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ABSTRACT

The Holocene East Asian summer monsoon (EASM) was previously characterized as a trend toward

weaker monsoon intensity paced by orbital insolation. It is demonstrated here that this evolution is more

accurately characterized as changes in the transition timing and duration of the EASM seasonal stages

(spring, pre-mei-yu, mei-yu, midsummer), and tied to the north–south displacement of the westerlies relative

to Tibet. To this end, time-slice simulations across the Holocene are employed using an atmospheric general

circulation model. Self-organizing maps are used to objectively identify the transition timing and duration of

the EASM seasonal stages.

Compared to the lateHolocene, an earlier onset ofmei-yu and an earlier transition frommei-yu tomidsummer in

the early to mid-Holocene are found, resulting in a shortened mei-yu and prolonged midsummer stage. These

changes are accompanied by an earlier northward positioning of the westerlies relative to Tibet. Invoking changes

to seasonal transitions also provides a more satisfactory explanation for two key observations of Holocene East

Asian climate: the ‘‘asynchronous Holocene optimum’’ and changes to dust emissions.

Amechanism is proposed to explain the altered EASM seasonality in the simulated early tomid-Holocene. The

insolation increase over the boreal summer reduces the pole–equator temperature gradient, leading to northward-

shifted and weakened westerlies. The meridional position of the westerlies relative to the Tibetan Plateau de-

termines the onset of mei-yu and possibly the onset of the midsummer stage. The northward shift in the westerlies

triggers earlier seasonal rainfall transitions and, in particular, a shorter mei-yu and longer midsummer stage.

1. Introduction

Unlike other major monsoon systems (such as the

West African monsoon and the North American mon-

soon), the East Asian summer monsoon (EASM) un-

dergoes unique meridional transitions during its

seasonal evolution (Lau et al. 1988; Tao and Chen 1987)

characterized by three quasi-stationary stages and two

abrupt jumps between them (Ding and Chan 2005). In

their review article, Ding and Chan (2005) suggested

that the onset process of the EASM can be summarized

as follows: 1) Following the ‘‘spring persistent rainfall’’

(Wu et al. 2007), the first onset starts in earlyMay, which

we label as the ‘‘pre-mei-yu’’ season. 2) The rainfall

band then advances northward in mid-June, forming the

Chinese mei-yu, the Korean changma, and the Japanese

baiu. 3) The second jump occurs around mid-July,

bringing more rainfall over northern China, which we

label as ‘‘midsummer rainfall,’’ following Xu and Zipser

(2011). The conventional interpretation of the EASM

seasonal evolution is that the land–sea thermal contrast

caused by the differential heat capacities of the Asian

continent and the Pacific Ocean induces a pressure

contrast, which in turn drives a low-level monsoonal

flow from the South China Sea that penetrates inland,

bringing moisture and thus rainfall. This mechanism is

thought to contribute to the onset and interannual var-

iability of the EASM (e.g., Li and Yanai 1996). The

thermal and mechanical effects of the Tibetan Plateau

are also thought to play important roles in the EASM

evolution (Molnar et al. 2010; Yanai and Wu 2006).

Previous work provided a basis to link the seasonal

migration of the modern EASM and that of the mid-

latitude westerlies impinging on the Tibetan Plateau. The

meridional migration of the westerlies relative to Tibet

follows the seasonal cycle of the insolation and its effect
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on the meridional temperature gradient, consistent with

the thermal wind relationship. The advance of the west-

erly jet over East Asia was first tied to the downstream

northward transition of the rainfall belt over China in the

English literature in the 1950s (Staff 1957, 1958a,b; Yeh

et al. 1959). Subsequent studies have further supported

the synchronous connection between the westerlies shift

in the Tibetan region and the seasonal transitions of the

EASM. For example, Schiemann et al. (2009) show that

the position of the westerly jet impinging on the Tibetan

Plateau is systematically correlated to the spatial distri-

bution of precipitation over East Asia: the climatological

westerly jet stays to the south of the Tibetan Plateau in

April and migrates onto the Tibetan Plateau in May,

corresponding to the pre-mei-yu season; the jet reaches

the northern edge of the Tibetan Plateau in June timed to

the start of the mei-yu season; the northernmost jet po-

sition is achieved in July to August, timed with the mid-

summer rainfall season; and finally, the jet retreats

southward and the East Asian monsoonal rainfall de-

clines in September.

This synchronous relationship points to a strong dynam-

ical control of the westerlies on EASM seasonality (e.g.,

Liang and Wang 1998; Sampe and Xie 2010); however, a

comprehensive anddynamically consistent interpretationof

how this comes about is still lacking. Sampe and Xie (2010)

suggest that thewesterlies advectwarmair downstream that

then rises due to adiabatic uplift, thus providing a favorable

environment for convection; the uplift is further intensified

from the resulting latent heat release during condensation.

They also highlight the role of the westerlies in anchoring

the mei-yu rainfall band via steering the weather distur-

bances along the jet. Chen and Bordoni (2014) confirm that

the westerly jet induces low-level downstream convergence

throughproviding horizontal advection of dry enthalpy, and

argue that the meridional stationary eddy activity is crucial

in sustaining the mei-yu front via transporting the mean

temperature meridionally.

Paleoclimate reconstructions suggest that the intensity

of the EASM varied considerably during the late Qua-

ternary. Oxygen isotope records (d18Op) from Chinese

caves suggest that theEASMduring theHolocene changes

in pace with orbital forcing on the precessional scales; that

is, stronger Northern Hemisphere summer insolation in-

duces enhanced EASM in the early to mid-Holocene

(Wang et al. 2001, 2008). Based on the ‘‘amount effect’’

(Dansgaard 1964), this interpretation views the values of

d18Op recorded in the caves as a measure of EASM in-

tensity (Wang et al. 2005). In agreement with the paleo-

proxy records, climate model simulations also suggest an

intensified EASM during the mid-Holocene (e.g., Zheng

et al. 2013). For example, the PMIP3 models median

suggests that the summer precipitation over eastern China

increases by 6.57% on average in the mid-Holocene sim-

ulations (Zheng et al. 2013).

Given that today’s EASM seasonal evolution is non-

trivial, describing the early to mid- Holocene EASM as

simply ‘‘more intense’’ is clearly incomplete. A recent

modeling study (Shi 2016) argues for changes to the

monsoon duration in the orbital-scale variability of

EASM. Their results suggest that, under interglacial

conditions, the length of rainy season over northern East

Asia (338–408N, 1058–1308E) is longer for precession

maxima (weaker boreal summer insolation) than for

precession minima (stronger boreal summer insolation).

Chiang et al. (2015) postulated that the defining charac-

teristic of EASM changes in past climates is in the timing

and duration of the EASM seasonal stages, rather than

intensity. They furthermore invoke the dynamical link

between the westerlies and the seasonal transition: their

so-called jet transition hypothesis argues that the altered

timing in the meridional migration of the westerlies rela-

tive toTibet led to changes in the seasonal transition of the

EASM in the past climate. They argue that the seasonality

perspective can more consistently explain the varieties of

existing proxy evidences of the East Asian paleoclimate

changes, including speleothem, dust, and pollen records.

Following Chiang et al. (2015), this study explores or-

bitally induced EASM changes across theHolocene from

the viewpoints of seasonality and the westerly jet. We

simulate the orbitally induced Holocene changes to the

EASM using ‘‘time snapshot’’ simulations of an atmo-

spheric general circulation model (coupled to a slab

ocean) that simulates the present-day EASM seasonal

stages with fidelity. A novel feature of our analysis will be

the use of ‘‘self-organizing maps’’ (SOMs) to objectively

identify the spatial pattern and timing of the EASM

seasonal stages from the model rainfall simulations. We

analyze the simulations to address two questions: 1) How

does the timing, duration, and seasonal transition of the

EASM change across the Holocene? 2) What factors are

these changes in seasonality attributable to? For the first

question, we show that orbitally driven EASM of the

early to mid-Holocene is characterized by an advanced

rainfall seasonality, with earlier mei-yu onset and an

earlier transition frommei-yu tomidsummer rainfall; this

results in a shortenedmei-yu rainfall stage and prolonged

midsummer rainfall stage. For the second question, we

show that the advanced seasonality is attributable to an

earlier northward shift of the East Asian westerlies in the

early to mid-Holocene compared to the present.

The study proceeds as follows. Section 2 describes

the data, experiments, and the self-organizing maps.

Section 3 presents the identification of the EASM

seasonal stages from the SOMs. Section 4 presents our

analysis of the simulated East Asian summer climates
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at various snapshots across the Holocene. Section 5

discusses the dynamical linkage between the westerlies

and the seasonality of the EASM. Section 6 compares

our results against two key paleoproxy observations of

the Holocene East Asian climate, namely, the ‘‘asyn-

chronous Holocene optimum’’ interpretation (An et al.

2000) and the dust proxy record, and shows that our

seasonality interpretation is consistent with these ob-

servations. Conclusions and discussion are given in

section 7.

2. Data, experiments, and method

a. Data

We use the APHRODITE rain gauge data (Yatagai

et al. 2009) for the self-organizing maps (SOMs) analysis

of the EASM rainfall patterns. APHRODITE data are

also used to present the seasonal transitions of today’s

EASM (Fig. 1). The APHRO_MA_025deg_V1003R1

product covers 57 years (1951–2007) of daily precipitation

on 0.258 3 0.258 grid within 158S–558N, 608–1508E. This
product has better quality control, incorporates more

data, and has had bugs correctedwhen comparedwith the

previous version APHRO_MA_V0902 (Yatagai et al.

2009). The gridded data only include rainfall values over

land and are generated by interpolating rain gauge ob-

servations obtained from meteorological and hydrologi-

cal stations over the region. The uncertainties of the

APHRODITE lie in the discrepancies in the ending time

for 24-h precipitation accumulation between countries,

and the fact that the rain gauge network changes in region

and time (Yatagai et al. 2012). Han and Zhou (2012)

FIG. 1. Climatology of the 1951–2007 APHRODITE daily precipitation rate (unit: mmday21) over East Asia. (a) Hovmöller diagram of

precipitation rate averaged from 1108 to 1208E. Also shown are the (b) temporal and (c)–(f) spatial patterns of rainfall based on the

SOMs analysis of theAPHRODITE dataset: pattern 1 denotes the spring persistent rainfall (1Apr–26May) in (c), pattern 2 denotes the pre-mei-

yu (27 May–23 Jun) in (d), pattern 3 denotes the mei-yu (24 Jun–18 Jul) in (e), and pattern 4 denotes the midsummer (19 Jul–5 Sep) in (f).

1 MAY 2017 KONG ET AL . 3345



compared the APHRO_MA_025deg_V1003R1 product

with daily precipitation obtained from 559 rain gauges

with rigorous quality control in contiguous China. Com-

pared with the station data, APHRODITE presents bias

in both rainfall intensity and frequency; on the other

hand, APHRODITE is able to precisely capture the

seasonal transition of the rain belt and the long-term

trend of precipitation amount over China (Han and

Zhou 2012).

b. Experiments

Seven sets of numerical experiments are conducted

using the E_1850_CAM5 component set from the Na-

tional Center for Atmospheric Research’s (NCAR)

Community Earth System Model (CESM) version 1.2.2

(Hurrell et al. 2013), which includes the coupler, active

atmosphere, land, and ice components, and a static slab

ocean. The atmospheric component of the CESM1 is the

Community Atmosphere Model version 5 (CAM5) at

0.98 3 1.258 horizontal resolution and 30 layers of ver-

tical resolution. The ocean heat transport convergence

(i.e., the ‘‘Q flux’’) from a CESM1 preindustrial fully

coupled run (available on the Yellowstone high-

performance IBM cluster at NCAR) is prescribed to

the slab ocean model to achieve a simulated sea surface

temperature close to the preindustrial.

We apply the CAM5 to seven time periods—9000

years before present (9 ka hereafter), 7.5, 6, 4.5, 3,

1.5 ka, and preindustrial (PI)—and the insolation at

the top of atmosphere is prescribed for each time

segment by specifying the corresponding year, and

the model computes the corresponding eccentricity,

obliquity, and precession (Berger et al. 1993). The

GHG concentrations in our PI simulation are set to

default values as in the CESM preindustrial configu-

ration (i.e., CO2 is 284.7 ppm, CH4 is 791.6 ppb, and

N2O is 275.68 ppb). Following the Paleoclimate

Modeling Intercomparison Project phase 3 (PMIP3)

protocol (Braconnot et al. 2012), we prescribe the

atmospheric content of CH4 at 650 ppb in the 9-, 7.5-,

6-, 4.5-, 3-, and 1.5-ka experiments, while keeping

CO2 and N2O fixed at their values for the PI. Land

surface type is kept to the same as for the pre-

industrial control. Each experiment is integrated for

60 years, with the first 30 years treated as spinup; the

climatology derived over the last 30 years is used for

the analysis presented. We use the Student’s t test to

present the statistical significance of the difference in

the climatological means, with the null hypothesis

that the anomaly is not significantly different from

zero. To this end, we make the assumption that the

samples used in calculating the statistical significance at

each grid point are drawn from a Gaussian distribution

(i.e., normally distributed) and independent of each

other.

c. Self-organizing maps

Our problem requires accurate and objective identifi-

cation of the seasonal EASM rainfall stages. Given that

they exhibit unique spatial characteristics, and the tran-

sitions between them are abrupt, a cluster analysis is

ideally suited for this analysis. The SOMs method is a

neural network–based cluster analysis that classifies a

high-dimensional dataset into representative patterns

(Kohonen 2001; Kohonen et al. 1996). It uses a neigh-

borhood function to topologically order the high-

dimensional input, grouping similar clusters together.

The SOMs method has advantages over the empirical

orthogonal function (EOF) technique in extracting non-

linear features (Iskandar 2009; Liu et al. 2006). In addi-

tion, the SOMs method distinguishes itself from other

clustering analyses, such as the k-means method (Lin and

Chen 2006) and Ward’s method (Bao and Wallace 2015;

Solidoro et al. 2007), via extracting more distinctive and

more robust representative patterns. Unlike EOFs,

however, there is no straightforward way to reconstruct

the dataset from the patterns derived from the SOMs

(Liu et al. 2006). The SOMs method has been used suc-

cessfully to characterize patterns of climate variations

such asElNiño–SouthernOscillation (Johnson 2013) and

the Northern and Southern Hemisphere teleconnection

patterns (Chang and Johnson 2015; Johnson et al. 2008).

This approach was first applied in the Asian monsoon by

Chattopadhyay et al. (2008) for the intraseasonal oscil-

lation of the Indian summer monsoon and has been ap-

plied to demonstrate the intraseasonal modes of the East

Asian–western North Pacific summer monsoon (Chu

et al. 2012). In this study, we use the SOMs to identify the

distinct phases of rainfall during the seasonal transitions

of the EASM.

We first applied the SOMs to the APHRODITE daily

climatology during 1951–2007. We chose 208–458N,

1108–1408E (Wang and LinHo 2002) as the domain for

the EASM. Only data over land were used and each grid

box was weighted by the square root of the cosine of

latitude. We took the 5-day running mean of this

latitude-weighted daily climatology and chose the sum-

mer half year (April–September) for the SOMs analysis.

Following Johnson (2013), we use the Epanechicov

neighborhood function and the batch training algorithm

in the present analysis. We did a statistical distinguish-

ability test as in Johnson (2013) and specified the num-

ber of nodes (K) to be 5 to match the number of

expected rainfall patterns.

To test whether our simulations capture the seasonal

stages of the EASM in a realistic way, we proceed to
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repeat the SOMs analysis of the APHRODITE dataset

in the PI simulation. Note that we took the 7-day run-

ning mean of the daily rainfall climatology for the SOMs

analysis in the PI simulation. We then match the 30-yr

daily rainfall climatology from the remaining simula-

tions to the SOMs patterns of the PI run. Each daily

rainfall field is assigned to a best-matching SOMs pat-

tern based on the minimum Euclidean distance.

For further specifics of the SOMs technique, the

readers are referred to Johnson (2013) and the appendix

of Johnson et al. (2008).

3. Identification of the EASM seasonal stages from
SOMs analysis

In this section, we show that the SOMs analysis is able

to objectively extract the seasonal stages of the EASM

in observed precipitation data, and we furthermore

show that the CAM5 is capable of simulating the EASM

seasonal stages.

Figure 1a shows the latitude–time cross section of

precipitation over eastern China (1108–1208E), reflect-
ing the onset process of the EASM as summarized in

Ding and Chan (2005): 1) Following the spring persis-

tent rainfall (Wu et al. 2007), the pre-mei-yu season

starts from the first 10-day period of May and features a

steep rise in precipitation between 188 and 258N. 2) The

rain belt shifts to the valley of the Yangtze River in mid-

June, the traditional Chinese mei-yu season. 3) From

mid-July, the second jump of the rain belt brings more

rainfall over northern and northeastern China, forming

the midsummer rainfall season. 4) The southward re-

treat of the monsoon rain belt from the end of August to

early September indicates the end of the EASM.

Largely in agreement with Ding and Chan (2005),

SOMs analysis of the APHRODITE data (Figs. 1b–f)

extracts the seasonal stages and transitions of the EASM

accurately. Figure 1b presents the temporal rainfall

patterns, here called ‘‘spring’’ (pattern 1), ‘‘pre-mei-yu’’

(pattern 2), ‘‘mei-yu’’ (pattern 3) and ‘‘midsummer’’

rainfall (pattern 4), during the seasonal transitions.

Pattern 5 denotes the end of the EASM. Figures 1c–f

present the spatial maps of the spring (Fig. 1c), pre-mei-

yu (Fig. 1d), mei-yu (Fig. 1e), and midsummer (Fig. 1f)

patterns based on the SOMs analysis. These results show

that the SOMs method is able to distinctly extract the

seasonal stages of the EASM, including both the spatial

pattern and the timing and duration of each rainfall

stage. We note that the onset timing of the pre-mei-yu

and mei-yu stages from the APHRODITE SOMs is

slightly delayed compared to Ding and Chan (2005):

instead of early May and mid-June as in Ding and Chan

(2005), here the pre-mei-yu starts in late May and the

mei-yu in late June in our SOMs analysis. This differ-

ence may be due to the fact that the precipitation data

and the time range used in our SOMs analysis are dif-

ferent from those in Ding and Chan (2005).

We now show that CAM5 can reasonably simulate the

seasonal stages of the EASM. First, the Hovmöller di-
agram of the precipitation over eastern China (1108–
1208E) from the PI simulation (Fig. 2a) clearly captures

the stepwise northward transition of the EASM rain

belt, resembling today’s rain gauge data (Fig. 1a). Sec-

ond, by employing the SOMs method in the PI simula-

tion, Figs. 2b–f suggest that the seasonality of the EASM

simulated in CAM5 is largely consistent with that in the

APHRODITE data (Figs. 1b–f). Besides the slight shift

in the onset timing compared to the APHRODITE, the

largest biases in the simulation come from the spatial

pattern of each stage. For example, the position of the

spring (Fig. 2c) and pre-mei-yu (Fig. 2d) patterns are

northward shifted compared toAPHRODITE (Figs. 1c,d).

Although bias does exist, the CAM5 clearly simulates

the seasonal transitions of the EASM with reasonable

fidelity.

In the next two sections, we will show our analysis of

the simulated Holocene EASM in CAM5 on the basis of

the SOMs method.

4. Changes to the EASM seasonality over the
Holocene

The SOMs analysis provides an objective method to

extract the seasonal stages of the EASM. In this section,

we use this method on theHolocene simulations to show

that the simulated EASMexperiences gradually delayed

seasonal transitions across the Holocene. We further-

more show that the meridional positioning of the west-

erlies shifts gradually southward across the Holocene,

consistent with its hypothesized role in determining the

timing of the EASM seasonal transitions.

a. General results

Table 1 and Fig. 3 (the visualization of Table 1) show

the onset timing and length (on the average basis) of the

mei-yu andmidsummer derived from the SOMs analysis

across the simulated Holocene. The onset of mei-yu and

midsummer delays gradually from the early to the late

Holocene. For example, the onset of mei-yu in 9 ka, on

12 June, is two weeks earlier than that in PI, which is on

29 June. Similarly, the onset of midsummer in 9 ka,

which is on 25 June, starts about one month earlier than

that in PI. In addition, Table 1 shows that the early to

mid-Holocene features shorter mei-yu duration and

longer midsummer duration compared to the late Ho-

locene. For instance, the duration of mei-yu in PI
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(23 days) is about twice as long as that in 9 ka (13 days),

and the duration of midsummer in PI (38 days) is less

than half of that in 9 ka (81 days).

Figure 4 shows the temporal evolution of EASM sea-

sonality in the 9-, 6-, 3-ka, and PI simulations, using a zonal

average of the daily rainfall climatology over 1108–1208E.
Consistent with Fig. 3, Fig. 4 depicts a gradual shift of

timing in the total rainfall transition from 9ka to PI, sug-

gesting that the seasonal transition of the EASM occurs

earlier in 9 and 6ka relative to 3ka and PI. The evolution

becomes particularly notable when we separate the total

precipitation into the large-scale precipitation (Figs. 4e–h)

and convective precipitation (Figs. 4i–l). Large-scale pre-

cipitation is characteristic of the rainfall over southern

China during the spring and pre-mei-yu (Figs. 4e–h),

whereas convective precipitation dominates the mei-yu

and midsummer rainfall seasons (Figs. 4i–l). The changes

in the large-scale and convective rainfall are consistent

with our hypothesis that the spring and pre-mei-yu are

shortened during the early to mid-Holocene, and that the

onset of mei-yu and midsummer appears earlier. Com-

pared to 3ka and PI, the 9- and 6-ka experience shorter

mei-yu duration and longer midsummer duration. The

common interpretation of the early Holocene EASM is

that it is more ‘‘intense’’ (e.g.,Wang et al. 2008). It begs the

question of how this relates to our finding that the seasonal

transitions occur earlier. To evaluate summer monsoon

‘‘intensity’’ in the simulations, the fourth column in Fig. 4

shows the averaged total precipitation (1108–1208E) over
the entire summer rainfall period including June, July,

August, and September. The notable aspect of this sea-

sonally averaged picture is that whereas the rainfall over

FIG. 2. The East Asian summer monsoon from the preindustrial simulation in CAM5. (a) Hovmöller diagram of the precipitation

averaged between 1108 and 1208E. (b) The SOMs temporal patterns. (c)–(f) The SOMs spatial patterns averaged over the periods in-

dicated, respectively: pattern 1 (spring; 1 April–20 May 20), pattern 2 (pre-mei-yu; 21 May–28 June), pattern 3 (mei-yu; 29 June–21 July),

and pattern 4 (midsummer, 22 July–28 August).
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northern China (north of 368N) is stronger in the early to

mid-Holocene, the rainfall over southern China (south of

368N) is actually weaker, in particular during the 6-ka

period. Thus, describing the early tomid-HoloceneEASM

as being more intense clearly does not capture this

regional heterogeneity in the rainfall response. Rather,

the seasonality perspective—a shorter mei-yu and lon-

ger midsummer stage—provides a more accurate pic-

ture of the early to mid-Holocene rainfall changes over

eastern China.

Unlike the 6 and 9ka, the 3 ka does not show evident

advance in the timing of the seasonal transitions com-

pared to PI. This may be attributable to the nature of the

insolation changes between those periods. For 9 and

6ka, the increased summer insolation anomalies occur at

the beginning of April for 9ka and May for 6ka (Fig. 5),

which is sufficiently early to affect the transitions to the

mei-yu and midsummer regimes. For 3ka, however, the

positive insolation anomalies only start in June.

To further elucidate the difference of the EASM be-

tween the early to mid-Holocene and the late Holocene,

FIG. 3. (a),(b) Onset timing and (c),(d) duration of the mei-yu and midsummer rainfall patterns, respectively,

across the Holocene. The result of PI is based on the SOMs analysis, and the results of the rest simulations are

derived by matching to the SOMs patterns of PI. The solid lines indicate the best-fit linear least squares regression

based on the results.

TABLE 1. Statistics of mei-yu and midsummer rainfall in the

Holocene simulations.

Simulation

Mei-yu

onset

Mei-yu

duration

Midsummer

rainfall

onset

Midsummer

rainfall

duration

PI 29 Jun 23 days 22 Jul 38 days

1.5 ka 25 Jun 25 days 20 Jul 54 days

3 ka 25 Jun 17 days 12 Jul 56 days

4.5 ka 24 Jun 15 days 9 Jul 63 days

6 ka 23 Jun 16 days 9 Jul 66 days

7.5 ka 19 Jun 9 days 28 Jun 79 days

9 ka 12 Jun 13 days 25 Jun 81 days
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we will subsequently focus our analysis to the 6ka com-

pared against the PI. Based on the timing of the rainfall

seasonal transitions in PI (Table 1), we define 29 June–

21 July as the PI mei-yu and 22 July–28 August as the PI

midsummer rainfall season. Similarly, we define 23 June–

8 July as the 6-kamei-yu season and 9 July–12 September

as the 6-ka midsummer rainfall season.

b. Changes to the EASM frontal position and
moisture transports and convergence

To confirm our interpretation (thus far based only on

rainfall changes) that the onset of the mei-yu and mid-

summer periods in 6ka appears earlier, we examine the

mei-yu frontal position and associatedmoisture transports.

The mei-yu front is characterized by a steep meridional

gradient in equivalent potential temperature (ue) across

northern China (Ninomiya 1984; Tomita et al. 2011). Here

we use the maximum in the meridional gradient of moist

static energy (MSE) [2›(MSE)/›y] to approximately in-

dicate this position (Fig. 6). The MSE is given by

MSE5C
p
T1L

y
q1 gz ,

where Cp is the specific heat at constant pressure

(1004 J kg21 K21), T is the temperature (K), g is the

gravitational constant (9.81m s22), z is the geopotential

height (m), Ly is the latent heat of vaporization

(2:53 106 J kg21), and q is the specific humidity (kgkg21).

In the PI mei-yu phase (29 June–21 July), the front is lo-

cated around 308–408N (Fig. 6b). During 29 June–1 July in

6ka, the front is located around 408–508N (Fig. 6a). Also,

there is a decrease in theMSEgradient in 308–408Nand an

increase to the north of 458N (Fig. 6c), suggesting an ear-

lier northward shift of the frontal systems in 6ka and

FIG. 4. Seasonal transition of (a)–(d) total, (e)–(h) large-scale, and (i)–(l) convective precipitation rate, and (m)–(p) the averaged total

precipitation (1108–1208E) in June–September, in (from top to bottom) the 9-, 6-, 3-ka, and PI simulations, averaging from 1108 to 1208E.
The x axis indicates the strength of the rainfall. The blue dashed line denotes the results fromPI, while the red solid lines denote the results

from the 9-, 6-, and 3-ka runs. The unit is mmday21.
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FIG. 5. Insolation difference at the top of the atmosphere for (a) 9 ka and PI, (b) 6 ka

and PI, and (c) 3 ka and PI. The unit is Wm22.
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therefore earlier mei-yu onset. In the PI midsummer

rainfall season (22 July–28 August), the front is weakened

and moves to northern China (Fig. 6e); the front during

the same time at 6ka shifts farther poleward (Fig. 6f),

suggesting the early termination of mei-yu season and

early onset of the midsummer rainfall. The moisture flux

at 850mb is shown in Fig. 7. The simulations demonstrate

that during 6ka there is stronger low-levelmonsoonal flow

delivering more moisture to central to northern China in

the PI mei-yu phase (Fig. 7c) and to northern China in the

PI midsummer rainfall phase (Fig. 7f). Together, the

northward frontal shift and increased low-level moisture

transport suggest an earlier seasonal transition from pre-

mei-yu to mei-yu and from mei-yu to midsummer rainfall

in 6ka.

Our interpretation is further corroborated by the changes

in the relative vorticity (z5 ›v/›x 2 ›u/›y) and moisture

convergence (2= � (nq)52[›(uq)/›x1 ›(vq)/›y]) at

850mb (Fig. 8). As shown in Chen et al. (1998), high

cyclonic vorticity is associated with convective rain-

storms along the mei-yu front. The ascending motion

generated by strong latent heat release stretches the

local troposphere air mass vertically and creates the

low-level convergence, which combines the low-level

horizontal wind shear associated with the low-level jet,

to force the rapid spinup of low-level vorticity [see

Fig. 20 of Chen et al. (1998)]. Our simulation suggests

that the high cyclonic vorticity zone is displaced

northward from PI to 6 ka, which can be seen in both

the periods of the PI mei-yu (Fig. 8c) and PI mid-

summer rainfall seasons (Fig. 8f). In addition, the 6-ka

moisture convergence is enhanced to the north of 408N
(Figs. 8c,f), which likely results from the combined ef-

fect of the ascending motion along the northward-displaced

FIG. 6. Pressure–latitude (108–608N) cross section of themeridional gradient ofMSE [2›(MSE)/›y] averaged over 1108–1208E, for (top)
29 Jun–21 Jul (i.e., themei-yu season in PI) and (bottom) 22 Jul–28Aug (i.e., themidsummer season in PI), for (left) 6 ka, (middle) PI, and

(right) 6 ka minus PI. The stippled areas indicate that the difference is statistically significant at the confidence level of 90%. The unit is

33 1026 kJ2 kg21 m21.
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frontal systems (Figs. 6c,f) as well as the enhanced poleward

moisture supplies (Figs. 7c,f).

c. Is the PI mei-yu (midsummer) the same as the 6-ka
mei-yu (midsummer)?

We have shown that the EASM seasonal stages occur

with different timings in the Holocene simulations. A fur-

ther question we can ask is this: If we compare the climate

fields associated with the PI mei-yu (or midsummer) stage

with those from the 6ka (in other words, allowing for the

difference in timing and duration), are the fields similar, or

not? In other words, does the PI mei-yu (midsummer)

dynamically resemble the 6-ka mei-yu (midsummer)?

The answer appears to be no, at least quantitatively.

Figure 9 compares the frontal position and the moisture

transport between PImei-yu and 6-kamei-yu and between

PI midsummer and 6-ka midsummer. The fronts and the

moisture flux penetration during mei-yu (midsummer) in

6ka reach more northward locations compared to the PI,

indicating more northward positioning of the rain belt in

6ka. Similar analyses for the westerlies (Figs. 10b,d) sug-

gest more northward positioning of the westerlies relative

to the Tibetan Plateau in 6-ka mei-yu and midsummer.

This suggests that the 6-ka mei-yu is more intense than

the PI mei-yu; the same appears to be the case if the

midsummer stages are compared. The reason for this ap-

pears to again be tied to the westerlies, namely that amore

northward positioned westerly jet in 6ka relative to the PI

allows for more northward-penetrating fronts and mois-

ture flux to occur. However, dynamically, the PI and 6-ka

mei-yu (ormidsummer) qualitatively resemble each other.

5. Role of the westerlies in the EASM changes

Chiang et al. (2015) hypothesized that earlier seasonal

transitions in the EASM correspond to earlier north-

ward transitions of the westerlies relative to the Tibetan

Plateau. This view appears to be supported in our 6-ka

FIG. 7. Moisture flux (vectors) at 850mb for (top) 29 Jun–21 Jul (i.e., the mei-yu season in PI) and (bottom) 22 Jul–28 Aug (i.e., the

midsummer season in PI), for (left) 6 ka, (middle) PI, and (right) 6 ka minus PI. The blue (red) dots indicate that the difference in zonal

moisture flux (uq) [meridional moisture flux (nq)] is statistically significant at the confidence level of 90%. [The unit is 103 g kg22 m21 s21,

and the reference vector is 0:13 103 g kg22 m21 s21 in (a),(b),(d), and (e) and 0:023 103 g kg22 m21 s21 in (c) and (f).]
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Holocene simulation (Figs. 10a,c). The strengthened

westerlies to the north of the PI jet core and weakened

westerlies to the south of the PI jet core indicate an

earlier northward displacement of the westerly jet in

6 ka during the PI mei-yu phase (Fig. 10a) and the PI

midsummer phase (Fig. 10c) (note that the westerly

anomalies to the south of 308N in Figs. 10a and 10c are

due to the weaker easterlies over southern China in

6 ka). In the following two subsections, we explore

mechanisms linking the seasonality of the EASM to the

East Asian westerlies.

a. The dynamical linkage between the westerlies and
the EASM

To understand the origins of the earlier northward

migration of the westerlies, we examine changes to the

meridional temperature gradient induced by the in-

solation changes. Figures 11a–c show the Hovmöller
diagram of the meridional temperature gradient

(2›T/›y) at 200mb over East Asia (808–1208E). Com-

pared to the PI, the meridional temperature gradient in

6 ka is weaker, and the northward movement of the

maximum gradient belt in 6 ka is faster from May to

August. Also, the position of the positive temperature

gradient is farther north in 6 ka during July and August

(see the positive anomaly in Fig. 11c). Consistent with

the changes in the meridional temperature gradient, the

6-ka features weakened and northward-shifted west-

erlies, as shown in Figs. 11d–f.

With an earlier northward transition of the westerlies

across the plateau, the frontal location will also have an

earlier northwardmigration.We interpret themaximum

FIG. 8. Relative vorticity (shading, the unit is 1025 s21) and moisture divergence [contour, contour interval 0:253 1027 s21 for

(a),(b),(d), and (e), 0:13 1027 s21 for (c) and (f); negative values are in dashed lines] at 850mb. Results are shown for (top) 29 Jun–21 Jul

(i.e., the mei-yu in PI) and (bottom) 22 Jul–28Aug (i.e., themidsummer in PI) for (left) 6 ka, (middle) PI, and (right) 6 kaminus PI.Warm

(cold) color indicates cyclonic (anticyclonic) vorticity. The solid (dashed) lines indicate moisture divergence (convergence).
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meridional gradient of the MSE as the indicator of the

frontal systems and Figs. 11g–i show the Hovmöller di-
agram of the tropospheric meridional MSE gradient

[2›(MSE)/›y] over eastern China (1108–1208E). In

agreement with the changes in the transition of west-

erlies and rainfall band, the northward shift of the

frontal systems in 6 ka is earlier and the fronts reach a

more northward location.

Sampe and Xie (2010) suggest that the westerlies

traps transient disturbances and these disturbances are

conducive for the frontal convection. Thompson and

Birner (2012), however, argue that the synoptic eddy

fluxes of heat act to reduce the meridional temperature

gradient. Both studies imply that the transient eddy

activity is another indication of the presence of the

fronts. We use the eddy kinetic energy (EKE5 u021 y02)
to indicate transient eddy activity (Figs. 11j–l). The

prime denotes 2.5–6-day bandpass-filtered daily fields.

The EKE in 6 ka (Fig. 11j) suggests an earlier north-

ward shift of the occurrence of transient eddies, which

corroborates the northward shift of the frontal systems

in 6 ka.

Taken together, the weaker meridional temperature

gradient and the earlier northward migration of the

East Asian monsoonal fronts and associated transient

eddy activity suggest that the earlier northward migra-

tion of the westerlies across the plateau, caused by the

reduced meridional insolation gradient during the

FIG. 9. (top) The meridional gradient of MSE [2›(MSE)/›y] (1108–1208E) for (a) 6-ka mei-yu (23 Jun–8 Jul)

minus PI mei-yu (29 Jun–21 July and (b) 6-ka midsummer (9 Jul–12 Sep) minus PI midsummer (22 Jul–28 Aug).

The stippled areas indicate that the difference is statistically significant at the confidence level of 90%. The unit is

33 1026 kJ2 kg21 m21. (bottom) The moisture flux (850mb) for (c) 6-ka mei-yu minus PI mei-yu and (d) 6-ka

midsummer minus PI midsummer. The blue (red) dots indicate that the difference in zonal moisture flux (uq)
[meridional moisture flux (nq)] is statistically significant at the confidence level of 90%. The unit is

103 g kg22 m21 s21, and the reference vector 0:023 103 g kg22 m21 s21.
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mid-Holocene, is responsible for the changes to the

EASM seasonal transitions in the 6-ka simulation.

b. Threshold of the westerlies’ position in determining
the EASM seasonality

We have shown that the timing of the EASM seasonal

transitions is linked to the meridional positioning of the

westerlies over East Asia. We also argued (section 4c)

that although the timing of the EASM seasonal stages

changes across the Holocene, the dynamical configura-

tion determining each stage remains essentially un-

changed. Here we ask: Is there a physical threshold of

the position of the westerlies that can exactly determine

the timing of the mei-yu or midsummer onset? To

answer this question, we examine the position of the

westerlies across the plateau during the mei-yu onset

and the midsummer onset.

Figure 12 shows the meridional position of the maxi-

mum westerlies over the Tibetan Plateau (808–1008E) at
200mb. Figure 12a shows that compared to the late

Holocene (3 ka and PI), the northward shift of the jet

axis occurs earlier in the early to mid-Holocene (9 and

6ka), and the position of the jet axis in the early to

middle Holocene is more northward displaced.

Figure 12b shows that the axis of the westerlies rela-

tive to the Tibetan Plateau is located at 408N during the

mei-yu onset for all simulation cases, suggesting that this

latitude acts as a threshold for triggering mei-yu onset.

FIG. 10. (left) The zonal wind (808–1208E) during (a) 29 Jun–21 Jul and (c) 22 Jul–28 Aug (contour: PI; shading:

6 ka minus PI). (right) The zonal wind (808–1208E) for (b) the 6-ka mei-yu season (23 Jun–8 Jul) minus PI mei-yu

season (29 Jun–21 Jul), and (d) the 6-ka midsummer season (9 Jul–12 Sep) minus PI midsummer season (22 Jul–8

Aug). The stippled areas indicate that the differences of zonal wind are statistically significant at the confidence

level of 95%.
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The left column of Fig. 13, which shows the meridional

position of the maximum westerlies at mei-yu onset as a

function of longitude, further confirms the consistent

meridional positioning of the jet axis over the plateau

longitudes at themei-yu onset across the simulations. The

position of the jet axis downstreamof the plateau, though,

shows some variation across the simulations. Unlike the

mei-yu onset, there does not appear to be a consistent

latitudinal threshold for the maximum westerlies associ-

atedwith the onset of themidsummer stage. For example,

Figs. 12b and 13b show that the onset of midsummer is

associated with a 18 to 28 northward shift of the westerly

jet axis from the mei-yu threshold position of 408N.

Taken together, our simulations suggest that the mei-

yu onset is linked to the maximum upper-tropospheric

westerlies crossing a particular meridional position over

the Tibetan region. It suggests that the position of the

westerlies relative to the Tibetan Plateau provides the

dynamical constraint that determines the start of mei-yu

season. However, the position of the westerlies does not

seem to be the deterministic factor for the midsummer

onset. Therefore, we speculate that the onset process of

the midsummer stage is more complex, with more than

one factor playing a role. We will further explore the

mechanisms associated with the onset of the mei-yu and

midsummer patterns in follow-up studies.

6. Interpretation of the Holocene EASM pollen
and dust records from a seasonality perspective

In this section, we further demonstrate the validity of

our hypothesis by comparing our simulations with two

FIG. 11. Hovmöller diagrams of the (a)–(c) meridional temperature gradient (averaged over 808–1208E) at 200mb, (d)–(f) the zonal

wind (averaged in 808–1208E) at 200mb, (g)–(i) themeridional gradient ofMSE (averaged over 1108–1208E) between 300 and 850mb, and

( j)–(l) the eddy kinetic energy (averaged in 1108–1208E) between 300 and 850mb, for (left) 6 ka, (middle) PI, and (right) 6 ka minus PI.

The unit is 1025 K2 m21 in (a)–(c), m s21 in (d)–(f), 33 1026 kJ2 kg21 m21 in (g)–(i), and m2 s22 in ( j)–(l). The stippled areas indicate that

the difference is statistically significant at the confidence level of 90%.
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key paleoproxy records over East Asia. We show that

focusing on seasonal transitions, as opposed to the

conventional focus on monsoon intensity, can provide

new insights into the interpretation of these records.

a. Asynchronous Holocene optimum

Based on an interpretation of Chinese lake levels,

pollen sequences, and eolian deposit records, An et al.

(2000) proposed the ‘‘asynchronous Holocene opti-

mum’’ hypothesis of a stepwise latitudinal shift of the

maximum rainfall from northwestern China in the early

Holocene (10–8ka) to southeastern China in the late

Holocene (3 ka), in response to the progressively de-

creased summer insolation. They argued that the

weakened Northern Hemisphere insolation seasonality

induces the weakening of the EASM and therefore the

southward retreat of the northernmost frontal zone from

the early Holocene to the late Holocene, resulting in the

southward shift of the maximum rainfall belt. The view

proposed by An et al. (2000) cannot be explained by the

conventional interpretation of viewing paleo-EASM

changes simply in terms of intensity, since it implies

that the Holocene ‘‘optimum’’ should occur at the same

time at all locations in China.

We argue that seasonal transitions provide a more sat-

isfactory interpretation than An et al.’s (2000) result.

Figure 14 presents the evolution of the EASM annual

total rainfall amount (1008–1208E) (Fig. 14a) and the

convective-to-total precipitation (convective/total) ratio

(Fig. 14b) from 9ka to PI. Figure 14a shows that the

simulated peak annual rainfall band shifts southward from

9ka to PI, in agreement with the asynchronous Holocene

optimum hypothesis (An et al. 2000). Moreover, Fig. 14b

shows a southward shift of the peak convective-to-total

precipitation ratio from 9ka to PI, reflecting the south-

ward displacement of the frontal systems from 9ka to PI.

Thus, we attribute the asynchronous Holocene optimum

hypothesis (An et al. 2000) to the changes in both timing

and duration of the EASM seasonal transition across the

Holocene. In the early Holocene, the midsummer rainfall

season occurs earlier and stays longer, thus the maximum

annual rainfall amount occurs over northern China (cf.

Figs. 3b and 3d). In the mid-Holocene, the midsummer

rainfall stage starts later and ends earlier, leading to re-

duced rainfall over northern China; on the other hand, the

mei-yu rainfall duration is longer, leading to increased

rainfall over central China, and the so-called Holocene

optimal rainfall occurs there (Fig. 3c). In the late Holo-

cene, the relatively late start of the mei-yu season de-

termines the lengthened spring and pre-mei-yu rainfall

stage, leading tomore rainfall over southernChina; on the

other hand, the midsummer rainfall stage over northern

China is further shortened, reducing the rainfall amount

over northern China. The above interpretation for the

asynchronous Holocene optimum hypothesis is in agree-

ment with the schematic model summarized in Fig. 5 of

Chiang et al. (2015) and is in alignment with our simula-

tion results as well (e.g., Fig. 3).

We note that our results and interpretation differ

from a recent modeling study by Jin et al. (2014). They

also find regional disparity of the Holocene optimum

precipitation between northeastern China and central-

eastern China. However, in contrast to An et al. (2000),

their modeling results suggest that the peak pre-

cipitation over central and southeastern China occurred

synchronously, and earlier than that over northeastern

China, leading them to conclude that ‘‘the previously-

proposed time-transgressive Holocene climate across

China (e.g. An et al. 2000) is not supported by [their]

study’’ (Jin et al. 2014, p. 58).

b. Changes to dust emissions

Dust proxies are thought to reflect changes to the

westerlies in the past climate. For example, both

FIG. 12. (a) Meridional position of the June–September maxi-

mum zonal wind at 200mb between 808 and 1008E in 9 ka (black

crosses), 6 ka (red crosses), 3 ka (blue crosses), and PI (green

crosses). (b) Meridional position of the maximum zonal wind at

200mb between 808 and 1008E across the simulated Holocene

during mei-yu onset (blue crosses) and midsummer onset (red

crosses). Note that (a) is based on the daily climatology after 5-day

running average, and (b) is based on the 5-day running average

with the mei-yu/midsummer onset date as the center day.
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FIG. 13. (left) Zonal wind at 200mb (warm color: westerlies; cold color: easterlies; unit:

m s21) during themei-yu onset (a) 9 ka: 12 Jun, (b) 6 ka: 23 Jun, (c) 3 ka: 25 Jun, and (d) PI:

29 Jun. (right) As at left, but for the midsummer onset (e) 9 ka: 25 Jun, (f) 6 ka: 9 Jul,

(g) 3 ka: 12 Jul, and (h) PI: 22 Jul. The crosses denote the latitude position of themaximum

zonal wind. For each simulation, the result is based on the 5-day average with the mei-yu/

midsummer onset date as the center day.
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An et al. (2012) and Nagashima et al. (2011, 2013) in-

dicate that the enhanced dust emission over East Asia is

associated with the southward-shifted westerlies during

times of colder climates. Nagashima et al. (2011, 2013)

hypothesized that the seasonal jet transitions from south

of Tibet to the north were delayed during Dansgaard–

Oeschger stadials. Given that the dust emission over East

Asiamainly occurs in spring as cyclogenesis maximizes in

that season (Roe 2009), the suggestion is that the dustier

climate over East Asia is associated with prolonged

spring rainfall season and southward-shifted westerlies.

If (as per our hypothesis) the westerlies were dis-

placed southward and the rainfall seasonal transition

was delayed in the late Holocene, we should see dustier

climate during the late Holocene compared to the early

to mid-Holocene; indeed, this is what our simulation

shows. The monthly dust emission over the major dust

outbreak region [33.58–528N, 88.58–131.58E, adapted

from Kurosaki and Mikami (2003)] in PI (Fig. 15a)

shows a reasonable seasonal cycle compared to obser-

vations (Kurosaki andMikami 2003), with the exception

of May when the simulated dust emission is too high.

The simulated dust emission in the PI is indeed larger

than that in 6 ka over East Asia (Fig. 15b). The clima-

tological annual mean dust emission over 33.58–528N,

88.58–131.58E is 3.02 Tgm22 s21 in the PI and

2.78Tgm22 s21 in the 6 ka, and the Student’s t test sug-

gests that the difference between the two is statistically

significant at a confidence level of 95%.

Roe (2009) suggests that the transient eddy distur-

bances in the atmospheric circulation and strong me-

ridional temperature gradients are the two major

prerequisites for the dust-generating windstorms. We

argue that the dustier climate in the PI is due to the

prolonged springtime, which is characterized by stron-

ger meridional temperature gradient and storminess

over East Asia as seen in Figs. 15c and 15d. The strength

of the Siberian high in spring is thought to be negatively

correlated to the dust outbreak frequency in Asia (Ding

et al. 2005). Figure 15e suggests a weaker Siberian high

during the PI spring, which further supports the en-

hanced dust emission as noted in Fig. 15b. Apart from

the foregoing analyses, the delayed mei-yu onset during

PI also leads to a deficit in soil moisture over the dust

emission region, and thus enhances the dust lofting.

7. Conclusions and discussion

The Holocene EASM evolution, inferred from prox-

ies such as the d18Op records in Chinese caves (Wang

et al. 2008, 2001), has been typically interpreted to be a

weakening of the monsoon intensity from the early

FIG. 14. (a) Annual total precipitation amount (1108–1208E) change from 9 ka to PI and (b) annual convective-to-

total precipitation (convective/total) ratio change from 9 ka to PI. The convective/total ratio is calculated from

proportion of convective precipitation rate to total precipitation rate between 1008and 1208E. In (a), themean value

of 9 ka to PI is removed for each simulation, cold color indicates higher annual total precipitation amount and vice

versa. In (b), the mean convective/total ratio value of 9 ka to PI is removed for each simulation, cold color indicates

higher convective/total ratio and vice versa.
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Holocene to the present day. Given that today’s EASM

is characterized by three distinct seasonal regimes and

abrupt transitions in between, this interpretation is in-

complete and a fuller account of the Holocene EASM

changes must include the changes to these seasonal

transitions. In this study, we investigate the changes in

the seasonal transitions of the EASM during the Holo-

cene based on the simulation fromCAM5 that is capable

of simulating today’s seasonal transitions with fidelity.

Following a previous lead (Chiang et al. 2015), we test

the hypothesis that the changes in the seasonal transition

of the Holocene EASM are determined by the altered

position of the westerly jet relative to the Tibetan

Plateau.

We explored the Holocene EASM in a set of CAM5

simulations spanning various time periods in the Holo-

cene (9, 7.5, 6, 4.5, 3, 1.5 ka, and PI). We showed that

compared to the late Holocene, the early to mid-

Holocene is characterized by an earlier onset of the

mei-yu and midsummer rainfall seasons, with a shorter

duration of mei-yu and longer duration of midsummer.

In particular, the simulations suggest that the mid-

summer stage was twice the duration and themei-yu half

the duration during the early Holocene as in the present.

In confirmation of the altered seasonality of the EASM,

the early to mid-Holocene also featured northward-

shifted mei-yu and midsummer rainfall fronts as well as

more northward penetration of the moisture flux. The

meridional position of the high cyclonic vorticity and the

moisture convergence further corroborates the above

interpretation. It should be mentioned that we obtained

similar results—namely, that the mid-Holocene fea-

tured earlier EASM seasonal transition than the

preindustrial—from four PMIP3 models (CCSM4, BCC-

CSM1.1, FGOALS-g2, FGOALS-s2) that are able to

simulate the EASM with fidelity (see the appendix).

In terms of the role of the westerlies, the northward

positioning of the westerlies relative to the Tibetan

Plateau in the early Holocene appears linked to the

earlier timing of the seasonal transitions. The insolation

over theNorthernHemisphere summer was increased in

the early Holocene, leading to a northward shift in the

maximum meridional temperature gradient and hence

the westerlies. Transient eddies over East Asia are also

northward shifted in the early to mid-Holocene, further

indicating the northward displacement of the frontal

systems during that time. Our analysis suggests the ex-

istence of specific thresholds (408N) in the meridional

position of the westerlies over the Tibetan region (808–
1008E) that controls the mei-yu onset across the Holo-

cene. This is not true, however, for the midsummer

stage onset.

Themei-yu andmidsummer rainfall stages in the early

to mid-Holocene appear more intense than their coun-

terparts in the lateHolocene. This is also associated with

the more northward positioned westerlies in the early to

FIG. 15. (a) Monthly dust emission over high dust emission region (33.58–528N, 88.58–131.58E) from the PI simulation and (b) change of

the annual mean dust emission between 6 ka and PI (6 ka minus PI). The unit is Tgm22 s21 in (a) and (b). Also shown is the difference

between 6 ka and PI (6 ka minus PI) for MAM for (c) the meridional temperature gradient averaged over 700–1000mb (unit:

1025 K2 m21), (d) the variance of 2.5–6 days bandpass-filtered daily geopotential height averaged over 700–1000mb (unit: m2), and (e) sea

level pressure (unit: mb). The stippled areas indicate that the difference is statistically significant at the confidence level of 90%.
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mid-Holocene. However, the underlying dynamics of

the EASM in the early to mid-Holocene and the late

Holocene resemble each other qualitatively.

We also compare our simulations against two well-

known paleoproxy studies of the EastAsian paleoclimate

and offer an interpretation based on the seasonal transi-

tion perspective. In agreement with the ‘‘asynchronous

Holocene optimum’’ hypothesis (An et al. 2000), the

simulated changes in the annual rainfall amount and the

(convective/total) ratio over East Asia suggest that

the latitudinal position of the maximum rainfall band

moves southward from the early Holocene to the late

Holocene. We argue that this phenomenon is readily in-

terpretable if we consider that the seasonal transitions

from spring/pre-mei-yu to mei-yu and from mei-yu to

midsummer occurred later as the Holocene progressed.

We also find that the simulated late Holocene is dustier

than the mid-Holocene over East Asia, which is consis-

tent with the argument that the enhanced dust emission

over East Asia is associated with the southward-shifted

westerlies during colder climate (An et al. 2012;

Nagashima et al. 2011, 2013). Given that the dust emis-

sion over East Asia is mainly a springtime phenomenon

(Roe 2009), the dustier late Holocene is a further con-

firmation of the delayed onset of the mei-yu (i.e., the

prolonged spring/pre-mei-yu rainfall season).

It is not the purpose of this paper to fully elucidate the

mechanistic links between the westerlies and the EASM

seasonality. The overarching question that we will ex-

plore in future studies is this: what characteristics of the

westerlies are most relevant to each seasonal stage of

EASM? Besides the meridional positioning of the

westerlies, the potential candidates include the width,

the vertical structure, and the strength of the westerlies.

During the transition from spring to pre-mei-yu, the

westerlies shift poleward from southern China to the

south edge of the Tibetan Plateau (Schiemann et al.

2009); however, the meridional positioning of the rain-

fall over southern China between spring and pre-mei-yu

is similar (Fig. 1). The strength as well as the westward

extension of the pre-mei-yu rain belt, however, is in-

tensified. Unlike the difference between mei-yu and

midsummer rainfall, the northward shift of the west-

erlies does not affect the meridional position of the rain

belt during the transition from spring to pre-mei-yu. For

the mei-yu onset, our analysis suggests that the

FIG. A1. Hovmöller diagram of precipitation (1108–1208E) from CCSM4, BCC-CSM1.1, FGOALS-g2, and FGOALS-s2, for (top) the

6-ka simulations and (middle) the PI simulations, and (bottom) 6 ka minus PI. Unit is mmday21. The stippled areas indicate that the

difference is statistically significant at the confidence level of 90%.

TABLE A1. Basic information for the four PMIP3 models. (Ex-

pansions of acronyms are available online at http://www.ametsoc.

org/PubsAcronymList.)

Model

Atmospheric

resolution

Length of

analyzed

outputs

(yr)

References(lat 3 lon) 6 ka PI

BCC-

CSM1.1

64 3 128 100 100 Wu et al. (2013)

CCSM4 192 3 288 32 20 Gent et al. (2011)

FGOALS-g2 60 3 128 30 40 Li et al. (2013)

FGOALS-s2 108 3 128 50 50 Bao et al. (2013)
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meridional positioning (408N) of the westerlies axis at

200mb relative to the Tibetan Plateau is a strong de-

terminant thereof, but this needs further examination.

Specifically, what are the specific dynamics that de-

termine why the mei-yu onset occurs at this latitude? A

latitudinal threshold does not appear to hold for the

midsummer onset, and this begs the question of whether

there are other factors that affect the onset of the

midsummer stage.

There are still fundamental questions to be answered

regarding the role of stationary eddies and transient

eddies associated with westerly atmospheric circulation

across East Asia. Stationary eddies downstream of the

Tibetan Plateau are thought to be themain factor for the

formation and maintenance of the East Asian monsoon

front by converging warm, moist air from the south with

the cold, dry air from the north (Staff 1957). Therefore,

we postulate that the westerlies exert a modulation of

the seasonality of the EASM via controlling the be-

havior of the stationary eddies downstream of the pla-

teau. The role of the transient eddies in the EASM

seasonality is not yet fully understood. On one hand, the

transient eddies are argued to smooth out the meridio-

nal temperature gradient (Thompson and Birner 2012);

on the other hand, Sampe and Xie (2010) suggest that

the transient disturbances trapped along the westerlies

facilitate the mei-yu frontal convection.

Acknowledgments. We thank Nathaniel Johnson for

sharing his SOMs analysis code, and ShingChang for her

assistance in implementation. Mike Wallace suggested

the use of SOMs to analyze EastAsian rainfall seasonality.

We thank Chi-Hua Wu, Inez Y. Fung, and Yanjun

Cai for valuable discussions. We thank Dr. Mathew

Barlow and the three anonymous reviewers for their

constructive comments. WK thanks Jun Yang for help-

ful conversations on the use of the Community Earth

System Model. APHRODITE precipitation data were

obtained from http://www.chikyu.ac.jp/precip/index.

html. We thank the Paleoclimate Modelling Intercom-

parison Project Phase III (PMIP3) for producing and

making available their model output. We acknowledge

high-performance computing support for the CAM5

from the Yellowstone cluster (ark:/85065/d7wd3xhc)

provided by NCAR’s Computational and Information

Systems Laboratory, sponsored by the National Science

Foundation. We use the NCAR Command Language

(http://www.ncl.ucar.edu) to perform the calculation and

visualization, and MATLAB (http://www.mathworks.

com/products/matlab/) to perform the self-organizing

maps (SOMs) analysis. This work was funded by Na-

tional Science Foundation Grant AGS-1405479.

APPENDIX

The Seasonal Transition of EASM in the 6-ka and PI
Simulations from PMIP3

The results of our analysis were derived solely from

simulations of one atmospheric general circulation

model (CAM5). To test our hypothesis using more re-

alistic coupled model simulations, we analyze the

standard preindustrial (PI) and mid-Holocene (6 ka)

simulations from the PMIP3 models (Braconnot et al.

2012). Although the ensemble mean of the PI re-

produces the spatial pattern of summer monsoonal

rainfall (Zheng et al. 2013) at a gross level, GCMs gen-

erally fail to simulate the fine structure of the EASM

seasonal evolution. Our own analysis reveals that only

four models—CCSM4 (Gent et al. 2011), BCC-CSM1.1

(Wu et al. 2013), FGOALS-g2 (Li et al. 2013), and

FGOALS-s2 (Bao et al. 2013)—out of the 13 that we

analyze are able to simulate the seasonal transition of

EASM in the PI simulation with fidelity (Figs. A1e–h).

Note that the timing of the mei-yu onset in these models

is delayed compared with the present day (Fig. 1), and a

disparity in the intensity and timing of the EASM is

evident among the four models (Figs. A1e–h). Basic

information on the four models is listed in Table A1.

Compared with PI, it is visually apparent in the pre-

cipitation field that the 6-ka simulations in each of these

four models possess an earlier onset of mei-yu and mid-

summer, and longer duration of midsummer stage

(Figs.A1a–d). The difference (6kaminus PI) (Figs.A1i–l)

suggests a ‘‘wet north and dry south’’ pattern around late

FIG. A2. JJA zonal wind (808–1208E) from the multimodel en-

semble mean of CCSM4, BCC-CSM1.1, FGOALS-g2, and

FGOALS-s2 (contour: PI; shading: 6 ka minus PI; unit: m s21). The

stippled areas indicate that the difference is statistically significant

at the confidence level of 90%.
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June and early July, indicating an earlier onset of mei-yu

in 6 ka. The overall wet north and dry south pattern

persists from late June to mid-September in CCSM4,

BCC-CSM1.1, and FGOALS-g2 (Figs. A1i–k), sug-

gesting that the midsummer pattern starts earlier and

persists longer over northern China in the 6-ka simu-

lations. Note that for FGOALS-s2 the deficit in the

July–August rainfall over northern China (Fig. A1l) is

mainly due to the reduced intensity of midsummer

rainfall in 6 ka (Fig. A1d). Figure A2 shows the zonal

wind over East Asia in summer (JJA), based on the

multimodel ensemble mean from the four models. All

the model outputs are interpolated onto the same grid

as CCSM4 using bilinear interpolation. The 6-ka minus

PI difference (color shading in Fig. A2) features

strengthened westerlies on the northern flank of the PI

jet core (contour in Fig. A2) and weakened westerlies

on the southern flank of the PI jet core, suggesting an

earlier northward shift of westerlies in the simulated

mid-Holocene. These results further support our ar-

gument that a northward shift of the westerlies in the

early to mid-Holocene led to an earlier seasonal tran-

sition of EASM during that time.
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