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ABSTRACT

Summertime insolation intensified in the Northern Hemisphere during the mid-Holocene, resulting in

enhanced monsoonal precipitation. In this study, the authors examine the changes in the annual-mean

tropical precipitation as well as changes in atmospheric circulation and upper-ocean circulation in the

mid-Holocene compared to the preindustrial climate, as simulated by 12 coupled climate models from

PMIP3. In addition to the predominant zonally asymmetric changes in tropical precipitation, there is a

small northward shift in the location of intense zonal-mean precipitation (mean ITCZ) in the

mid-Holocene in the majority (9 out of 12) of the coupled climate models. In contrast, the shift is

southward in simulations using an atmospheric model coupled to a slab ocean. The northward mean ITCZ

shift in the coupled simulations is due to enhanced northward ocean heat transport across the equator

[OHT(EQ)], which demands a compensating southward atmospheric energy transport across the equa-

tor, accomplished by shifting the Hadley cell and hence the mean ITCZ northward. The increased

northward OHT(EQ) is primarily accomplished by changes in the upper-ocean gyre circulation in

the tropical Pacific acting on the zonally asymmetric climatological temperature distribution. The gyre

intensification results from the intensification of the monsoonal winds in the Northern Hemisphere and

the weakening of the winds in the Southern Hemisphere, both of which are forced directly by the in-

solation changes.

1. Introduction

By the time of the mid-Holocene, roughly 6000 yr

ago, the large continental ice shelves that occupied

much of North America during the last glaciation had

retreated to near-modern-day extent (Paillard 2010),

and greenhouse gas concentrations were also near-

modern-day values. Hence, the main driver of climatic

differences between the mid-Holocene and present

day was differences in Earth’s orbit about the sun:

(i) Earth’s elliptical orbit about the sun passed closest

to the sun in late August during the mid-Holocene

compared to early January in the present-day orbital

configuration, resulting in more (less) intense insolation

during boreal (austral) summer (Fig. 4 of Bosmans et al.

2012); and (ii) the obliquity was slightly higher during the

mid-Holocene, resulting in greater high-latitude (less

tropical) insolation compared to modern day. There is

ample geological and geochemical evidence that the

changes in insolation at the mid-Holocene modulate

the climate, especially precipitation in the tropics. The

fossil pollen and lake sediments fromAfrica show that

the Sahel and Sahara regions were considerably wet-

ter during the mid-Holocene than at present (Street

and Grove 1976; Jolly et al. 1998; Bartlein et al. 2011).

The sediment record from the Cariaco Basin suggests

that precipitation over the northern tip of South

America was enhanced during the mid-Holocene

(Haug et al. 2001). Similarly, oxygen isotope records

in speleothems around the Indian Ocean basin are

consistent with a more intense Indian monsoon in the

mid-Holocene than at present (LeGrande and Schmidt

2009). Whether the compilation of these records suggests

an intensification of the Northern Hemisphere summer

monsoon systems (Boos and Korty 2016) or a more

zonally homogenous northward shift/expansion of theCorresponding author e-mail: Xiaojuan Liu, xjliu@uw.edu
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tropical precipitation (Collins et al. 2011a; Arbuszewski

et al. 2013) is subject to interpretation.

Numerical modeling studies show that the pre-

cipitation response to mid-Holocene orbital changes

is zonally asymmetric and seasonally heterogeneous.

There is a robust enhancement of the Northern Hemi-

sphere summer monsoon and a weakening of the

Southern Hemisphere summer monsoon (Kutzbach and

Guetter 1986; Joussaume et al. 1999; Braconnot et al.

2007a; Prado et al. 2013; Battisti et al. 2014; Liu and

Battisti 2015). Braconnot et al. (2007b) show that in-

tense tropical precipitation extended farther north

during the boreal summer over India, the Sahel, and

western Africa—with much smaller changes over the

ocean (see their Fig. 3b)—in all the mid-Holocene

simulations participating in the phase 2 of the Paleo-

climate Modeling Intercomparison Project (PMIP2).

This zonal asymmetry in the precipitation response to

mid-Holocene orbital changes is common to almost all

simulations of the mid-Holocene no matter whether a

slab or a dynamic ocean is used (cf. Figs. 1a and 1b; see

also Hsu et al. 2010; K. Chamales et al. 2017, manuscript

submitted to Geophys. Res. Lett.). It is also present in

experiments with more extreme precessional forcing,

such as the difference between 11kyr BP and modern

day and the difference between 218 and 207kyr BP

(Clement et al. 2004; Battisti et al. 2014; Liu and Battisti

2015). By synthesizing the paleoclimate records and

results from climate model simulations of the mid-

Holocene, McGee et al. (2014) argue that zonal-mean

precipitation changes were remarkably small (ITCZ shifts

could not have exceeded 50km) and the precipitation

changes inferred from mid-Holocene proxy records are

primarily regionally and seasonally heterogeneous.

Despite the predominant zonally and seasonally in-

homogeneous characteristic of tropical precipitation

changes during the mid-Holocene, we demonstrate here

that coupled model simulations of the mid-Holocene

have a robust northward shift of the annual-mean,

zonal-mean tropical precipitation (called mean ITCZ

in the following text for convenience). The majority (9

out of 12) of the phase 3 of the Paleoclimate Modeling

Intercomparison Project (PMIP3) models shift the

mean ITCZ northward in response to mid-Holocene

orbital parameters (see Fig. A2 in the appendix). This

is consistent with the findings of Donohoe et al.

(2013), who documented a robust northward mean

ITCZ shift in the previous generation (PMIP2) of

coupled climate model simulations of the mid-

Holocene. A northward ITCZ shift requires anoma-

lous energy input to the atmosphere in the Northern

Hemisphere and atmospheric cooling in the Southern

Hemisphere [see review by Schneider et al. (2014)].

Therefore, the robust northward ITCZ shift in the

mid-Holocene seen in the climate models (each of

which has a unique physical package) suggests a basic

underlying mechanism for the hemispherical asym-

metric energy input to the Northern Hemisphere at-

mosphere due to changes in either radiative processes

or ocean dynamics.

While the mean ITCZ shifts northward in the PMIP3

models that feature an atmospheric general circulation

model coupled to a dynamic ocean model, it shifts

southward when an atmospheric general circulation

model is coupled to a slab ocean model. This includes

the ECHAM4.6 used in this study (Battisti et al. 2014;

Liu and Battisti 2015) and the CCSM3 (K. Chamales

2013, personal communication). That the sign of the

meridional displacement of mean ITCZ depends

on whether the models employ a dynamic ocean

provides a fortuitous window for understanding how

changes in ocean circulation in response to pre-

cessional forcing impact the tropical precipitation.

This paper studies the tropical, zonal-mean, annual-

mean precipitation change in PMIP3 simulations of

the mid-Holocene. We take as a starting point that the

fundamental precipitation and circulation response to

mid-Holocene orbital forcing is the enhancement of

the Northern Hemisphere summer monsoon, which

has been noted extensively in the literature, and that

this response is the direct response to the insolation

change, which does not depend on dynamical coupling

to an ocean. We emphasize that while the mid-

Holocene precipitation changes are dominated by

this seasonally and zonally inhomogenous response,

the focus of this manuscript is how the hemispherically

asymmetric changes in monsoon strength impact the

zonal-mean ITCZ location. We invoke the following

mechanism to explain the northward ITCZ shift in

coupled climate models and the near-zero ITCZ shift

in models without a dynamic ocean (see Fig. 5, below):

(i) the wind stress change due to the enhanced

Northern Hemisphere (diminished Southern Hemi-

sphere) summer monsoon increases the circulation of

the northern tropical Pacific Ocean Gyre (decreases

the circulation of the southern tropical Pacific Gyre),

bringing energy into the Northern Hemisphere; and

(ii) the Northern Hemisphere atmosphere is heated,

resulting in a northward mean ITCZ shift. The latter

process can be thought of as resulting from the com-

pensating cross-equatorial energy transport between

the ocean and the atmosphere whereby the enhanced

northward ocean energy transport across the equator

is (partially) balanced by a compensating southward

atmospheric energy transport across the equator as-

sociated with a northward-shifted Hadley cell and
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mean ITCZ (Frierson et al. 2013). We expand on and

elaborate on the mechanisms modulating the mean

ITCZ and the central role of changes in the ocean

circulation in this manuscript.

2. Data and methods

a. Model runs used

We make use of the output from PMIP3, wherein the

climates of preindustrial and mid-Holocene were simu-

lated using climate models that include the full dynamic

ocean module (Braconnot et al. 2012). We analyzed all

models for which the requisite output required for the

analyses we perform is publicly available; details of the

models and references are found in Table 1. The major

difference between the preindustrial and the mid-

Holocene simulations is insolation: in the mid-Holocene,

perihelion is in boreal summer (around 21 August),1 and

there is a slightly greater obliquity than today; perihelion in

TABLE 1. List of the model names, resolutions, and references for the PMIP3 models used in this study. Also shown is the length of the

preindustrial (PI) and the mid-Holocene (6K) simulations. When there was an ensemble of runs for an experiment, climatologies were

calculated using the first ensemble member. (Expansions of acronyms are available online at http://www.ametsoc.org/PubsAcronymList.)

Model name Institution

Resolution

Reference

Length

of run (yr)

Atmospheric

(lat 3 lon or

spectral, vertical

levels)

Oceanic

(lat 3 lon grid

points, vertical

levels) PI 6K

BCC_CSM1.1 Bejing Climate Center,

China Meteorological

Administration, China

T42, L26 232 3 360, L40 Xin et al. (2013) 500 100

CCSM4 National Center for Atmospheric

Research, United States

0.98 3 1.258, L26 384 3 320, L60 Gent et al. (2011) 1050 300

CNRM-CM5 Center National de Recherches

Météorologiques, France
T127, L31 292 3 362, L42 Voldoire et al. (2013) 850 200

CSIRO Mk3.6.0 Commonwealth Scientific and

Industrial Research Organisation

in collaboration with the

Queensland Climate Change

Centre of Excellence, Australia

T63, L18 189 3 192, L31 Rotstayn et al. (2010) 500 100

CSIRO Mk3L.1.2 University of New South Wales,

Sydney, Australia

R21, L18 122 3 128, L21 Phipps et al. (2011) 1000 500

FGOALS-g2 LASG, Institute of Atmospheric

Physics, Chinese Academy of

Sciences; and Center for Earth

System Science, Tsinghua

University, China

2.818 3 2.818, L26 196 3 360, L30 Li et al. (2013) 700 685

FGOALS-s2 LASG, Institute of Atmospheric

Physics, Chinese Academy of

Sciences, China

T42, L26 196 3 360, L30 Bao et al. (2013) 500 100

GISS-E2-R NASA Goddard Institute for

Space Studies, United States

28 3 2.58, L20 180 3 288, L32 Schmidt et al. (2006) 1200 100

MIROC-ESM Japan Agency for Marine-Earth

Science and Technology,

Atmosphere and Ocean

Research Institute (The

University of Tokyo),

and National Institute for

Environmental Studies, Japan

T42, L80 192 3 256, L44 Watanabe et al. (2011) 630 100

MRI-CGCM3 Meteorological Research

Institute, Japan

T159, L48 368 3 360, L51 Yukimoto et al. (2012) 500 100

HadGEM2-ES Met Office Hadley Centre,

United Kingdom

1.8758 3 1.258, L38 — Collins et al. (2011b);

Jones et al. (2011);

Martin et al. (2011)

577 100

MPI-ESM-P Max Planck Institute

for Meteorology, Germany

T63, L47 220 3 256, L40 Raddatz et al. (2007);

Marsland et al. (2003)

1155 100

1 Vernal equinox is fixed on 21 March.
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the preindustrial and modern climate is in boreal winter

(around 3 January). This leads to an increase of insolation

by 21Wm22 at 208N in theNorthernHemisphere summer

(June–August) and to a decrease of insolation in the

Southern Hemisphere summer [December–February;

see Fig. 4 of Bosmans et al. (2012)] during the mid-

Holocene compared to today. The change in mean ITCZ

is therefore due to both change in precession and change

in obliquity, with a dominant contribution from the

change in precession.

Each simulation used the same boundary conditions

for the mid-Holocene and preindustrial simulations: ice

sheet geometry, topography, and greenhouse gas con-

centrations, except for CH4 concentration, which is re-

duced from 760ppb in the preindustrial simulation to

650 ppb in the mid-Holocene simulation (Taylor et al.

2012; https://pmip3.lsce.ipsl.fr). The resulting difference

in radiative forcing due to changes in CH4 is negligible

compared to the orbitally induced changes in insolation.

We use the monthly climatological data downloaded

from the CMIP5 data portal (http://cmip-pcmdi.llnl.gov/

cmip5/data_portal.html).

b. Energetic analysis

The position of mean ITCZ is closely linked to the

cross-equatorial energy transport by the atmosphere,

with a northward displacement of the mean ITCZ

corresponding to a southward atmospheric energy

transport across the equator because the meridional

transport of moisture, sensible heat, and potential en-

ergy in the deep tropics is primarily accomplished by the

Hadley circulation. Thus, understanding changes in

the position of mean ITCZ is synonymous with un-

derstanding the changes in interhemispheric energy

transport and the energetic processes that lead to such

changes. In equilibrium, divergence of the atmospheric

energy transport = �AHT is balanced by the net input

energy to the atmosphere Fnet:

= �AHT5F
TOA

1F
SFC

[F
net

, (1)

where FTOA is the net radiation at the top of the atmo-

sphere, and FSFC is the net heat flux entering the at-

mosphere from the surface. The northward atmospheric

energy transport across a latitude band AHT(f) can

then be calculated by integrating Eq. (1) as follows:

AHT(f)5R2

ðf
2p/2

ð2p
0

F
net

cosf dl df , (2)

where R is the radius of Earth, and Fnet 5 FTOA 1 FSFC

is a function of latitude f and longitude l. The cross-

equatorial atmospheric energy transport AHT(EQ) [

AHT(f 5 0) can be expressed as either the integral of

the net energy into the atmosphere from the South Pole

to the equator or from the equator to the North Pole as

follows:

AHT(EQ)5R2

ð0
2p/2

ð2p
0

F
net

cosf dl df and (3)

52R2

ðp/2
0

ð2p
0

F
net

cosf dl df , (4)

which can also be written as

AHT(EQ)52
1

2
([F

net
]jNH

SH
)

52
1

2
([F

TOA
1F

SFC
]jNH

SH
), (5)

where the square brackets denote the integral over the

hemisphere. Equation (5) states that the hemispheric

asymmetry in net energy into the atmosphere is bal-

anced by atmospheric energy transport across the

equator from the hemisphere receiving excess energy to

the hemisphere with a net energy loss. The AHT(EQ) is

equal to the asymmetry in hemispherically integrated

Fnet, which, in turn, is due to the hemispheric asymmetry

in FTOA, FSFC, or both.

3. Results

a. Changes in precipitation at the mid-Holocene

Figure 1a shows the multimodel-mean change

(hereinafter we define change as mid-Holocene minus

preindustrial) in the precipitation between the mid-

Holocene and the preindustrial simulations from the

PMIP3 models. Figure 1b shows the same change but

from the ECHAM4.6 model coupled to a 50-m slab

ocean. The dominant features in the model with the

slab ocean and in the models with a dynamic ocean are

the shifts in precipitation from the ocean to the land in

the Northern Hemisphere and from the land to the

ocean in the Southern Hemisphere. This land–sea

asymmetry is also seen in other modeling studies

(Kutzbach and Guetter 1986; Clement et al. 2004;

Braconnot et al. 2007a; Hsu et al. 2010), including

those associated with stronger precessional cycles

(Bartlein et al. 2011; Battisti et al. 2014; Liu and

Battisti 2015); the stronger Northern Hemisphere

summer insolation in the mid-Holocene shifts the lo-

cation of the maximum moist entropy from the Bay of

Bengal and Southeast Asia to be over northern India

and the Arabian Peninsula (Battisti et al. 2014). Sim-

ilarly, the reduced summer (December–February)
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insolation over South America and southern Africa in

the mid-Holocene reduces moist entropy and thus

precipitation in these regions compared to that over

the adjacent oceans (Liu and Battisti 2015). Note that

change in the multimodel-mean precipitation in the

PMIP3 models is not as strong as that in the

ECHAM4.6–slab ocean model because averaging

over all models partly smooths out the signal and—

unlike the circulation changes (see section 3c)—details

in spatial pattern of the precipitation change can

differ substantially from the multimodel mean in

some models.

It is worth mentioning that the change in precipitation

in the mid-Holocene compared to preindustrial also

features a northward shift of ITCZ over the land in the

boreal summer and a southward shift of ITCZ over the

ocean in austral summer [not shown; please refer to

Braconnot et al. (2007b) for more details]. This might be

related to the slight increase in obliquity, which enhances

the summer insolation and weakens the winter insola-

tion in both hemispheres equally. Nonetheless, its

contribution to the mean ITCZ shift is negligible

(Mantsis et al. 2011).

The change in the annual-mean, zonal-mean pre-

cipitation in models that include a dynamic ocean is

shown in Fig. 1c (red dashed line). In the mid-

Holocene, there is an increase in precipitation north

of the mean rainfall peak in the preindustrial and a

decrease in precipitation south of it, indicating a

northward shift of the mean ITCZ (Fig. 1c). Contrary

to the results from the PMIP3 models that have dy-

namic oceans, the mean ITCZ shifts southward in the

mid-Holocene compared to the preindustrial simula-

tion using the ECHAM4.6 model, which is coupled to a

slab ocean. A southward shift in the mean ITCZ is also

seen in the extreme precession experiments using the

ECHAM4.6 model coupled to a slab ocean (Battisti et al.

2014; Liu and Battisti 2015) and in a pair of summer

perihelion versus winter perihelion experiments using

CCSM3 coupled to a slab ocean (K. Chamales 2013,

personal communication). That ocean dynamics is re-

sponsible for the difference in the directions of mean

FIG. 1. (a) The multimodel mean of climatological annual-mean precipitation in the preindustrial experiment

(contours; mmday21), and of the change in precipitation (mid-Holocene minus preindustrial) from the PMIP3

models (shaded; mmday21). All of the PMIP3 climate models include dynamic oceans. (b) As in (a), but for

ECHAM4.6–slab ocean model. (c) Zonal-mean, annual-mean, climatological precipitation (solid lines; mmday21)

and change in precipitation (dashed lines; mmday21) from the PMIP3models (red) and from the ECHAM4.6–slab

ocean model (blue).
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ITCZ location change between models with a slab

ocean and models with a dynamic ocean is explored in

sections 3c and 4.

It is worth keeping in mind that the dominant feature

of the precipitation change in the mid-Holocene is the

seasonal asymmetry; the annual-mean change is just the

residual of the large seasonal changes although it is

consistent across the models.

b. Changes in cross-equatorial atmospheric heat
transport

Weuse the precipitation centroid to indicate themean

ITCZ location. The precipitation centroid is defined as

the latitude that delineates an equal area-averaged

precipitation between 208N and 208S (Frierson and

Hwang 2012; Donohoe et al. 2013). In 9 out of 12 PMIP3

models, the precipitation centroid shifts northward in

the mid-Holocene compared with the preindustrial cli-

mate (Fig. 2a). The ensemble-mean shift is 0.118 with a

spread from 08 to 0.328 (two standard deviations).

A scatterplot of the changes in precipitation cen-

troid versus changes in AHT(EQ) for the PMIP3

models shows that the change in the precipitation

centroid is anticorrelated with the change in AHT

(EQ), with a slope of 3.08 lat PW21, close to that re-

ported by Donohoe et al. (2013) for the seasonal cycle

case (Fig. 2a).2 Figure 2a also shows that the atmo-

sphere transports more energy southward across the

equator [DAHT(EQ) , 0] in all PMIP3 models and is

near zero in the ECHAM4.6–slab ocean model. What

causes the enhanced southwardAHT(EQ) in the coupled

simulations?

As shown in Eq. (5), in equilibrium, changes in the

AHT(EQ) are related to changes in the hemispheric

asymmetry (defined as the spatial integral over the

Northern Hemisphere minus that over the Southern

Hemisphere, divided by 2) in the net energy input

into the atmosphere, which, in turn, are determined by

changes in the asymmetry in the hemispheric integral

of FTOA f(1/2)[FTOA]jNH
SH g and/or FSFC f(1/2)[FSFC]jNH

SH g,
respectively. Decomposing the AHT(EQ) into these

two components shows that in almost every model

FIG. 2. (a) Scatterplot of the change (mid-Holocene minus preindustrial) in the latitude of the precipitation centroid vs

the change in cross-equatorial atmospheric energy transport DAHT(EQ) (PW). The solid line is the least squares fit

38 lat PW21. (b) The change in the hemispheric difference in the net hemispherically integrated energy flux into the

atmosphere (colored bars) at the top of the atmosphere on the left (1/2)[FTOA]jNHSH and at the surface on the right

(1/2)[FSFC]jNHSH . For each model, the hatched bar represents the hemispheric difference in the net energy into the atmo-

sphere; that is, the hatchedbar is2DAHT(EQ),which is the sumof the two colored bars for eachmodel [seeEq. (5)].Note

that at equilibrium, the change in the net surface flux in the ECHAM4.6–slab ocean model is zero. The coloring in

(b) follows the key in (a).

2 In calculating the slope, we leave out the apparent outlier

HadGEM2-ES. The slopewould be 2.28 lat PW21 if it was included.
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(9 out of 12 models), the change in AHT(EQ) is pre-

dominantly due to the change in (1/2)[FSFC]jNH
SH , the

hemispheric asymmetry in energy input to the atmo-

sphere from the surface (Fig. 2b). In all 12 PMIP3

models, the change in surface energy fluxes leads to

an increase in the heating of the atmosphere in the

Northern Hemisphere and a decrease in atmospheric

heating in the Southern Hemisphere, resulting in a

positive anomaly in (1/2)[FSFC]jNH
SH . There is no consistent

change in (1/2)[FTOA]jNH
SH across the models (Fig. 2b). In

equilibrium, the change in (1/2)[FSFC]jNH
SH has to be bal-

anced by an anomalous ocean heat transport across the

equator from the Southern Hemisphere to the Northern

Hemisphere. This is discussed next.

Note that there is an imbalance in global average

energy budget in each model (Lucarini and Ragone

2011). This imbalance is much smaller than the change

in hemispheric asymmetry between the mid-Holocene

and the preindustrial climate. It is also explicitly re-

moved from the calculation of energy transports by

subtracting the change in Northern Hemisphere top-

of-the-atmosphere fluxes and surface fluxes from

those in the Southern Hemisphere [Eq. (5)]. It

therefore does not impact the validity of the results

presented here.

c. Change in cross-equatorial oceanic heat transport

Changes in the cross-equatorial ocean heat transport

OHT(EQ) between themid-Holocene and preindustrial

simulations are given by

DOHT(EQ)5r
0
C

p

ð0
2H

ðL
0

[(yT)
6K
2 (yT)

PI
] dx dz , (6)

where r0 is density of seawater, Cp is the heat capacity,

and the product of r0Cp is nearly constant in the ocean

FIG. 3. Change in the cross-equatorial ocean heat transport DOHT(EQ) (PW) between the mid-Holocene and the preindustrial for

(a) the sum of the ocean basins, (b) the Atlantic basin only, and (c) the Indo-Pacific basins only. The green bars in (a)–(c) represent

the results derived from the hemispheric asymmetry in the change in surface energy flux, DOHT(EQ) 5 2D(1/2)[FSFC]jNH
SH , and

blue bars denote results obtain directly from the ocean model output [Eq. (6)]. The changes in OHT(EQ) associated with (e) changes

in the ocean temperature only and (f) changes in the ocean circulation only [see Eq. (7)]; (d) the sum of (e) and (f). The dynamic

contribution shown in (f) is further broken into contributions associated with (g) the change in overturning circulation and (h) the

change in gyre circulation [see Eq. (8)]. (i) The changes in the dynamic contributions due to the changes in the seasonal cycle.
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with a mean value of 4.13 106 Jm23K21 used here. The

variable y is meridional velocity, T is ocean potential

temperature, and H and L are the depth and width of

the ocean of the longitude–height cross section along the

equator, respectively; subscripts 6K and PI represent the

mid-Holocene simulation and the preindustrial simula-

tion, respectively.

We use the monthly climatology of y and T to calcu-

late DOHT(EQ), neglecting the contribution by sub-

monthly covarying anomalies associated with natural

variability. The terms OHT(EQ) and DOHT(EQ) cal-

culated this way, however, are close to the exact answer

output by the ocean model throughout the integration

(see the appendix). Note that changes in OHT(EQ)

calculated this way are not exactly the same as those

derived from the hemispheric asymmetry in the change

in surface energy flux (1/2)[FSFC]jNHSH (cf. blue and green

bars in Fig. 3). Differences between these two estimates of

DOHT(EQ) could be due to several factors, including

neglecting the contribution of submonthly covarying

anomalies associated with natural variability, changes

in ocean dissipation, and inaccuracies in the a poste-

riori calculation of ocean heat transport due to the

regridding of the model output. Nonetheless, both

FIG. 4. Change in the annual-mean surfacewind stress over theoceans (vectors; Pa) and its curl (shading; 1028Nm23),

mid-Holocene minus preindustrial. (a) The June–August mean change, (b) December–February mean change, and

(c) annual-mean change from the multimodel mean of the PMIP3 models. (d) As in (c), but for from the ECHAM4.6–

slab ocean model. Note the color bar of (d) is different from the others.
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methods yield qualitatively similar results and both

methods indicate that in all 12 models the oceans are

transporting more heat into the Northern Hemisphere

during the mid-Holocene. The likelihood of 12 models

all showing the same direction of change from simply

averaging errors is 1 in 211. The robustness of increase

in northward OHT(EQ) during the mid-Holocene

that we have extracted using the full ensemble of

models and using multiple methods to calculate the

OHT(EQ) is truly astonishing.

In the analysis that follows, we do not present results

from the HadGEM2-ES because the ocean data from

this model are not available from the archive. We also

neglect the MPI model because the complex grid con-

figurationmakes an a posteriori calculation of OHT(EQ)

unreliable.

FIG. 5. Processes controlling how insolation differences between the mid-Holocene and present-day

change ITCZ and AHT(EQ) differently in (center) an atmosphere–dynamic ocean model vs (right) an

atmosphere–slab ocean model. Insolation differences first drive zonally and seasonally asymmetric

anomalies in atmospheric circulation and hence in the surface wind stress. In the slab ocean, the changes in

wind stress do not impact the ocean circulation or the heat transport. In the dynamic ocean, however, the

changes in wind stress over the Indo-Pacific Ocean drive zonally asymmetric change in ocean circulation,

which, acting on the zonally asymmetric climatological temperature, induces a zonally averaged anomalous

northward ocean heat transport across the equator and results in anomalous heating of the Northern

Hemisphere (cooling of the Southern Hemisphere). To maintain equilibrium, the atmosphere moves

anomalous heat from the Northern Hemisphere to the Southern Hemisphere by shifting the Hadley cell and

the attendant mean ITCZ northward.
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The change in the OHT(EQ) calculated from the spa-

tial integral of the surface heat fluxes fD(1/2)[FSFC]jNH
SH g

is shown in green in Fig. 3a, and those calculated

from the ocean temperature and currents [Eq. (6)]

are shown in blue. Both methods calculate positive

OHT(EQ) change in every model (Fig. 3a). We next

apply Eq. (6) and the spatial integral of surface heat

fluxes to each ocean basin. In all models, the changes

in the Indo-Pacific Ocean are responsible for the north-

ward DOHT(EQ); the contribution to DOHT(EQ)

from the Atlantic basin is highly model dependent

(cf. Figs. 3b and 3c).

The change in OHT(EQ) can be further decom-

posed into that due to a change in the ocean cir-

culation Dy and that due to a change in ocean

temperature DT:

DOHT(EQ)5 r
0
C

p

ð ð
TDy dx dz1 r

0
C

p

ð ð
yDT dxdz

1 r
0
C

p

ð ð
DyDT dxdz .

(7)

Hereafter, we refer to the first term of the right-hand

side as the dynamic contribution, and the second term

as the thermodynamic contribution. Of the two, the

dynamic component is the larger term in all but one

model (cf. Figs. 3e and 3f). As such, there is a fair

correspondence between the dynamic contribution and

the total change in OHT(EQ) (cf. the blue bars in

Fig. 3a with the bars in Fig. 3f). The nonlinear term [the

last term of the right-hand side of Eq. (7)] is negligible,

evident by comparing the sum of the dynamic and

FIG. 6. (a) Change (mid-Holocene minus preindustrial) in the annual-mean surface wind stress over the oceans

(vectors; Pa) and precipitation (shading; mmday21) after removal of the zonal-mean value of each latitude. Shown

in (a) is the multimodel mean from the PMIP3 models. (b) The zonal-mean change in surface zonal wind stress

(blue) and in precipitation (red), which, when removed fromFigs. 1a and 4c, creates the figure shown in (a). (c),(d)As

in (a) and (b), but for the ECHAM4.6–slab ocean model. The arrow in (b) and (d) is the reference wind stress vector

used in (a) and (c).
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thermodynamic components (Fig. 3d) with the total

change in OHT(EQ) (Fig. 3a).

The dynamic term canbe further broken into overturning

and horizontal gyre components (Hall and Bryden 1982):

r
0
C

p

ð ð
TDy dx dz5 r

0
C

p

ð
TDy dz

ð
dx

1 r
0
C

p

ð ð
T 0Dy0 dz dx , (8)

where overbars represent the zonal mean at each vertical

level and primes denote deviations from the zonal mean.

The first term on the right-hand side of Eq. (8) is the

contribution due to the zonal average overturning circu-

lation, while the second term is associated with the hori-

zontal gyres. The systematic northward change in the

OHT(EQ) is clearly associated with changes in the hori-

zontal gyre circulation (cf. Figs. 3g and 3h). Of the three

ocean basins, the western Pacific is the primary contributor

to the changes in OHT(EQ) associated with changes in

ocean circulation. In the IndianOcean, a weakened Somali

jet drives southward OHT(EQ) anomalies that are largely

offset by northward anomalies in the interior ocean, ren-

dering a small net dynamic contribution in Indian Ocean

(not shown). Changes in the overturning circulation do not

contribute to DOHT(EQ) in a systematic way across the

models. Finally, changes in OHT(EQ) are relatively uni-

form through the year. The influence of the seasonal co-

variance of temperature and current changes is small

(Fig. 3i).3

FIG. 7. Scatterplots of changes in precipitation centroid vsDAHT(EQ).Averages are shownover (a) theAtlantic basin, (b) the Pacific basin,

(c) the Indian Ocean basin, and (d) all land. The color code in (a)–(d) is the same as the one used in Fig. 2. (e) The results in (a)–(d) are

replotted with the precipitation centroid scaled by the fraction of the latitude circle occupied by the respective basin. Black unfilled circles in

each panel represent the changes in the zonal-mean precipitation centroid vs DAHT(EQ), that is, the same as the colored dots in Fig. 2a.

3 Figure 3i shows the importance of seasonal covariance of temper-

ature and current changes for the change in cross-equatorial OHT es-

timated as follows. We first calculate the change in annual-mean heat

transport using (i) the monthly climatology of currents and tempera-

tures from the preindustrial and mid-Holocene simulations (shown in

bluebars ofFig. 3a).We then estimate the change inOHTby (ii) adding

the annual-mean changes (mid-Holocene minus preindustrial) in the

currents and temperatures to the climatological annual cycle in the

preindustrial simulation and then subtracting the preindustrial heat

transport. The difference between points i and ii is plotted in Fig. 3i and

shows that the changes in cross-equatorialOHTare largely independent

of the changes in the seasonal cycle in currents and temperatures.
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The changes in ocean circulation and henceOHT(EQ)

are primarily due to changes in wind stress in the

Indo-Pacific region that have a common pattern across

nearly all of the models. Figure 4c shows the multimodel-

mean change in the annual-mean wind stress in the

PMIP3 models associated with the mid-Holocene com-

pared to the present. The pattern seen in Fig. 4c is common

to all the PMIP3 models we examined (cf. Figs. 4c, 4d and

Fig. A2). Over the Indian Ocean and far western Pacific,

enhanced trades (easterly stress anomalies) are seen along

and to the north of the equator in 10 of 12 models (in-

cluding the ECHAM4.6 model coupled to a slab), re-

sulting in a positive wind stress curl near the equator.

According to Sverdrup transport theory, the positive

curl in the western Indo-Pacific basin drives northward

movement of water in the upper ocean. Although there

are negative curl anomalies in the eastern Pacific,

which drive southward movement of water in the upper

ocean because the upper-ocean water in the western

Indo-Pacific basin is warmer than that in the eastern Pa-

cific, the anomalous gyre circulation produces a north-

ward zonally averaged ocean heat transport anomaly

across the equator. The role of surface wind stress and

hence horizontal gyre in generating the anomalous ocean

heat transport is also found by Braconnot et al. (2000)

using the coupled version of L’Institut Pierre-Simon

Laplace (IPSL) model.

From the analysis above, it is clear that the increase

in northward OHT(EQ) in the mid-Holocene—seen in

all of the 10models coupled to a dynamic ocean—is due

to changes in wind stress in the western Pacific. These

wind anomalies are seen in nearly every PMIP3 model

(which employ dynamical ocean models), as well as in

an ECHAM4.6–slab ocean model (Fig. 4d), and hence

are independent of the ocean circulation changes. In-

deed, the wind changes are a monsoonal response to

the orbitally driven changes in insolation during the

mid-Holocene (Battisti et al. 2014; Liu and Battisti

2015). In the Northern Hemisphere, the stronger

summer insolation shifts convection from the ocean to

the land in the Indian Ocean basin, resulting in annu-

ally averaged easterly anomalies in the tropical Indian

Ocean basin and the western Pacific Ocean. In the

Southern Hemisphere, the weaker summer insolation

shifts convection from the land to the ocean, resulting

in annually averaged westerly anomalies in the tropical

Indian Ocean basin and the western Pacific Ocean

(Figs. 4a,b).

FIG. A1. (top) OHT(EQ) of the preindustrial simulation and (bottom) the difference in OHT(EQ) between

preindustrial and mid-Holocene DOHT(EQ), calculated using three methods. In the figure, exact denotes

OHT(EQ) calculated by the model and output during the simulation (the exact answer); the surface flux

method refers to OHT(EQ) derived from the hemispheric asymmetry in the change in surface energy flux,

DOHT(EQ)52D(1/2)[FSFC]jNH
SH ; and direct method refers to the calculation of OHT(EQ) from ocean current

and temperature output from the model.
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4. A mechanistic model of the change in mean
ITCZ and in the cross-equatorial ocean heat
transport

In the ECHAM4.6 model that employs a slab ocean, in-

solation changes are responsible for a southward shift of the

mean ITCZ. In most of the models (9 out of 12) with a

dynamic ocean, however, there is a northward shift in ITCZ.

The analyses presented in the previous section suggest

changes in ocean circulation play a crucial role in the

changes in the interhemispheric energy transport associated

with insolation forcing. The mechanism responsible for the

different responses in themodel that employs the slab ocean

and all of the models that employ dynamical oceans is

shown schematically in Fig. 5 and is summarized as follows.

In the previous section, we showed that insolation differ-

ences between the mid-Holocene and today drive similar

changes in precipitation and very similar changes in tropical

atmospheric circulation in both the models with and

without a dynamic ocean (Hsu et al. 2010; K. Chamales et al.

2017, manuscript submitted to Geophys. Res. Lett.). The

changes in precipitation and atmospheric circulation are

overwhelmingly zonally asymmetric in all of the models (cf.

Fig. 1 with Fig. 6); indeed, the zonally averaged wind stress

anomalies are less than 20% of the typical wind stress

anomaly.The robust changes in atmospheric circulationover

the Indian and Pacific Oceans feature a change in the wind

stress curl in theequatorial regionsof theseoceanbasins that,

acting on a zonally asymmetric climatological temperature

structure, results in basin-averaged northward increase in

ocean heat transport across the equator, particularly in the

tropical Pacific. The atmosphere, in turn, experiences an

increase inheat absorbed in theNorthernHemisphere that is

not completely compensated for by changes in the top-of-

the-atmosphere radiation. Hence, to maintain equilibrium,

the atmosphere must move anomalous heat into the

Southern Hemisphere. Since the atmosphere moves energy

across the equator overwhelmingly by the zonally averaged

overturning circulation, this requires the zonally averaged

Hadley circulation and attendant ITCZ to shift northward.

In contrast, in the ECHAM4.6 model coupled to a slab

ocean, there is a southward shift in the ITCZ and an

anomalous increase in AHT(EQ). Radiative feed-

backs (i.e., radiation changes in response to changes in

clouds and water vapor) in response to mid-Holocene

insolation changes result in a radiative input to the

Southern Hemisphere fD(1/2)[FTOA]jNH
SH , 0g that shift

the mean ITCZ southward.

The mechanism discussed above—whereby enhanced

wind-driven northward ocean heat transport induces a

FIG. A2. The climatological annual-mean precipitation in the preindustrial experiment (solid line; mm day21) and the change in

annual-mean precipitation (mid-Holocene minus preindustrial; dashed line; mm day21) for each PMIP3 model.
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northward shift in the Hadley cell and ITCZ—explains the

robust ensemble-mean, northward ITCZ shift from the

perspective of the energetic framework of ITCZ shifts.

While the northward ocean energy transport increases in all

models considered here, there are two main reasons that

individual model simulations show varyingmagnitudes and

directions of ITCZ shifts (Fig. 2): (i) the hemispheric con-

trast of top-of-the-atmosphere radiative changes varies in

sign anddirection betweenmodels—anearly equal number

of models simulating anomalous radiative input in to the

Northern Hemisphere as those that simulate anomalous

energy input to the Southern Hemisphere (left side of

Fig. 2b)—and (ii) the relationship between AHT(EQ) and

precipitation centroid explains a significant portion of the

ensemble average and spread in ITCZ shifts but is far from

perfect (i.e., the individual dots do not fall exactly on the a

straight line through the origin in Fig. 2a). The latter could

result from changes in static stability or local precipitation

changes projecting onto the zonal mean precipitation

without concomitant changes in theHadley cell.As a result,

even though the enhanced northward ocean transport is

seen in every model, it is not a useful predictor of ITCZ

shifts in a given climate model.

5. Conclusions and discussion

Orbitally induced insolation changes impact tropical

precipitation dramatically.We have demonstrated that, in

FIG. A3. Changes (mid-Holocene minus preindustrial) in the annual-mean surface wind stress (vectors; Pa) and

wind stress curl (shading; 1028 Nm23) for each PMIP3 model.
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addition to the intensification of the Northern Hemi-

sphere monsoon and (not emphasized) the weakening of

the Southern Hemisphere monsoon in the mid-Holocene,

in all 12 PMIP3 climate models that employ a dynamic

ocean, the northward OHT(EQ) is enhanced, and the

southward AHT(EQ) is also enhanced as a result. In

contrast, in models without interactive oceans, AHT(EQ)

is nearly unchanged. The change in cross-equatorial at-

mospheric heat transport is accomplished by the Hadley

cell; hence, themean ITCZ shifts northward in themodels

with an interactive ocean.

The increase in northward OHT(EQ) is accomplished

by changes in the upper-ocean gyre circulations in the

Indo-Pacific and particularly the Pacific Ocean; there is

no systematic change in the ocean heat transport in the

Atlantic Ocean. The changes in the wind stress that

drive the anomalous gyre circulations are independent

of whether the models have a dynamical ocean. The

surface circulation pattern that drives the gyre circula-

tion changes is clearly seen in all but one of the 12

models examined; it is also simulated by the ECHAM4.6

coupled to a slab ocean model used in this study. How-

ever, the impact of this wind stress change on the mean

ITCZ varies between coupled simulations and slab

ocean simulations; in coupled simulations the wind

stress changes spin up the tropical Pacific Gyre, en-

hancing the northward ocean heat transport and

demanding a northward Hadley cell and ITCZ re-

sponse, whereas this same mechanism is absent in slab

ocean simulations. The ITCZ shift in a minority of

FIG. A3. (Continued)
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models (BCC_CSM1.1, MIROC-ESM, and GISS-E2)

is southward—contrary to the northward shift expected

from the above mechanism—due to both radiative

feedbacks and departures from the energetic framework.

However, the robust northward ITCZ shift seen in the

ensemble of PMIP3mid-Holocene simulations would not

exist without the coupling between the wind stress

changes and the ocean circulation. We speculate that an

ensemble of slab ocean mid-Holocene simulations would

exhibit intermodel differences in the ITCZ shift with no

significant ensemble-mean shift.

Many modeling studies examining the impact of

forcing on the ITCZ employ atmospheric models cou-

pled to slab ocean models. However, results from our

study demonstrate that—at least for changes in insolation—

the response of ITCZ is mainly due to dynamical

changes in the ocean that are driven by the over-

whelmingly zonally asymmetric atmospheric circula-

tion anomalies that are, in turn, independent of the

ocean circulation changes [the latter result is also found

in several other studies (Clement et al. 2004; Hsu et al.

2010; McGee et al. 2014; Battisti et al. 2014; Liu and

Battisti 2015)].

We note that the difference in insolation between the

mid-Holocene and preindustrial periods induce changes

in atmospheric circulation in the tropical Indian and

Pacific Oceans that are common to almost all models

[cf. Figs. 4 and A3], regardless of whether dynamical

changes in the ocean are considered. The pattern of

insolation-induced precipitation changes over tropical

land regions is also common to most of the models but

less so than the circulation changes, particularly over the

ocean basins (cf. Figs. 1a and 1b). This result has been

reported in a previous study of the response of the cir-

culation and precipitation of the Maritime Continent to

increasing CO2 (Vimont et al. 2010) and is expected.

Monsoon circulations and precipitation are intimately

related to the near-surface moist static energy (Prive and

Plumb 2007a,b; Bordoni and Schneider 2008; Boos and

Kuang 2010). The dynamical scale associated with

changes in the monsoon circulations due to changes in

near-surface moist static energy is the equatorial Rossby

radius, which is ;106m; in contrast, the storms that re-

lease the energy that drives the monsoon circulations are

at least an order of magnitude smaller than the spatial

scale associated with the monsoon circulations. Hence,

FIG. A3. (Continued)
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the relevant heating for the monsoon circulations is the

aggregate of the precipitating elements: the details of the

distribution of precipitation are secondary for setting

the circulation response. In addition, the dynamics asso-

ciatedwith themonsoon circulations is explicitly resolved

in climate models, while the convective elements that

convert the surface energy to atmospheric heating are

parameterized.

Finally, although the focus of our paper is on under-

standing the zonal-mean response to insolation forcing, it

is important to keep in mind that the dominant changes in

tropical climate [precipitation, temperature (not shown),

and wind] are zonally asymmetric. This can be seen,

for example, in the asymmetry of the precipitation

changes (Fig. 1) as well as by comparing the maps of

precipitation and wind stress change with and without

the zonal mean removed (cf. Figs. 1, 4, and 6); the figures

are nearly identical. Indeed, although the global zonal

average precipitation in the deep tropics (represented

by the precipitation centroid) moves northward in re-

sponse to mid-Holocene insolation compared to pre-

industrial insolation, changes in ITCZ are accomplished

by the sum of differential changes in the zonal average

precipitation over each ocean basin and over the land

regions (Fig. 7); on average the zonal average precipi-

tation over the Atlantic Ocean moves southward, while

that over land moves northward (over the Indian and

Pacific Oceans, the sign of the meridional displacement

is not a robust model result). We note that a follow-up

study (A. Atwood et al. 2017, unpublished manuscript)

shows that the zonally averaged ITCZ displacement due

to other forcings (volcanic, freshwater, CO2, and land

ice) is also accomplished by a sum of differential dis-

placements in the zonal-mean precipitation averaged

over each basin. The implications for inferring larger-

scale climate changes from local proxy records of pre-

cipitation are apparent.
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APPENDIX

The Estimate of OHT(EQ)

We calculate the changes in cross-equatorial ocean

heat transport OHT(EQ) using three methods to as-

sess the reliability of calculating OHT(EQ) from

the monthly mean climatological fields. Figure A1

shows DOHT(EQ): 1) directly output by the ocean

throughout the integration and so calculated on the model

grid and at the model time step (the so-called exact cal-

culation), 2) calculated as the hemispheric differences in

surface energy flux, and 3) calculated using the monthly

averaged currents and temperature that were output from

the model, that is, Eq. (6). Calculations were done for the

fourmodels that reported the exact answer (CNRM-CM5,

FGOALS-s2, GISS-E2-R, and MRI-CGCM3). For three

of the four models, calculating OHT(EQ) from the

monthly mean climatological fields gives a very similar

answer to the exact answer output from the ocean models

(differences are less than 0.1 PW; Fig. A1). Furthermore,

for all four models, OHT(EQ) increases in the mid-

Holocene compared to the modern climate, regardless of

the method used to calculate OHT(EQ) (there are no

negative values in Fig. A1, bottom).

Our results are also robust in the sense that (i) the

northward shift of the mean ITCZ in the mid-Holocene

relative to the preindustrial simulation is seen in the

majority (9 out of 12) of the models (Fig. A2); and

(ii) the changes in the annual-mean surface wind stress

and its curl in the tropical Indian and Pacific Oceans

seen in the ensemble mean result (Fig. 4) are common to

almost all the models (Fig. A3).
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