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ABSTRACT

Based on the zonal mass streamfunction, the mid-Holocene annual and seasonal changes in the tropical Pacific

Walker circulation (PWC)areexaminedusingnumerical simulations fromthePaleoclimateModelling Intercomparison

Project Phases 2 and 3.Compared to the preindustrial period, the annualmeanof thePWC intensity strengthened (with

an average increase of 0.263 1014 kg2m22 s21 or 5%), and both the western edge and center of the PWC cell shifted

westward (by an average of 48 and 38, respectively) in the majority of the 29 models used for analysis during the mid-

Holocene. Those changes were closely related to an overall increase in the equatorial Indo-Pacific east–west sea level

pressuredifferenceand low-level tradewindsover theequatorial Pacific.AnnualmeanPWCchanges comemainly from

boreal warm seasons. In response to the mid-Holocene orbital forcing, Asian and North African monsoon rainfall was

strengthened due to large-scale surface warming in the Northern Hemisphere in boreal warm seasons, which led to an

intensified large-scale thermally direct east–west circulation, resulting in the enhancement and westward shift of the

tropical PWC. The opposite occurred during the mid-Holocene boreal cold seasons. Taken together, the change in the

monsoon rainfall over the key tropical regions ofAsia andNorthAfrica and associated large-scale east–west circulation,

rather than the equatorial Pacific SST change pattern, played a key role in affecting the mid-Holocene PWC strength.

1. Introduction

The tropical Pacific Walker circulation (PWC), a

planetary-scale east–west overturning atmospheric

circulation in the equatorial belt with ascending motion

over the Maritime Continent and western Pacific and

descending motion over the eastern Pacific, is an

important component of the global climate system

(Bjerknes 1969). Its variations are closely linked to those

of El Niño–Southern Oscillation (ENSO) (Julian and

Chervin 1978; Philander 1990) and monsoonal circula-

tions over adjacent continents (Webster et al. 1998;

Tanaka et al. 2004), and long-term changes in its in-

tensity and structure affect climate across the globe
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(Deser and Wallace 1990). Understanding the tropical

PWC change is therefore of broad scientific and socio-

economic interest.

Long-term changes in PWC under global warming

have been extensively studied based on observations and

numerical simulations, which have yielded conflicting

results regarding whether the PWC trends during the

twentieth century have weakened (Tanaka et al. 2004;

Vecchi et al. 2006; Vecchi and Soden 2007; DiNezio et al.

2009, 2013; Power and Kociuba 2011; Tokinaga et al.

2012a,b; Kociuba and Power 2015), strengthened (Sohn

and Park 2010; Luo et al. 2012; Meng et al. 2012; Wang

et al. 2012; L’Heureux et al. 2013; Sohn et al. 2013;

Sandeep et al. 2014; Li et al. 2015; Ma and Zhou 2016), or

remained unchanged (Compo et al. 2011). The un-

certainties primarily arise from the difference between

the observational datasets (Deser et al. 2010) and dif-

ferent time periods used for analysis, as natural variability

accounts for much of the variation onmultidecadal scales

and longer (;100yr) intervals are likely more associated

with external forced climate change (L’Heureux et al.

2013). This remains an important issue for future climate

change, amongwhich the twenty-first-century PWC tends

to weaken but displays low credibility in model pro-

jections (Power and Kociuba 2011; Kociuba and Power

2015). Moreover, mechanisms of the long-term changes

in PWC, including homogeneous warming mechanisms

associated with the global mean rainfall–moisture re-

lationship (Knutson and Manabe 1995; Held and Soden

2006;Gastineau et al. 2009) and inhomogeneous warming

mechanisms dominated by tropical Pacific sea surface

temperature (SST) change patterns (DiNezio et al. 2009,

2010; Tokinaga et al. 2012b; Sandeep et al. 2014), remain

inconclusive. Nevertheless, model simulations under

different external forcing conditions help unveil key

physical processes. Since the tropical PWC oscillates with

different mechanisms on orbital-to-decadal time scales, it

is of importance to look back into the past for a better

understanding of the PWC changes under different cli-

mate background states, and to examine whether the

above uncertainties for present and future climates exist

in past climate.

Paleoclimate modeling provides an opportunity to

test the model sensitivity in response to external orbital

forcing. The mid-Holocene, approximately 6000 years

before present, is an ideal time period for such a study to

understand past climate change on the orbital scale,

because its climate was remarkably different from to-

day and because natural forcings and paleodata are

relatively well known (Joussaume and Taylor 1995;

Braconnot et al. 2012a). The mid-Holocene is also one

of the benchmark periods under the protocol of the

PaleoclimateModelling IntercomparisonProject (PMIP),

which offers the possibility of studying the climate re-

sponse to changes in the orbital forcing. A hierarchy of

simulations of the mid-Holocene tropical climate have

been performed using coupled models (e.g., Bush 1999;

Clement et al. 2000; Liu et al. 2000; Kitoh and Murakami

2002; Otto-Bliesner et al. 2003; Zhao et al. 2007; Brown

et al. 2008; Zheng et al. 2008; Chiang et al. 2009; Zhou and

Zhao 2010, 2013; Braconnot et al. 2012b; An and Choi

2014; Roberts et al. 2014; Tian et al. 2017), which show

that although there are differences among simulations,

most of the models can capture the large-scale features of

the tropical climate, including the weakened ENSO ac-

tivity. Previous studies have also shown that climate

models generally reproduce strengthened monsoons and

increased precipitation in North Africa and Asia (e.g.,

Anderson et al. 1988; Kutzbach and Liu 1997; Joussaume

et al. 1999; Wang 1999; Braconnot et al. 2000; Bosmans

et al. 2012; Jiang et al. 2013, 2015; Zheng et al. 2013) and

North America (Harrison et al. 2003) during the mid-

Holocene summer. Comparatively, only a few modeling

studies have involved changes in the tropical PWC during

the mid-Holocene with a lack of explicit investigation

(e.g., Kitoh and Murakami 2002). Moreover, the mecha-

nism responsible for the past PWC change remains un-

clear. Therefore, it is of particular interest to examine

what the tropical PWC was like during that period in

simulations with state-of-the-art climate models, and how

the PWC variations are linked to the changes in ENSO

and the adjacent continental monsoon circulations. Un-

derstanding themid-Holocene changes in the tropical PWC

and the underlying mechanism will thus shed some light

on the long-term PWC changes under different climate

backgrounds. This is the central motivation of this study.

Based on the above and considering the important

role of ocean dynamics in the tropical climate, this paper

presents an analysis of the mid-Holocene tropical PWC

from the perspective of multiple coupled climate models

in the framework of the PMIP Phases 2 (PMIP2) and 3

(PMIP3). We address the following questions: 1) Are

PMIP2/3 simulations able to reproduce the modern key

PWC characteristics in the tropics? 2) How does annual

and seasonal tropical PWC respond to the mid-Holocene

forcing? 3) What are the mechanisms involved in the

most common changes among the models?

2. Data and method

a. Model description

The present study used all of the available models

under the PMIP2/3 protocol for the mid-Holocene cli-

mate simulations, including 15 PMIP2 atmosphere–

ocean or atmosphere–ocean–vegetation coupled models

2284 JOURNAL OF CL IMATE VOLUME 31



and 14 PMIP3 state-of-the-art coupled models that have

overall higher spatial resolutions than the previous gen-

eration. The boundary conditions for the mid-Holocene

experiment included changes in Earth’s orbital parame-

ters (Berger 1978) and atmospheric concentrations of

greenhouse gases. In PMIP2/3, the atmospheric carbon

dioxide concentration was held constant at 280ppm, and

the atmospheric methane concentration was set to 760

ppb for the preindustrial period but 650 ppb during the

mid-Holocene. SSTs were computed by oceanic general

circulation models, and the vegetation was simulated

with equilibrium or dynamic vegetation models in

atmosphere–ocean–vegetation models but was fixed at

the present state in atmosphere–ocean models. In ad-

dition, historical simulations of all available 13 PMIP3

models are used to assess the model performance for the

tropical PWC under present climate. Basic information

about the 29 models has been listed in Table 1. More

details about the models and experiments are provided

by Braconnot et al. (2007) and Taylor et al. (2012) and

available online at http://pmip3.lsce.ipsl.fr/. To detect

the tropical PWC and its changes at fine horizontal

resolution, all model data were aggregated to a grid

resolution of 18 latitude by 18 longitude using bilinear

interpolation.

b. Definition of PWC indices

To directly describe the zonal–vertical structure of the

tropical PWC, we use the zonal mass streamfunction to

measure the zonal circulation along the equator as de-

fined in previous studies (Yu and Boer 2002; Yu and

Zwiers 2010; Yu et al. 2012; Bayr et al. 2014; Schwendike

et al. 2014; Ma and Zhou 2016):

C5 2pa

ðp

0

u
D

dp

g
,

where uD denotes the divergent component of the zonal

wind, which is obtained by solving the Poisson equation

TABLE 1. Basic information about the climate models and their experiments used in this study. (Expansions of acronyms are available

online at http://www.ametsoc.org/PubsAcronymList.)

Model ID Country Atmospheric resolution

Length of run analyzed (yr) No data for

vertical wind

No data

for SSTPreindustrial Mid-Holocene

Fifteen coupled models within PMIP2

01 CCSM3.0 United States ;2.88 3 2.88, L18 50 50

02 CSIRO-Mk3L-1.0 Australia ;5.68 3 3.28, L18 1000 1000 O
03 CSIRO-Mk3L-1.1 Australia ;5.68 3 3.28, L18 1000 1000 O
04 FGOALS-1.0g China ;2.88 3 38–68, L9 100 100

05 FOAM United States 7.58 3 ;4.48, L18 100 100

06 FOAM-gvm United States 7.58 3 ;4.48, L18 100 100

07 GISS ModelE United States 58 3 48, L17 50 50

08 IPSL-CM4-V1-MR France 3.758 3 ;2.58, L19 100 100

09 MIROC3.2 Japan ;2.88 3 2.88, L20 100 100

10 MRI-CGCM2.3.4fa Japan ;2.88 3 2.88, L30 150 150

11 MRI-CGCM2.3.4fa-gvm Japan ;2.88 3 2.88, L30 100 100

12 MRI-CGCM2.3.4nfa Japan ;2.88 3 2.88, L30 150 150

13 MRI-CGCM2.3.4nfa-gvm Japan ;2.88 3 2.88, L30 100 100

14 UBRIS-HadCM3M2 United Kingdom 3.758 3 2.58, L19 100 100 O
15 UBRIS-HadCM3M2-gvm United Kingdom 3.758 3 2.58, L19 100 100 O

Fourteen coupled models within PMIP3

16 BCC-CSM1.1 China ;2.88 3 2.88, L26 500 100

17 CCSM4 United States 1.258 3 ;0.98, L26 1051 301

18 CNRM-CM5 France ;1.48 3 1.48, L31 850 200

19 CSIRO-Mk3.6.0 Australia 1.8758 3 ;1.98, L18 500 100

20 CSIRO-Mk3L-1.2 Australia ;5.68 3 3.28, L18 1000 500 O
21 FGOALS-g2 China ;2.88 3 38–68, L26 900 100 O
22 FGOALS-s2 China ;2.88 3 1.78, L26 501 100 O
23 GISS-E2-R United States 2.58 3 28, L40 1200 100

24 HadGEM2-CC United Kingdom 1.8758 3 1.258, L60 240 35 O
25 HadGEM2-ES United Kingdom 1.8758 3 1.258, L38 576 102 O
26 IPSL-CM5A-LR France 3.758 3 ;1.98, L39 1000 500

27 MIROC-ESM Japan ;2.88 3 2.88, L80 630 100 O
28 MPI-ESM-P Germany 1.8758 3 ;1.98, L47 1156 100

29 MRI-CGCM3 Japan 1.1258 3 ;1.18, L48 500 100
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globally for the potential function with divergence as the

forcing term and then calculating the divergent wind

(Yu et al. 2012;Ma andZhou 2016); p is the pressure, g is

the gravity acceleration, and a is the radius of Earth. The

zonal mass flux streamfunction C is calculated by ver-

tically integrating the divergent zonal wind averaged

between 58S and 58N from the top of the atmosphere to

surface. Here the levels above 100 hPa are also included

in the calculations, although only the levels below

100 hPa are shown in the figures. We define the PWC

intensity by the vertically integrated C of all levels av-

eraged over the equatorial Pacific (1408E–1008W). To

describe the westward or eastward shift of the PWC cell,

we calculate the longitude of the PWC cell center, and

we also define the PWCwestern edge by the zero line of

the vertically integrated C on the west of 1808. Similar

results can be obtained with reasonable variation of the

latitudinal interval chosen to quantitatively compute the

PWC intensity and western edge.

In addition, we use two other kinds of PWC indices to

indirectly measure the atmospheric zonal circulation.

One is the tropical Indo-Pacific sea level pressure dif-

ference (dSLP) defined by Vecchi et al. (2006) as the

difference in SLP averaged over the central/east Pacific

(58S–58N, 1608–808W) and Indian Ocean/west Pacific

(58S–58N, 808–1608E), which provides a useful estimate

for the mean intensity of Pacific zonal surface winds

(Vecchi et al. 2006; Zhang and Song 2006; Vecchi and

Soden 2007; DiNezio et al. 2011, 2013). Another index is

the zonal wind at 850 hPa (U850) averaged over the

equatorial Pacific (58S–58N, 1408E–1008W) to measure

the surface part of PWC. A similar index defined by

surface zonal wind has been used in previous studies

(Luo et al. 2012; McGregor et al. 2014).

c. Evaluation of climate models for the present-day
tropical PWC

Since the ability of climate models in reproducing the

present-day tropical PWC determines the confidence of

their results for the past climate, historical simulations

undertaken by the 13 PMIP3models (excluding CSIRO-

Mk3L-1.2 with data not available) are first evaluated

against two sets of reanalysis data for the period 1979–

2005. Note that the PMIP3 experiments have been in-

tegrated in the phase 5 ofCoupledModel Intercomparison

Project (CMIP5) exercise (Taylor et al. 2012), and thus

those for the mid-Holocene and historical simulations

are the exact same model configurations. Figure S1 in

the online supplemental material illustrates the annual-

mean zonal mass streamfunction along the equatorial

Pacific (58S–58N) from two reanalysis datasets and the

ensemble mean of historical experiments, overlaid by

corresponding zonal divergent winds and vertical winds.

Positive values represent clockwise zonal circulation

and negative values denote anticlockwise circulation.

The PWC represented as an enclosed cell east of the

Maritime Continent shows ascending motion over the

western Pacific and Maritime Continent and subsidence

over the eastern Pacific, with surface easterlies along the

equator and westerlies in the upper troposphere. The

center of the PWC cell locates in the midtroposphere

(400–500 hPa) and equatorial central Pacific (;1508W),

while the zero line of the west side of the PWC cell lo-

cates around 1558E. The large-scale characteristics from
the historical simulations are similar to those of the

PWC climatology from reanalysis datasets,

demonstrating a reasonable performance of the en-

semble mean of the PMIP3 models. Figure S2 further

displays the reanalysis-based and simulated monthly-

mean vertically integrated zonal mass streamfunction

along the equatorial Pacific. The maximum of the ver-

tically integrated zonal mass streamfunction is generally

stronger in June–September and December–February

than in other months. The zero line over the western

Pacific exhibits an obvious seasonal migration, shifting

from approximately 1608E inMarch westward to around

1508E in June and then moving eastward. The seasonal

variation pattern from historical simulations resembles

that of reanalysis datasets. As such, the ensemble mean

of the 13 PMIP3 models reliably captures the funda-

mental features of the present-day tropical PWC both

on annual and seasonal scales, and it is therefore rea-

sonable to perform the subsequent analysis.

3. Tropical PWC changes during the mid-Holocene

a. Annual mean change

The annual mean of zonal mass streamfunction along

the equatorial Pacific (58S–58N) during the preindustrial

andmid-Holocene and their difference derived from the

ensemble mean of 29 PMIP2/3 models are shown in

Fig. 1, overlaid by corresponding zonal divergent winds

and vertical winds from the ensemblemean of 22models

with data available (Table 1). Similar to the present-day

tropical PWC climatology, the center of the pre-

industrial PWC cell is located in the midtroposphere

(500 hPa) and equatorial central Pacific (1528W), while

the zero line of the west side of the PWC cell is located

around 1408E (Fig. 1a). The annual mean pattern of zonal

mass streamfunction during the mid-Holocene resem-

bled that during the preindustrial period, with their dif-

ference depicted by robust positive anomalies on the west

side of the PWC cell (west of ;1558W) and negative

anomalies on the east side of it across the whole tropo-

sphere (Fig. 1c), indicating a strengthening andwestward

2286 JOURNAL OF CL IMATE VOLUME 31



shift of the tropical PWC cell. Quantitatively, vertically

integrating all levels averaged over the equatorial Pa-

cific (1408E–1008W), the mid-Holocene PWC intensity

strengthened by 0.0920.74 3 1014 kg2m22 s21 (2%–

16%) in 25 models but weakened by 0.0120.28 3 1014

kg2m22 s21 (0.2%–6%) in the remaining four models,

with an average intensification of 0.263 1014kg2m22 s21

or 5% for all models relative to the preindustrial period

(Fig. 2a; see also Table S1). On the other hand, the PWC

western edge overall shifted westward by 18–148 in 24

models but shifted eastward by 18–48 in four models,

with generally no shift in the remaining one model and

an average westward shift of 48 for all models during the

mid-Holocene (Fig. 2b; Table S1). Besides the western

edge, the PWC cell center also showed an extent of shift,

with a westward shift of 182198 in 16 models, a eastward

shift of 38–228 in 4 models, and no shift in the other 9

models, yielding an average westward shift by 38 for all
models (Fig. 2c; Table S1), showing an extent of un-

certainty among models. The strengthening of the in-

tensity and westward shift of the western edge of the

PWC cell in the ensemble mean of 15 PMIP2 models

were overall similar in magnitude to those from the 14-

PMIP3-model mean, but the westward shift of the PWC

cell center was much stronger in the former than in the

latter (Figs. 2a–c; see also Table S1).

Consistent with annual changes in above direct PWC

indices, the annual equatorial Pacific east–west SLP

difference increased by 0.01–0.40 hPa (0.4%–802%) in

25 models but reduced by 0.01–0.24 hPa (1%213%) in

the remaining four models, with an average increase of

0.14 hPa or 8% for all models during the mid-Holocene

(Fig. 2d; Table S1). Correspondingly, annual easterly

wind at 850 hPa over the equatorial Pacific (58S–58N,

1408E–1008W) strengthened by 0.0220.70ms21 (0.3%2
11%) in 27 models but weakened by 0.62ms21 (9%) in

FGOALS-1.0g and by 0.17ms21 (4%) in GISS-E2-R,

contributing to an average enhancement of low-level

trade winds by 0.29ms21 or 4% for all models (Fig. 2e;

Table S1). The correlation coefficient between the mid-

Holocene changes in dSLP and U850 is 20.76, which is

significant at the 99% confidence level (Table 2) and

indicates a close dynamical connection between large-

scale zonal difference of SLP and zonal wind stress

(Clarke and Lebedev 1996).

To depict the relationship among the PWC indices

straightforwardly, Fig. 3 shows the scatterplot of the

annual changes in PWC intensity versus shifts of the

western edge and center of the PWC cell and changes in

dSLP and zonal wind at 850 hPa between the mid-

Holocene and preindustrial periods. Most models

show a strengthening of the PWC intensity, westward

shifts of both the western edge and center of the PWC

cell, increased dSLP, and enhancement of low-level

trade winds. There were some relations between the

PWC intensity change and shift of both the PWC west-

ern edge and PWC cell center, with the correlation co-

efficients of 20.37 and 20.32 being significant at the

95% and 90% confidence level, respectively (Figs. 3a

and 3b; Table 2), but explaining only a small part of

variance, suggesting that other processes were rather

more important for the PWC intensity change. Besides,

the changes in PWC intensity were positively correlated

with changes in dSLP but negatively correlated with

those in U850, with the correlation coefficients of 0.59

and 20.71 being significant at the 99% confidence level

(Figs. 3c and 3d; Table 2). The shifts of the PWCwestern

edge also significantly correlated with changes in dSLP

and U850 both at the 99% confidence level, whereas the

correlations between the shifts of PWC cell center and

the above three indices are insignificant at the 99%

confidence level (Table 2).

The zonal distributions of the annual climatology of

vertically integrated zonal mass streamfunction and

FIG. 1. Annual mean of zonal mass streamfunction (shading and contours; units: 1010 kg s21) along the equatorial Pacific (58S–58N)

during the (a) preindustrial (PI), (b) mid-Holocene (MH), and (c) their difference (MH 2 PI) from the ensemble mean of 29 PMIP2/3

models. Vectors are the composite of pressure velocity (v3250; units: Pa s21) and zonal divergent wind (units: m s21) from the ensemble

mean of 22 PMIP2/3 models with data available. The dotted areas in (c) represent regions where at least 70% of the models agree on the

sign of the change in zonal mass streamfunction.

15 MARCH 2018 T I AN ET AL . 2287



FIG. 2. Annual mean of the (a) PWC intensity (units: 1014 kg2m22 s21), (b) longitude of

PWC western edge (units: 8), (c) longitude of PWC cell center (units: 8), (d) dSLP (units:

hPa), and (e) zonal wind at 850 hPa (units: m s21) during the preindustrial (light gray bars;

left y axis), mid-Holocene (dark gray bars; left y axis), and their difference (red signs; right y

axis) from the 15 PMIP2 and 14 PMIP3models and their ensemblemeans. Red plus (minus)

signs represent positive (negative) change, and open circles represent no change between

the mid-Holocene and preindustrial periods. The red error bar for the model ensemble

mean change represents the range of the difference in the models of concern.

2288 JOURNAL OF CL IMATE VOLUME 31



zonal wind at 850 hPa along the equatorial Pacific (58S–
58N) were similar between the preindustrial and mid-

Holocene periods in the multimodel ensemble mean

(Fig. 4). Both of the mean states showed a maximum of

vertically integrated zonalmass streamfunction and low-

level trade winds in central Pacific around 1508W
and the strongest ascending motion in the Maritime

Continent around 1208E (figure not shown). During the

mid-Holocene, the vertically integrated zonal mass

streamfunction increased over the western Pacific and

both the maximum center (from 1528 to 1578W) and the

western edge (from 1408 to 1378E) slightly shifted

westward, the average ascending motion strengthened

over the Maritime Continent, and the easterlies at

850 hPa enhanced over the central and western Pacific,

collectively showing a clear picture of the strengthening

and westward shift of the tropical PWC relative to the

preindustrial period.

b. Seasonal variation

Considering the seasonality of the energy exchange

between the atmosphere and ocean, there is a large

seasonal variation in the tropical PWC (Yu et al. 2012;

Schwendike et al. 2014). For the preindustrial climatol-

ogy, the maximum of the vertically integrated zonal

mass streamfunction along the equatorial Pacific (58S–
58N) was strongest in June–September but weakest in

March–May, with the zero line over the western Pacific

exhibiting an obvious seasonal migration and shifting

from approximately 1408E in March westward to

;1308E in June and then moving eastward, as derived

from the ensemble mean of the 29 PMIP2/3 models

(Fig. 5a). There was also a large seasonal difference of

the PWC change between the mid-Holocene and pre-

industrial periods. The vertically integrated zonal mass

streamfunction showed robust positive anomalies from

June through October but negative anomalies from

February to May over the western and central Pacific

(1208E–1608W), whereas the opposites held true over

the eastern Pacific (Fig. 5c), indicating an enhancement

of the tropical PWC in the mid-Holocene boreal

warm seasons [June–October (JJASO)] but a reduction

in boreal cold seasons [December–April (DJFMA)],

which was consistent with previous single-model study

(Kitoh and Murakami 2002). With respect to the pre-

industrial period, both the zero line and maximum

center of the vertically integrated zonal mass stream-

function shifted westward from July through October

during the mid-Holocene (Figs. 5a and 5b). Altogether,

the boreal warm-season difference partially offset the

cold-season difference, resulting in the strengthening

and westward shift of the annual mean PWC during the

mid-Holocene.

c. Dynamic mechanism for the mid-Holocene
tropical PWC change

Asmentioned above, themid-Holocene change of the

annual mean PWC is mainly attributed to the change in

boreal warm seasons. In response to the mid-Holocene

orbital forcing primarily by precession, the Northern

Hemisphere received more insolation at the top of the

atmosphere in boreal warm seasons (left panel of Fig. 6;

Berger 1978; Kitoh and Murakami 2002), leading to

large-scale increase in land surface temperatures at the

middle and high latitudes but decrease at some locations

in the low latitudes (Fig. 7c). As a result, the meridional

temperature gradient decreased through the low to

middle and high latitudes, which was favorable to

anomalous southerly winds that brought excess water

vapor from the tropics in the lower troposphere.

Moreover, themid-Holocene SSTs were slightly warmer

over the North Pacific andAtlantic but colder over most

of the tropical Pacific (Fig. 7c). Because of stronger

surface warming over Asia than over the North Pacific,

the large-scale zonal land–sea thermal contrast and

hence SLP gradient increased accordingly, which were

beneficial to winds and moisture transport from the

ocean to the continent in the lower troposphere. As

confirmed in Fig. 8c, the anomalous water vapor flux

converged in the Asian and North African monsoon

TABLE 2. Correlation coefficient between the mid-Holocene minus preindustrial changes in PWC intensity over the equatorial Pacific

(58S–58N, 1408E–1008W) vertically integrated from top level to 1000 hPa, shift of PWC western edge, shift of PWC cell center, changes in

dSLP between the central/east Pacific (58S–58N, 1608–808W) and Indian Ocean/west Pacific (58S–58N, 808–1608E), and changes in zonal

wind at 850 hPa (U850) over (58S–58N, 1408E–1008W) based on all 29 PMIP2/3 models. Correlation coefficients that are statistically

significant at the 95% and 99% confidence levels are in italic and boldface, respectively.

PWC western edge shift PWC cell center shift dSLP U850

PWC intensity 20.37 20.32 0.59 20.71
PWC western edge shift — 0.27 20.47 0.47

PWC cell center shift — — 20.38 0.26

dSLP — — — 20.76
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regions, leading to increased monsoon rainfall over

these key tropical regions (enclosed by the red ellipse in

Figs. 8c and 9c) during the mid-Holocene boreal warm

seasons, which was consistent with previous studies

(e.g., Anderson et al. 1988; Kutzbach and Liu 1997;

Joussaume et al. 1999;Wang 1999; Braconnot et al. 2000;

Bosmans et al. 2012; Jiang et al. 2013, 2015; Zheng et al.

2013). The enhanced convective heating associated with

the strengthened Asian and North African monsoons

intensified a large-scale thermally direct east–west cir-

culation as shown in Krishnamurti (1971) and Chang

and Li (2000), which was exhibited as vigorous anoma-

lous easterlies extending from approximately 758W of

the tropical southeastern Pacific across the central and

western Pacific farther westward to approximately 508E
of the equatorial IndianOcean (Fig. 10c). Moreover, the

strengthened Indian monsoon (Fig. 9c) could also

induce a Kelvin wave response to the east. The easterly

anomalies associated with the Kelvin wave response

thus strengthened the North Pacific subtropical high

(Wu et al. 2009), which extended farther westward with

anomalous anticyclone circulation over the North Pa-

cific and anomalous easterlies over the equatorial

western Pacific (Fig. 10c). Additionally, the anomalous

easterlies in the equatorial Indian Ocean led to a dipole

rainfall–SST change pattern through the Bjerknes

feedback, showing decreased precipitation and colder

SSTs in the southeastern Indian Ocean off Java and

Sumatra but increased precipitation and slightly warmer

SSTs in the western Indian Ocean (Figs. 7c and 9c). As a

whole, because the surface part of PWC is characterized

by low-level easterlies over the equatorial Pacific

(Fig. 1), the anomalous easterlies over the equatorial

western and central Pacific and Indian Ocean thus

FIG. 3. Mid-Holoceneminus preindustrial changes in PWC intensity (units: 1014 kg2m22 s21) vs shifts of (a) PWC

western edge and (b) PWC cell center (units: 8 longitude) and changes in (c) dSLP (units: hPa) and (d) zonal wind at

850 hPa (units: m s21). Each number represents a model ID (see Table 1), with blue denoting a PMIP2 model and

red a PMIP3model; blue, red, and black stars represent the ensemblemean of 15 PMIP2models, 14 PMIP3models,

and all models, respectively; and the black solid line denotes the least squares linear fit of the changes based on

all models.
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indicated a strengthening and westward shift of the

tropical PWC during the mid-Holocene boreal warm

seasons (Fig. 5c). Note that at the large scale, most of the

PMIP2/3 models share similar response with their en-

semble mean as shown from the model agreement value

dotted in Figs. 7 and 9 and from a whole picture of in-

dividual PMIP2/3 models in Figs. S3 and S4. Previous

studies showed that a stronger Walker circulation cor-

relates positively with the orographic rainfall enhance-

ment over the Maritime Continent due to mechanically

forced upslope flow (Roe 2005; Sobel et al. 2011), but

negatively with the rainfall over the western Pacific

warm pool (e.g., Dayem et al. 2007). Consistent with

these ideas and the strengthened mid-Holocene boreal

warm-season PWC, the anomalous water vapor flux

convergence explained the intensification of precipita-

tion and ascendingmotion over theMaritimeContinent,

while the anomalous water vapor flux divergence sup-

pressed the tropical western and southern Pacific pre-

cipitation (Figs. 8c and 9c). Note that the ascending

motion also intensified over the northern Indian Ocean,

which was mainly due to the westward shift of the

tropical PWC, leading to the convergence of water va-

por flux and thus the enhanced precipitation in the

northern Indian Ocean (Figs. 8c and 9c).

In boreal cold seasons, the Northern Hemisphere re-

ceived less insolation at the top of the atmosphere dur-

ing the mid-Holocene (left panel of Fig. 6), and surface

temperatures decreased at the low and middle latitudes

over land and most of the oceans (Fig. 7b). Surface

cooling was stronger in the East Asian continent than

over the surrounding oceans at the tropics and middle

latitudes, resulting in decreases in both meridional and

zonal land–sea thermal contrast, and hence the SLP

gradient, which was unfavorable to winds and water

vapor transport from the ocean toward the land in the

lower troposphere (Fig. 10b). As further seen from

Figs. 8b and 9b, the anomalous water vapor flux gener-

ally diverged and thus rainfall decreased in the land

monsoon areas ofAsia andNorthAfrica. As a result, the

weakened convective heating associated with the

weakened Asian and North African monsoons sup-

pressed the large-scale east–west circulation (Krishnamurti

FIG. 4. Annual mean of (a) vertically integrated zonal mass

streamfunction (units: 1014 kg2m22 s21) and (b) zonal wind at

850 hPa (units: m s21) along the equatorial Pacific (58S–58N) during

the preindustrial (black line; right y axis), mid-Holocene (blue line;

right y axis), and their difference (red line; left y axis) from the

ensemble mean of 29 PMIP2/3 models. Light pink shading repre-

sents the range of the difference between the two periods in

all models.

FIG. 5. Monthlymean of vertically integrated zonal mass streamfunction (units: 1014 kg2m22 s21) along the equatorial Pacific (58S–58N)

during the (a) preindustrial (PI), (b) mid-Holocene (MH), and (c) their difference (MH 2 PI) from the ensemble mean of 29 PMIP2/3

models. The dotted areas in (c) represent regions where at least 70% of the models agree on the sign of the change. Note that this figure

shows the maximum value of vertically integrated zonal mass streamfunction for each longitude and month.
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et al. 1973; Chang and Li 2000), leading to anomalous

westerlies extending from approximately 508E of the

equatorial Indian Ocean across the western and central

Pacific farther eastward to approximately 808W of the

tropical southeasternPacific (Fig. 10b) and thus indicating a

weakening of the tropical PWC during the mid-Holocene

boreal cold seasons (Fig. 5c). Accordingly, the anomalous

water vapor flux divergence suppressed the precipitation

and rising motion over the Maritime Continent and Aus-

tralia, while the anomalous water vapor flux convergence

FIG. 6. Latitude–month distribution of the mid-Holocene minus preindustrial changes in

incoming solar radiation at the top of the atmosphere according to Berger (1978), with annual

mean changes being shown on the right panel (units: W m22).

FIG. 7. Mid-Holocene minus preindustrial changes in (a) annual, (b) DJFMA, and (c) JJASO land surface 2-m air temperatures from

the ensemble mean of 29 PMIP2/3 models and sea surface temperatures from the ensemble mean of 26 PMIP2/3 models with data

available (units: 8C). The dotted areas represent regions where at least 70% of the models agree on the sign of the change.
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led to increased precipitation over the equatorial Indian

Ocean and the tropical western Pacific (Figs. 8b and 9b).

Taken together, in response to the annual mean orbital

forcing (right panel of Fig. 6), the changes in boreal warm

seasons partially offset the boreal cold-season changes,

leading to an annual net effect similar to the boreal warm-

season one with anomalous easterlies in the equatorial

western and central Pacific and IndianOcean on the annual

scale (Fig. 10a). This resulted in the enhancement and

westward shift of the annual mean PWC during the mid-

Holocene.

The mean states of the mid-Holocene tropical Pacific

SSTs and salinity have been reconstructed from a variety

of paleoclimate records, which could indirectly reflect

some features of the tropical PWC change. The PMIP2/3

model results showed that the mid-Holocene annual

SSTs were generally colder over the tropical Pacific with

little change in the equatorial Pacific SST gradient

(Fig. 7a). However, reconstructions from magnesium/

calcium ratios in planktonic foraminifera showed rela-

tive cooling of the mid-Holocene SST in the eastern

equatorial Pacific with respect to the western Pacific,

suggestive of enhanced zonal SST gradients, strengthened

trade winds, and thus more vigorous Walker circulation

(Koutavas et al. 2002). This conclusion was consistent with

the simulated enhancement of the tropical annual PWC

during themid-Holocene in the present study, although the

strengthened trade winds were mainly derived from the

intensified large-scale east–west circulation due to stronger

Asian and North African monsoons in the boreal warm

seasons. On the other hand, some authors have inferred

relative warming or little change of the mid-Holocene SST

from the present day in the eastern equatorial Pacific on the

basis of geoarcheologic evidence (Sandweiss et al. 1996;

Andrus et al. 2002; Lea et al. 2006; Timmermann et al.

2014), and in the western equatorial Pacific based on al-

kenone data (Timmermann et al. 2014), disagreeing with

the annual cooling (Fig. 7a) but somehow agreeingwith the

boreal warm-season situation in the simulations (Fig. 7c).

Therefore, there are inconsistencies among different SST

records, which may be related to different seasonal sensi-

tivities as suggested by Timmermann et al. (2014), calling

for more reconstructions using multisource proxy data

with higher spatial and temporal resolutions to better

perform model–data comparison. In addition, evidence

reconstructed from oxygen isotope ratios in coral (Gagan

FIG. 8. Mid-Holocene minus preindustrial changes in (a) annual, (b) DJFMA, and (c) JJASO vertically integrated water vapor flux

(arrows; units: kg m21 s21) and its divergence (shading; units: mm day21) obtained from 13 PMIP3 models (excluding CSIRO-Mk3L-1.2)

with specific humidity and wind data available. The vertical integration of water vapor flux is performed from the surface to 300 hPa, and

the impacts of topography have been removed using the surface pressure. The units of divergence has been converted to mm day21,

assuming the density of liquid water as 1 g cm23. The regions enclosed by the red ellipse in (c) represent the key monsoon regions over

Asia and North Africa.
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et al. 1998; Tudhope et al. 2001) and marine sediments

(Stott et al. 2004) also suggested that the western equa-

torial Pacific was more saline in the mid-Holocene, which

implied increased evaporation or decreased precipitation

and thus agreed with the multimodel result (Fig. 9a).

Because the PWC is a thermally direct circulation

over the tropical Pacific, the equatorial Pacific zonal SST

gradient is thought to be an important driver of the PWC

intensity (Philander 1990). Previous studies have shown

that the La Niña–like pattern of the equatorial Pacific

SST contributes to the strengthening of the long-term

PWC, whereas the El Niño–like SST change pattern

explains the PWC weakening (Koutavas et al. 2002;

Meng et al. 2012; Tokinaga et al. 2012b; Liu et al. 2013;

Sandeep et al. 2014; Ma and Zhou 2016). However, Ma

et al. (2012) found that without any change in equatorial

Pacific SST gradient, the mean advection of stratifica-

tion change by climatological vertical motion acts to

slow down the tropical PWC in response to global

warming. In the PMIP2/3 simulations, the mid-Holocene

equatorial Pacific SST showed little change in boreal

warm seasons (Fig. 7c), but the tropical PWC was en-

hanced due to the anomalous easterlies over the equa-

torial western and central Pacific, which mainly resulted

from the intensified planetary-scale east–west circulation

stemming from the strengthening of the Asian and North

African monsoons during that time. On the other hand, a

La Niña–like SST change pattern occurred in the mid-

Holocene boreal cold seasons (Fig. 7b), but the tropical

PWC was weakened due to the anomalous westerlies over

the equatorial western Pacific, which were primarily at-

tributed to the weakening of the Asian and North African

monsoons and associated large-scale east–west circulation.

Therefore, the present study stressed the important role

Asian and North African monsoons (regions enclosed by

the red ellipses inFigs. 8c and 9c) play in causing the change

of the large-scale east–west circulation. The change of the

equatorial Pacific SST change pattern is not critical for the

tropical PWC change during the mid-Holocene. In this

sense, to better verify the simulated PWC change, further

effort should be devoted to reconstruct the mid-Holocene

surface circulation in the equatorial Pacific.

4. Conclusions

The annual mean change in the tropical PWC, based

on the PWC indices, as well as its seasonal variation

during the mid-Holocene were investigated using 29

coupled models under the protocol of the PMIP2/3

simulations. The primary conclusions are as follows.

FIG. 9. Mid-Holocene minus preindustrial changes in (a) annual, (b) DJFMA, and (c) JJASO precipitation (units: mm day21) from the

ensemble mean of 29 PMIP2/3 models. The dotted areas represent regions where at least 70% of the models agree on the sign of the

change. The regions enclosed by the red ellipse in (c) represent the key monsoon regions over Asia and North Africa.

2294 JOURNAL OF CL IMATE VOLUME 31



As measured by the zonal mass streamfunction, the

tropical PWC cell is characterized by rising motion over

the western Pacific and Maritime Continent, subsidence

over the eastern Pacific, surface easterlies along the

equator, and westerlies in the upper troposphere. With

respect to the preindustrial period, the annual mean of

the PWC intensity strengthened in 25 models but

weakened in the remaining 4 models, with an average

intensification of 0.26 3 1014 kg2m22 s21 or 5% for all

models during the mid-Holocene. The western edge and

center of the PWC cell shifted westward in most models,

with an average of 48 and 38, respectively, for the en-

semble mean of the 29 models. The mid-Holocene an-

nual changes in the tropical PWC were accompanied by

an average increase in the equatorial Indo-Pacific east–

west SLP difference by 0.14 hPa or 8% and an en-

hancement of low-level trade winds over the equatorial

Pacific by 0.29ms21 or 4% for the 29-model ensemble

mean. There was a close relationship among the annual

changes in PWC intensity, the shifts of PWC western

edge and PWC cell center, and the changes in equatorial

Indo-Pacific east–west SLP difference and low-level

trade winds over the equatorial Pacific during the mid-

Holocene.

On the seasonal scale, the mid-Holocene tropical

PWC intensified and shifted westward in boreal warm

seasons (JJASO) but weakened in boreal cold seasons

(DJFMA) relative to the preindustrial period. In re-

sponse to the mid-Holocene orbital forcing, the asym-

metric surface warming led to large-scale changes in

meridional temperature gradient and zonal land–sea

thermal contrast in the Northern Hemisphere and hence

strengthenedAsian andNorth Africanmonsoon rainfall

in boreal warm seasons, which intensified a planetary-

scale east–west circulation, resulting in anomalous

easterlies over the equatorial western Pacific and Indian

Ocean in the lower troposphere and thus the enhance-

ment of the tropical PWC. The opposite occurred in the

mid-Holocene boreal cold seasons. Moreover, the en-

hanced Indian monsoon also strengthened the Pacific

subtropical high, which extended farther westward and

led to the anomalous easterlies over the equatorial

western Pacific in boreal warm seasons. Because of the

orbital forcing, the annual changes followed the boreal

warm-season ones, contributing to the strengthening of

the annual mean PWC during the mid-Holocene. Al-

together, the change in the monsoon rainfall over the

key tropical regions of Asia and North Africa and as-

sociated large-scale east–west circulation played a more

essential role than the equatorial Pacific SST change

pattern in influencing the tropical PWC strength during

the mid-Holocene.

FIG. 10.Mid-Holoceneminus preindustrial changes in (a) annual, (b)DJFMA, and (c) JJASO sea level pressures (shading; units: hPa) and

winds at 850 hPa (vectors; units: m s21) from the ensemble mean of 29 PMIP2/3 models.
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