data from the World Ocean Atlas
1998 (data not shown). The models well reproduce the global distribution, such as the
saline area over mid-latitudes, salinity contrast between the Atlantic Ocean and Pacific10

Ocean, and fresh water over the Arctic Sea and the Warm Pool.

3.3 Distribution of carbon in MIROC-ESM

It is possible to calculate the carbon amounts in the atmosphere, ocean, soil, and veg-
etation in MIROC-ESM. The amounts in 0 ka were 6.1×102 GtC (gigatonne of carbon)
in the atmosphere, 3.6×104 GtC in the ocean, 2.5×103 GtC in soil, 4.7×102 GtC in15

vegetation, and 3.1×10 GtC in land used by humans. Each amount appears reason-
able when compared with values presented in Chapter 7 of IPCC AR4 (Sarmiento and
Gruber, 2006), specifically 38 000 GtC in the ocean, 600 GtC in the atmosphere, and
2300 GtC in the soil, vegetation, and detritus. The carbon amounts were calculated but
the CO2 level used for the atmospheric calculations was not modified in the simulations20

following the PMIP3/CMIP5 protocol.
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4 Global changes in 6 ka

4.1 Atmospheric changes in 6 ka

The 6–0 ka temperature changes are compared in Fig. 4 for June–September (JJAS)
and December–February (DJF). We analyze JJAS and not June–August to capture the
prolonged boreal summer under the 6 ka forcing, as many previous works on 6 ka have5

done. Both MIROC-ESM and MIROC3 show warming over most of the boreal conti-
nents following 6 ka insolation change in JJAS. The less warming over North America
in MIROC-ESM is more consistent with what the archive of proxy records suggests
(Bartlein et al., 2011). The two models show slight cooling over the tropical ocean
and the African and Asian monsoon regions, which would be caused by strengthened10

monsoon activities. The Southern Ocean in JJAS is cooled more in MIROC-ESM. If the
temperature responded simply to the radiation change in 6 ka, it would fall. In DJF, most
of the continents became cooler following the insolation change in 6 ka. MIROC-ESM
indicates greater cooling than MIROC3. Hovmoller diagrams in Fig. 5 depict cooling
during the boreal winter and warming in the boreal summer for both models. Both mod-15

els simulate slightly lower net temperature changes for 6 ka but MIROC-ESM (−0.65 ◦C)
simulated a larger temperature drop than did MIROC3 (−0.26 ◦C). This must be due to
differences in AGCM components (e.g. cloud, aerosols and so on) and/or vegetation
between the two models. However, the difference is too small to judge which model
presents the more appropriate change by the proxy recoreds.20

Changes in the meridional heat transport in 6 ka are shown in Fig. 6. Both models
simulate generally similar changes. The ocean transports more heat northward over
the tropics. The net poleward heat transport in both hemispheres is reduced mainly by
changes in atmospheric heat transport, which is consistent with the reduced meridional
radiation gradient.25

The global atmospheric circulation is also affected. Figure 7 illustrates the 6–0 ka
velocity potential changes as deviations from the zonal mean, which suggest a change
in Walker circulation. MIROC-ESM and MIROC3 show generally consistent changes
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to Walker circulation. The JJAS divergences from India to Southeast Asia are greater
and shifted westward in 6 ka. The changes are most pronounced over northern Africa.
Peak latitudes of precipitation for 6 ka and 0 ka are also plotted. The area of pro-
nounced northward shift of the peak latitudes in JJAS in 6 ka corresponds to the central
area of the velocity potential changes. These circulation changes are consistent with5

the African and Asian monsoon enhancements. The convergences also strengthened
and shifted westward over the Pacific Ocean. The 6 ka changes in DJF also suggest
strengthening of the circulations but the strengthened divergence changes are mainly
over the Indian Ocean.

The global distributions of the precipitation changes in 6 ka are plotted in Fig. 8 for10

JJAS and DJF. We see a general resemblance of the precipitation changes in 6 ka ob-
tained by MIROC-ESM and MIROC3. In JJAS, an enhanced-precipitation belt from the
equator to the Sahel regions over the African continent is seen for the two models. The
details are discussed in Sect. 5. Additionally, there is common enhanced precipitation
over northern India accompanied with weakened precipitation over southern India. The15

ITCZ shifts northward over the Atlantic Ocean, whereas it does not change position and
weakens over the Pacific Ocean (Figs. 7 and 8). In DJF, there is enhanced precipita-
tion over the Indian Ocean and reduced precipitation over the continents and over the
western tropical Pacific, suggesting weakened monsoon activity for both models. The
ITCZ shifts southward over the Atlantic Ocean (Fig. 7).20

Associated with precipitation changes in 6 ka, soil moisture changes are shown in
Fig. 9. The two models reveal enhanced soil moisture over northern Africa, covering
the Sahara Desert, and northern India, and reduced soil moisture over most of Eurasia
and North America. The 6 ka changes over Africa, India, and North America are con-
sistent with proxy records of lake status (Kohfeld and Harrison, 2000; Yu et al., 2001;25

Harrison et al., 2003). In particular, over Africa, not only moistening over the Sahara
but also moistening over the tropical coastal area of Eastern African is reproduced by
the models.
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4.2 Oceanic changes in 6 ka

SST changes obtained using the two models for JJAS and DJF in 6 ka are shown in
Fig. 10. Tropical cooling almost throughout the year and warming at northern high lat-
itudes in JJAS are consistent for the two models. MIROC-ESM shows slightly cooler
SST changes. MIROC-ESM simulates cooling whereas MIROC3 simulates warming in5

the northern Atlantic Ocean. The JJAS cooling is unexpected from the 6 ka radiation
change at northern mid/high latitudes. Figure 11 presents the seasonal evolution of the
SST change in 6 ka over the northern Atlantic Ocean and the radiation changes. The
SSTs suggest reasonable seasonal evolution following the radiation change but there
is an offset of about −0.5 ◦C for MIROC-ESM compared with MIROC3. As a result, the10

JJAS change becomes negative. The cooler change compared with the change ob-
tained with MIROC3 is due to differences in the surface radiation budget. The longwave
radiation changes in 6 ka are about 3 W m−2 less than those obtained with MIROC3
throughout the year. Additionally, the change in shortwave radiation suggests weaker
enhancement during the boreal summer associated with the enhancement of low-level15

cloud cover over this area. These differences in the 6 ka and 0 ka surface radiation
changes lead to lower SST during the winter and a hardly positive SST change during
the following summer.

In DJF, as in JJAS, the results obtained with MIROC-ESM are generally slightly
cooler than those obtained with MIROC3. The degree of cooling is higher for MIROC-20

ESM, especially over northern high latitudes. The pattern of cooling is similar for
MIROC-ESM and MIROC3. The Southern Ocean is warmed according to MIROC3
whereas it is cooled according to MIROC-ESM as in the temperature change. Al-
though there are differences between the two models in the ocean responses, the SST
changes in 6 ka are almost within ±1 ◦C. We are unable to state which model is better25

than the other by the proxy records. What we can say is that the difference between the
models is due to differences in the atmosphere and land modules because the OGCM
parts of the two models are identical.
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Figure 12 depicts the oceanic surface stream function and changes in 6 ka for the
Pacific and Atlantic basins in the Northern Hemisphere. The changes in the strength of
the Kuroshio in 6 ka are less than 1 Sv for both models. On the other hand, the Atlantic
changes have different amplitudes for the two models, though the patterns of change
are common. MIROC3 simulates a strengthening of more than 5 Sv for the Gulf Stream5

in 6 ka, whereas MIROC-ESM simulates a change of 1 Sv. This heat transport change
may also support the difference in the changes in the North Atlantic temperature be-
tween the two models. The difference in subtropical gyre responses between the two
models can be attributed to the surface wind stress differences because the oceanic
parts of the two models are identical. The net enhancement of the surface wind stress10

is about 0.01 N m−2 along the direction of the Gulf Stream for MIROC3 over the area
of the strengthened Gulf Stream, whereas MIROC-ESM simulates no large change in
the surface stress in 6 ka. The surface wind stress change in 6 ka would be partly due
to the difference in the warming level over the North American continent, which must
be a result of the differences in the atmosphere and land processes between the two15

models.
The sea ice expansions and convection sites in the Northern Hemisphere in 0 ka are

reasonably reproduced by the two models (data not shown). However, in the Southern
Hemisphere, the sea ice extents obtained with the two models are smaller than the
boundary condition of Atmospheric Model Intercomparison Project II (Hurrell et al.,20

2008), which results from the warm SST bias indicated in Fig. 3.
The sea ice extents do not change drastically in 0 ka and 6 ka according to the two

models probably because of the weak radiation forcing. However, associated with the
Southern Ocean cooling in MIROC-ESM, there is a greater extent of sea ice around
Antarctica in 6 ka. In the Northern Hemisphere, associated with the northern warming25

in the boreal summer, the summer sea ice extents in 6 ka are reduced according to the
two models. Changes in winter in 6 ka are small (data not shown).

Annual changes in sea surface salinity in 6 ka are generally less than 1 PSU (data
not shown) and the patterns of the changes are consistent between the two models.
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Freshening over the Indian Ocean and more saline changes around the Warm Pool
are commonly seen. These changes are due to changes in net precipitation minus
evaporation and oceanic circulation changes (Fig. 12).

Concerning thermohaline circulation, neither model indicated a large change in the
Atlantic Meridional Overturning Circulation in 6 ka. The peak values are 17.0 Sv for5

0 ka and 17.7 Sv for 6 ka in MIROC-ESM, and 19.2 Sv and 20.5 Sv for 0 ka and 6 ka in
MIROC3. Therefore, the thermohaline circulation would have little effect on 6 ka climate
change.

4.3 Vegetation responses in MIROC-ESM

In MIROC-ESM, coupling between MATSIRO and SEIB-DGVM is relatively loose ow-10

ing to the structural discrepancies between the two modules, and some ecological
changes predicted in the terrestrial ecosystem module are not reflected in MATSIRO
(e.g. changes in plant functional type composition and its spatial pattern modify the
terrestrial biogeochemical processes but do not affect physical land processes except
for those associated with the LAI). However, it is worth checking such internally pre-15

dicted ecological information in SEIB-DGVM, because it demonstrates the potential of
MIROC-ESM to reproduce vegetation feedback to the climate inputs from the AGCM
part of MIROC-ESM. Figure 13 plots the most frequent vegetation types in 0 ka and
6 ka MIROC-ESM simulations. The grids where the vegetation types flip-flop (i.e. there
is no dominant vegetation type – >50 %) are white. Over the Sahel region, the grass-20

lands shift about 1 grid northward and the tropical rainforest expands northward in 6 ka.
Although the most frequent vegetation types do not shift by more than one grid, per-
manent desert reduces significantly (Fig. 14). Such sporadic vegetation coverage over
much of the Sahara may leave pollen proxy records.

The boundary of tundra grassland over Siberia shifts about 1 grid northward which25

is associated with the warming. This is consistent with what has reported by Bigelow
et al. (2003) and O’ishi and Abe-Ouchi (2011). The forest types at mid-latitudes to high
latitudes in Eurasia also generally shift northward.
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4.4 Carbon redistribution simulated with MIROC-ESM

Carbon amounts are 2.4×103 GtC for soil, 5.3×102 GtC for vegetation, 3.6×104 GtC
for the ocean, and 5.6×102 GtC for the atmosphere in the 6 ka MIROC-ESM simula-
tion. Compared with 0 ka, there is a redistribution of carbon in the system. There is
no significant change in the carbon amount in the ocean. The atmospheric carbon is5

9 % less, the carbon stored in vegetation is 12 % greater, and the carbon stored in soil
is about 4 % less in 6 ka. This redistribution could be due to the active vegetation in
6 ka. Note that the CO2 concentration in the atmosphere is prescribed in both 0 ka/6 ka
simulations and there is therefore no feedback of the change in the carbon cycle to the
simulated physical field.10

5 Summer monsoon changes in 6 ka

5.1 Overview of global summer monsoon changes in 6 ka

Associated with the ITCZ changes in 6 ka explained in Sect. 4.2., the Asian and north-
ern African monsoon activities in the Northern Hemisphere summer are enhanced
in 6 ka in both MIROC models (Fig. 8). Sea-level pressure changes (Fig. 15) in 6 ka15

suggest lower air pressure over the continents in JJAS, which is consistent with the
enhancement of the summer monsoon. The two models reveal generally consistent
changes in 6 ka.

Figure 16 presents the GM domain and global monsoon precipitation index (GMPI, a
ratio of local summer rainfall to annual total, Wang et al., 2011). Both the MIROC-ESM20

and MIROC3 simulations for the 0 ka climate generally capture reasonably well the
various monsoon systems around the globe (Fig. 16a and d). However, the GMPI over
the Western Sahara obtained with MIROC3 seems too high when compared with the
observed GMPI (Kim et al., 2011). The regional monsoons bear close resemblance
to the pluvial maxima derived from the 6 ka simulations (Fig. 16b and e). However,25
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it is evident that the northern limit of the northern African monsoon extends farther
northward in association with the enhanced GMPI (Fig. 16c and f). Indeed, the areal
extent of the GM domain generally varies in tandem with the change in the rainfall
seasonality; the expansion (retreat) tends to coincide with the amplified (reduced) local
summer rainfall.5

The GMPI in northern African regions including the Sahara and the Arabian Penin-
sula, and the northern edge of the monsoon domain is higher in 6 ka. MIROC-ESM
shows that the enhancement of the GMPI widely covers the Sahara whereas MIROC3
shows that the enhancement is limited to the eastern Sahara region. This could be
related to the difference in the GMPI representations for 0 ka.10

Although GM domains hardly change in 6 ka, the austral summer monsoons are
generally weaker. Additionally, both models reveal a decrease in precipitation over the
Southern Hemisphere continents in DJF in 6 ka (Fig. 8b and d). This is consistent with
the 6 ka orbital forcing (Fig. 1) and also the results of a previous work (Liu et al., 2004).

No large 6 ka changes are observed in the North American monsoons according to15

the two models. Major changes are seen for the northern African and Asian monsoons.
In the following subsections, we focus on the northern African and Asian monsoons,
and we refer to the former as the African monsoon.

5.2 Asian and African monsoons

The low-tropospheric wind and precipitation changes in JJAS for the African and Asian20

monsoons in 6 ka are depicted in Fig. 17. The two models simulate a northward shift
of precipitation over Africa and Asia. The circulation changes also indicate enhanced
monsoon circulation in 6 ka. MIROC-ESM indicates slightly greater precipitation over
the Sahara than MIROC3, which is also illustrated in Fig. 16c and f. The convective
activities shift northward in the Sahel and Sahara regions according to the two models25

(Fig. 18). In Fig. 18, the strength of convection changes at a height of 500 hPa in 6 ka
are plotted for the two models, and the results suggest enhancement and northward
expansion of the convective activities. The difference between the two models is small
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but most pronounced in early summer. Seasonal evolution of the precipitation changes
compared with 0 ka for the African area (20◦ W–30◦ E, 8–24◦ N) and Asian area (70–
140◦ E, 22–40◦ N) are compared in Fig. 19 for MIROC-ESM and MIROC3. The 6 ka
precipitation changes for MIROC-ESM and MIROC3 suggest similar seasonal evolu-
tion but the onset of the African monsoon obtained with MIROC-ESM seems a little5

earlier than that obtained with MIROC3, and the peak enhancement in the Asian region
is higher for MIROC-ESM than for MIROC3. To investigate in more detail, we plot the
Hovmoller diagrams of the 6 ka precipitation changes for the African and Asian areas
(Fig. 20). The 0 ka precipitation is plotted with black contours. The two models simulate
similar seasonal precipitation evolutions. For the African area, there is a northward shift10

of summer precipitation, with reduced precipitation in winter to spring. In MIROC-ESM,
the precipitation covers the Sahara during early summer in 6 ka. The level of enhance-
ment is insufficient to maintain vegetation over the Sahara; however, the enhancement
is significant. This is discussed further in the following subsections. For the Asian area,
both models simulate a northward shift of precipitation in summer, accompanied with a15

reduction in precipitation to the south. Figure 21 shows the 6 ka low-tropospheric zonal
wind changes over the African and South Asian regions as determined by the two
models. Both models indicate an enhancement and northward shift of the westerly in
JJAS around 10◦ N over Africa and 20◦ N over South Asia. The difference between the
two models is the weakening of the easterly in early summer over the Sahara region20

in the case of MIROC-ESM, whereas MIROC3 shows no large change in wind. This
difference in early summer may lead to more moisture convergence over the Sahara
according to MIROC-ESM and further enhancement of precipitation over the area.

5.3 Precipitation enhancement over the Sahara

5.3.1 Precipitation changes in 6 ka25

The precipitation differences over the Sahara between MIROC-ESM and MIROC3 are
further investigated. Figure 22 compares the 6 ka precipitation change from May to
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June (MJ) and from July to September (JAS) over northern Africa for the two mod-
els. The hatched area suggests that the difference between 0 ka and 6 ka precipitation
is not significant at the 95 % confidence level in a t-test. The difference between the
two models is most pronounced in early summer over the Sahara. MIROC-ESM sim-
ulates enhancement of precipitation over the Sahara whereas MIROC3 simulates no5

enhancement in MJ, while in JAS, the two models simulate a similar precipitation shift
northward.

5.3.2 Ocean feedback

It is known that SST variability greatly affects the African monsoon (Rodriguez-Fonseca
et al., 2011; Mohino et al., 2011; Losada et al., 2010a, b; Fontaine et al., 2010; Bader10

and Latif, 2003; Vizy and Cook, 2001). Therefore, the ocean SST in 6 ka is a can-
didate source of precipitation change. This is investigated using the MIROC3 AGCM.
We performed two sets of 0 ka and 6 ka experiments. One set used climatological SSTs
simulated by MIROC-ESM (M3Aesm) as the oceanic boundary condition, and the other
used climatological SSTs simulated by MIROC3 (M3Amiroc3) as listed in Table 4. The15

reason for using the AGCM of MIROC3 is mainly its speed of integration and the asso-
ciated low computational cost compared with the case for MIROC-ESM. This test does
not directly give the reason for the 6 ka precipitation change simulated in MIROC-ESM
but may imply the effect of the SST change on precipitation changes.

Note that the atmosphere-ocean interaction is ignored in these sensitivity experi-20

ments. The aim here is to check if a difference in the climatological SST changes in
6 ka can influence the precipitation enhancement over the Sahara. To check if the ex-
perimental setting of the sensitivity experiments can reproduce the monsoon changes
in 6 ka in the original coupled experiments, the seasonal evolutions of the precipita-
tion changes for the original fully coupled MIROC3 simulations and M3Amiroc3 are25

compared for the African and Asian areas (data not shown). The seasonal evolu-
tion suggests that the 6 ka precipitation changes of MIROC3 can be reproduced us-
ing M3Amiroc3 for the African area; however, there is a significant difference between
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MIROC3 and M3Amiroc3 for the Asian area, implying that short-term SST variability
and/or ocean-atmosphere interaction play a role for the Asian area. Therefore, we look
at only the African area in the sensitivity experiments.

The Hovmoller diagrams in Fig. 23 show weak precipitation enhancement over the
Sahara in MJ in M3Aesm similar to that in MIROC-ESM whereas this enhancement is5

not seen in M3Amiroc3. The precipitation changes in MJ for the African area are plotted
in Fig. 24 for the coupled experiments and sensitivity experiments. The AGCM sensi-
tivity experiments show a difference in precipitation enhancement over the Sahara due
to the different climatological SSTs. M3Aesm simulates enhanced precipitation over
the Sahara in 6 ka whereas M3Amiroc3 simulates reduced precipitation. Significant dif-10

ferences between MIROC-ESM and MIROC3 and between M3Aesm and M3Amiroc3
are suggested by the nonhatched area in Fig. 24a and c. The 6 ka-to-0 ka precipitation
change ratios over the Sahara desert region (20◦ W–30◦ E, 15–35◦ N) are +42 % for
MIROC-ESM, +2 % for MIROC3, +23 % for M3Aesm, and −8 % for M3Amiroc3. This
implies that differences in the SST realization between MIROC3 and MIROC-ESM can15

lead to precipitation differences over the Sahara.
GMPIs were also checked in the sensitivity experiments (data not shown). The GMPI

over the Sahara region in 0 ka is higher for M3Amiroc3 than for M3Aesm, and M3Aesm
gives a greater change in the GMPI in 6 ka than M3Amiroc3. This resembles the GMPI
over the Sahara region according to MIROC-ESM and MIROC3 (Fig. 16). The slight20

difference in the SST pattern in 0 ka between MIROC-ESM and MIROC3 may also
affect the precipitation amount in 0 ka, and it could affect the precipitation enhancement
in 6 ka.

On the other hand, the global SST cooling in the 6 ka simulation using MIROC-
ESM may lead to such precipitation change. To check how SST cooling affects pre-25

cipitation change over the Sahara, we compared results obtained with M3Aesm and
M3Aesmofs. The enhancement is significantly reduced over the Sahara in MJ when
using M3Aesmofs as shown in Fig. 23. Therefore, the slightly cooled SSTs for 6 ka in
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MIROC-ESM may also play a role in the precipitation enhancement in the early summer
over the Sahara.

5.3.3 Ocean variability and the influence on the African monsoon

The sensitivity experiments in the previous subsection treat the effect of the difference
in climatological SSTs between models. In this subsection, we look into the correlation5

between the ocean variability and the African monsoon. The largest climatic variability
in the atmosphere-ocean system is the El nino/Southern Oscillation (ENSO). Figure 25
illustrates nino3 indexes. The amplitudes of the 0 ka simulations using MIROC-ESM
and MIROC3 are smaller than what was observed (standard deviation of 0.92 for ERA-
40; Roxy et al., 2011). Therefore, although we cannot make a quantitative statement,10

we might be able to comment qualitatively. In 6 ka, the amplitudes of the nino3 indexes
were reduced both for MIROC3 (standard deviation of 0.48 for 0 ka and 0.37 for 6 ka)
and MIROC-ESM (0.39 for 0 ka and 0.38 for 6 ka). Weakening is consistent with pre-
vious modeling studies (Liu et al., 2000; Brown et al., 2008) and with what the proxy
records suggest (Rodbell et al., 1999). Figures 26 (JJAS) and 27 (DJF) present the15

correlation between ENSO and precipitation in JJAS. These figures reveal that there
seems to be no large changes in the correlation patterns for 0 ka and 6 ka. The cor-
relation coefficients over the Sahara area are small in both models for JJAS and DJF.
The correlation between North African precipitation and ENSO does not change sig-
nificantly in 6 ka (Figs. 26 and 27) for both of the models. Therefore, it is not likely that20

the modulation of the correlation with ENSO in 6 ka affects the monsoon change signif-
icantly. However, it is still possible that the proper 0 ka ENSO representation may affect
ENSO-precipitation correlations.

On the other hand, Fig. 28 plots the correlation between the year-to-year monthly
values of precipitation over the northern African area and the global SST variability for25

0 ka and 6 ka obtained with the two models. The correlations between the precipitation
over latitudes 0–10◦ N and the SSTs in 0 ka and 6 ka are illustrated in Fig. 28c and f
respectively for MIROC-ESM and in Fig. 28i and l respectively for MIROC3. The two
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models suggest strong positive correlation with the SST variability over the Gulf of
Guinea in 0 ka. These correlations are weaker in 6 ka (Fig. 28f and l), which possibly
arises from the northward shift of the precipitation belt and the associated weakened
precipitation over latitudes close to Gulf of Guinea. The precipitation over dry regions
(10–15◦ N and 15–30◦ N) does not have such strong correlation with the SST of nearby5

oceans both in 0 ka and 6 ka, as seen at tropical latitudes. Although the correlations
are weak, the correlation coefficients for precipitation over semiarid latitudes (10–15◦ N,
Fig. 28b, e, h, and k) suggest strengthened positive correlation with the Mediterranean
Sea and the area of the Atlantic Ocean at roughly the same latitudes in 6 ka for both
models. The same tendency is seen in the precipitation over the desert for MIROC-10

ESM (Fig. 28a and d), whereas the correlation is not pronounced for MIROC3 (Fig. 28g
and j), which could arise from more 6 ka precipitation over the desert in MIROC-ESM.
Lagged correlations were also analyzed but they revealed less correlation than Fig. 28
with similar patterns. It seems that the enhanced precipitation in 6 ka correlates more
positively to the SST at nearby latitudes of the Atlantic Ocean. The circulation change15

in 6 ka (Fig. 17) seems to be consistent with this area of positive correlation.

5.3.4 Vegetation changes and feedback in MIROC-ESM

The LAI calculated in SEIB-DGVM is supplied to MATSIRO in MIROC-ESM. To further
investigate the mechanism of vegetation change and feedback to the climate in 6 ka
in MIROC-ESM simulations, we performed a set of sensitivity experiments M3Alai for20

0 ka and 6 ka (Table 4) using the AGCM of MIROC3. The experiments are the same
as M3Amiroc3 except that we use different LAIs obtained in 0 ka and 6 ka simulations
using MIROC-ESM. The resulting 6 ka precipitation changes over northern Africa are
compared with M3Amiroc3 results in Fig. 29. There is a similar level of enhanced pre-
cipitation for M3Amiroc3 and M3Alai throughout the year. This indicates that the differ-25

ent LAI simulated in SEIB-DGVM has little effect on the 6 ka precipitation change over
the Sahara. Slightly greater enhancement of precipitation is observed around 15◦ N
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in early summer but not like the enhancement of precipitation over all latitudes of the
Sahara.

Figure 30 plots the LAI feedback to the global temperature for JJAS and DJF. The
plots show the difference in the 6–0 ka temperature change between M3Alai and
M3Amiroc3. They suggest that the LAI feedback has a warming effect over high lati-5

tudes and a cooling effect mainly over desert. The cooling over desert could be associ-
ated with slightly enhanced precipitation. The most pronounced precipitation change is
seen over northern Australia. As we have mentioned, there is no significant feedback to
precipitation over the Sahara. The mid/high-latitude amplification of the warming in 6 ka
by vegetation feedback is consistent with the results of O’ishi and Abe-Ouchi (2011),10

who handled the impact of vegetation coupling on MIROC using another dynamic veg-
etation scheme. The cooling in JJAS seen over North America suggests why there is
less warming over the area in MIROC-ESM in 6 ka; therefore, vegetation feedback in
Northern America may suppress warming.

6 Summary and discussion15

We overviewed the Earth System Model, MIROC-ESM in comparison with a previous
version of the MIROC AOGCM, namely MIROC3, in a time-slice experiment for 6 ka.
One model might outperform the other in some aspects of the representation of climate
change and vice versa. However, it is worth comparing the two similar models, as we
know which components the models have in common or not. Analysis of the differences20

in climate change obtained with the two models allows exploration of the sources of
difference in climate-change simulation and the ability and limitation of the models.

MIROC-ESM and MIROC3 have different atmosphere and land processes in the
physical field. Since MIROC-ESM includes a full carbon cycle, it is capable of calculat-
ing atmospheric CO2, but we do not feedback the calculated CO2 level to the physical25

field in the experiments using MIROC-ESM following CMIP5/PMIP3 protocol.
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The two models simulated generally consistent changes for 6 ka. SSTs obtained with
the two models are slightly lower over the tropics in 6 ka. The air temperature is higher
at mid/high latitudes in the Northern Hemisphere mainly over the continents during the
boreal summer, and cooler during the boreal winter. Both models simulate slightly lower
net temperature changes for 6 ka but MIROC-ESM simulated a larger temperature drop5

than did MIROC3. This must be due to differences in the atmosphere and/or vegetation
components between the two models. However, the difference is too small to judge
which model presents the more appropriate change by the proxy recoreds.

The precipitation shifts northward and is enhanced over northern Africa and the area
of the Asian monsoon mainly in JJAS. The 6 ka precipitation enhancement over north-10

ern Africa according to MIROC-ESM does not differ dramatically from that obtained with
MIROC3, which means that newly developed components such as dynamic vegetation
and improvements in the atmospheric processes do not have significant impacts on
representing the 6 ka monsoon change suggested by proxy records. The small precipi-
tation enhancement over the Sahara in MIROC-ESM in early summer could be related15

to the difference in the SST change between the two models and/or the representa-
tion of 0 ka SST rather than the vegetation feedback in MIROC-ESM. The influence of
the 0 ka SST representation had been pointed out for precipitation enhancement in the
Asian monsoon region in 6 ka by Ohgaito and Abe-Ouchi (2009). Both models simu-
lated insufficient precipitation enhancements to maintain vegetation over the Sahara,20

as was the case in previous works using models that were detailed in Sect. 1.
Although the most frequent vegetation types simulated by SEIB-DGVM in MIROC-

ESM reveal a northward shift of vegetation of only about one to two grids in the Sahel
area in 6 ka compared with 0 ka, there are much fewer permanent desert grids over
the Sahara region. There is the possibility that such sporadic vegetation is evidenced25

in pollen proxy records.
The effect of vegetation coupling was small in our experiments. However, it is pos-

sible that the method of coupling SEIB-DGVM to MATSIRO through LAI change af-
fects the results of climate change simulations in the situation that the vegetation types
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significantly differ from those of present day, such as in the case of the Sahara in 6 ka.
This should be addressed in future model development. However, not only improve-
ment of the vegetation module but also, for example, improvement of the convective
cloud scheme may play a role in precipitation intrusion towards the Sahara in 6 ka
(Chikira et al., 2006).5

Finally, it should be noted that although models are continuously developed, the rep-
resentation of climate in 0 ka will never be perfect. Although MIROC models reasonably
represent the 0 ka climate, further improvements such as climatological and/or vari-
ability of SST realization in MIROC-ESM and other models will allow climate-change
simulations that are more robust.10
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Table 1. Model comparison of MIROC-ESM and MIROC3.

model name MIROC-ESM MIROC3
reference Watanabe et al. (2011) K-1 Model developers (2004)

model type Earth system model AOGCM
contributed IPCC planned for AR5 AR4 (as miroc-medres)
resolution-atmosphere T42L80 T42L20
resolution-ocean ∼1◦ L44 ∼1◦ L44
top level of the atmosphere 0.003 hPa 10 hPa
Atm. Physics improved radiation code
Vegetation SEIB-DGVM, MATSIRO MATSIRO
ocean carbon cycle yes no
Aerosol SPRINTARS simplified SPRINTARS
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Table 2. Vegetation types in SEIB-DGVM.

1: Polar desert
2: Arctic/Alpine-tundra
3: tropical rain forest (wet in any month)
4: tropical rain forest (seasonally cycle of water situation)
5: tropical deciduous forest
6: temperate conifer forest
7: temperate broad-leaved evergreen forest
8: temperate deciduous forest
9: boreal evergreen forest/woodland
10: boreal deciduous forest/woodland
11: short grass land
12: tall grass land
13: moist savannas
14: dry savannas
15: xeric woodland/scrub
16: Arid shrubland/steppe
17: Desert
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Table 3. Experimental setup and experiment names for MIROC-ESM and MIROC3.

experimental setup MIROC-ESM MIROC3

1850 AD 0 ka M30ka
0 ka+6000 BP orbit and the greenhouse gases 6 ka M36ka
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Table 4. Sensitivity experiments using the AGCM of MIROC3.

Exp. name SST and sea ice LAI

M3Amiroc3 MIROC3 MIROC3

M3Aesm MIROC-ESM MIROC3

M3Aesmofs MIROC-ESM MIROC3
6 ka SST is offset

M3Alai MIROC3 MIROC-ESM
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Fig. 1. Season-latitudinal difference in the solar radiation 6–0 ka (W m−2).
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MIROC3                   950y spin up                            100y   
M30ka 
M36ka                                                550y spin up  100y                  
 

Analyses  
period 

 
 
 
 

Fig. 2. Schematic illustration of the integrations in the experiments.
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Fig. 3. 0 ka annual SST biases of (a) MIROC-ESM and (b) MIROC3 compared with the World
Ocean Atlas 1998.
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Fig. 4. 6–0 ka temperature changes at a height of 2 m (◦C) in JJAS (left panels) and DJF (right
panels) for MIROC-ESM (upper panels) and MIROC3 (lower panels).
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Fig. 5. 6–0 ka latitude-seasonal changes of temperature at a height of 2 m (◦C) for (a) MIROC-
ESM and (b) MIROC3.
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Fig. 6. 6–0 ka meridional heat transport changes by ocean (blue lines) and atmosphere (red
lines) and total (black lines) for MIROC-ESM (thick lines) and MIROC3 (thin lines).
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Fig. 7. Deviation from the zonal mean of the velocity potential at a pressure level of 200 hPa
[106 m2 s−1] and the positions of the ITCZ. 6–0 ka changes (shading) in JJAS (left panels) and
DJF (right panels) are plotted for MIROC-ESM (upper panels) and MIROC3 (lower panels).
The thin contour lines are 0 ka values with intervals of 1×106 m2 s−1. The thick black and gray
lines correspond to the peak latitudes of precipitation between 30◦ S and 30◦ N in 0 ka and 6 ka,
respectively.
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Fig. 8. The same as Fig. 4 but for precipitation changes [mm day−1].
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Fig. 9. 6–0 ka net soil moisture change (kg m−2) for (a) MIROC-ESM and (b) MIROC3.
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Fig. 10. The same as Fig. 4 but for the SST change (◦C).
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Fig. 11. (a) Seasonal evolution of the SST change (6–0 ka) over the North Atlantic region (30–
60◦ N, 70–10◦ W) for MIROC-ESM (red line) and MIROC3 (black line). (b) The same as (a) but
for the surface downward radiation change. The thick lines suggest total radiation changes and
the thin lines suggest shortwave radiation changes.
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Fig. 12. Oceanic surface stream functions (contours for 0 ka) and changes in 6 ka (color) (Sv)
for the Pacific and Atlantic sectors in the Northern Hemisphere obtained using (a, b) MIROC-
ESM and (c, d) MIROC3.
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Fig. 13. Most frequent vegetation types in SEIB-DGVM for 0 ka and 6 ka by MIROC-ESM. The
grids with no stable vegetation type (>50 %) are white. Numbers in the boxes at the bottom
correspond to the vegetation types listed in Table 2.
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Fig. 14. Desert areas shown in Fig. 13 colored for (a) 0 ka and (b) 6 ka according to MIROC-
ESM. The red grids indicate permanent desert (>98 %), whereas green grids indicate sporadic
desert.
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Fig. 15. Same as Fig. 4 but for sea-level pressure changes [hPa].
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Fig. 16. Global monsoon precipitation domain (contour) and GMPI (shading) for the 0 ka
(top panels) and 6 ka (middle panels) climates obtained using MIROC-ESM (left panels) and
MIROC3 (right panels) analysis periods. For the change in the monsoon domain, the gray area
indicates the regions identified in common, and the blue (red) area indicates the area of expan-
sion (retreat) in the 6 ka simulations in the bottom panels. The contours give the 6–0 ka GMPI
changes.
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Fig. 17. 6–0 ka precipitation changes (color) and wind changes at 850 hPa (arrows) in JJAS
obtained with (a) MIROC-ESM and (b) MIROC3.
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Fig. 18. 6–0 ka change in convective activity at 500 hPa (color) and wind changes at 850 hPa
(arrows) in JJAS obtained with (a) MIROC-ESM and (b) MIROC3.
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Fig. 19. 6–0 ka seasonal precipitation changes for MIROC-ESM (red lines) and MIROC3 (black
lines) for the (a) African area (20◦ W–30◦ E, 8–24◦ N) and (b) Asian area (70–140◦ E, 22–40◦ N)
as a ratio of the 0 ka precipitation amount (%).
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Fig. 20. Hovmoller diagrams for the northern African area (left panels) and Indian area (right
panels) obtained with MIROC-ESM (upper panels) and MIROC3 (lower panels). Colors indicate
the 6–0 ka precipitation change [mm day−1]. Black lines are the 0 ka precipitation amount.
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Fig. 21. Same as Fig. 20 but for the 6–0 ka zonal wind change averaged between pressure
levels of 925 and 700 hPa [m s−1].
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Fig. 22. 6–0 ka precipitation change for (color) [mm day−1] in MJ (left panels) and JAS (right
panels) obtained with MIROC-ESM (upper panels) and MIROC3 (lower panels). The hatched
area is the area where the precipitation amount does not significantly differ between 0 ka and
6 ka in a t-test (95 %).
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Fig. 23. Hovmoller diagrams of the precipitation change over northern Africa (20◦ W–30◦ E) for
the different sensitivity experiments using the AGCM of MIROC3 (a) for M3Amiroc3, (b) for
M3Aesm, (c) for M3Aesmofs in the same format as Fig. 20a.
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Fig. 24. 6–0 ka precipitation change over the African area in MJ [mm day−1] for (a) MIROC-
ESM, (b) MIROC3, (c) M3Aesm, and (d) M3Amiroc3. Hatched areas in the upper figures
indicate areas where the precipitation changes in the upper panels and lower panels are in-
significant in a t-test (95 %).
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Fig. 25. Nino3 indices in 0 ka (left panels) and 6 ka (right panels) for MIROC-ESM (upper pan-
els) and MIROC3 (lower panels).
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Fig. 26. Correlation coefficients of nino3-precipitation in JJAS for 0 ka (upper panels) and 6 ka
(lower panels) obtained with MIROC-ESM (left panels) and MIROC3 (right panels).
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Fig. 27. Same as Fig. 26 but for DJF.

3340

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/3277/2012/cpd-8-3277-2012-print.pdf
http://www.clim-past-discuss.net/8/3277/2012/cpd-8-3277-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 3277–3343, 2012

Climate and African
precipitation changes
in the mid-Holocene

R. Ohgaito 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
|

Fig. 28. Correlations between precipitation over different latitudes of the northern African
(20◦ W–30◦ E) area and SSTs in JJAS for 0 ka and 6 ka obtained with MIROC-ESM for 0 ka (a,
b, c) and 6 ka (d, e, f) and MIROC3 for 0 ka (g, h, i) and 6 ka (j, k, l).
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Fig. 29. Same as Fig. 23 but for (a) M3Amiroc3 and (b) M3Alai.
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Fig. 30. Difference in the 6–0 ka temperature change between M3Alai and M3Amiroc3 (◦C) for
(a) JJAS and (b) DJF.
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