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ABSTRACT

Through extensive modeling efforts, it has been established that the ongoing global warming will increase the

overall precipitation associated with the East Asian summer monsoon, but the future change of its spatial

distribution has not reached a consensus. In this study,meridional shifts of themei-yu–baiu rainband are studied

in association with the subtropical jet by using outputs from atmosphere–ocean coupled climate models pro-

vided byCMIP5. Themodels reproduce observed associations between the jet and precipitation over wide time

scales from synoptic to interannual. The same relation is found in intermodel differences in simulated clima-

tology, so that the meridional locations of the jet and baiu precipitation are positively correlated. The

multimodel-mean projection suggests that the both are shifted southward by the late twenty-first century. This

shift is not inconsistent with the projected tropical expansion, not only because the change is local but also

because the projected tropical expansion occurs mainly in the Southern Hemisphere. No significant future

change in the continental mei-yu precipitation location is identified, which might be because the jet change is

weak there. For comparison, the summertime Atlantic jet position, which shifts northward, is investigated

briefly. This study suggests that the future change of the subtropical jet is an important aspect to investigate

possible future changes of the baiu rainband, and it prompts further studies including the role of the ocean.

1. Introduction

The East Asian summermonsoon (EASM) affects the

natural environment and human life in East Asia, so its

plausible change in the ongoing global warming is of

great interest. It has been pointed out that global

warming increases global mean precipitation, and that

the increasing trends should be greater where climato-

logical precipitation is relatively larger (e.g., Chou and

Neelin 2004; Held and Soden 2006). Many studies using

coupled general circulation models (CGCMs) and at-

mospheric GCMs (AGCMs) have indicated that the

precipitation associated with the EASM is expected to

increase over the twenty-first century (e.g., Min et al.

2004; Kimoto 2005; Kitoh andUchiyama 2006; Kripalani

et al. 2007; Li et al. 2011; Kusunoki and Arakawa 2012).

However, there is not consensus as to how the distri-

bution of the EASM precipitation will be changed. By

using the June–August ERA-40 and ERA-Interim data,

Li et al. (2010) showed that the EASM precipitation

zone shifted southward during the period from 1958 to

2008, but they did not find clear future change from their

analysis of CGCM outputs based on the A1B scenario

for the Fourth Assessment Report (AR4) coordinated

by the Intergovernmental Panel on Climate Change

(IPCC). Seo et al. (2013) analyzed CGCM outputs

from the representative concentration pathway 6.0

(RCP6) experiments for phase 5 of the CoupledModel

Intercomparison Project (CMIP5) for the June–August

season (Taylor et al. 2012). They reported that the
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multimodel ensemble-mean results suggested little me-

ridional shift of EASM precipitation from the late

twentieth century to the late twenty-first century. Results

from individualmodelsmay vary. For example, Yun et al.

(2008) reported a southward shift from a model.

Summer subtropical rainbands are closely related to

upper- to midtropospheric jets from synoptic to clima-

tological time scales (e.g., Kodama 1992, 1993; Sampe

and Xie 2010; Horinouchi 2014, hereinafter H14;

Yokoyama et al. 2014; Yokoyama et al. 2017). Sampe

and Xie (2010) suggested that warm advection by the jet

in the midtroposphere induced upwelling favorable for

precipitation. On the other hand, it is also pointed out

that midtropospheric upwelling can be dynamically in-

duced owing to the upper-level jet streaks (H14;

Yokoyama et al. 2017). Synoptic aspects of the asso-

ciation of jet and precipitation are explained by H14.

By exploiting quasigeostrophic dynamics, he revealed

that upper-tropospheric–lower-stratospheric (UTLS)

Rossby waves, which propagate through the waveguide

associated with the climatological subtropical jet, modu-

late lower-tropospheric flows and induce secondary cir-

culation to create precipitation belts several hundred

kilometers to the south of the subtropical tropopause

break. This break is characterized by potential vorticity

contours of ;2 PVU (1 PVU 5 1026Kkg21m2 s21) on

the isentropic surfaces of ;350K, which are often ac-

companied with an instantaneous jet axis. Horinouchi

and Hayashi (2017, hereinafter HH17) further suggested

the role of interaction between the upper-level jet and

low-level jet to enhance precipitation. Its mechanism, the

induction of secondary circulation by obliquely crossing

upper and lower jets, can hold not only for the synoptic

time scale but also for climatology. Therefore, it is of

interest to analyze future projection byCGCMson awide

range of time scales from synoptic to multidecadal to

elucidate how jet–precipitation relations are reproduced

in or differ among various GCMs and how the future

climate projection can be interpreted in this perspective.

In this study, we focus on the mei-yu–baiu rainband,

which is an important aspect of the EASM. Therefore,

we focus on the early summer season, and we use data

mostly for June and July. For reference, climatological

precipitation based on satellite observation and zonal

wind at 250-hPa based on reanalysis is shown in Fig. 1.

To study possible future climate change, we use CGCM

outputs collected in the CMIP5 database. Since the overall

increase of the EASM precipitation is well established, we

investigate other aspects; particular attention is paid to the

future change of its meridional distribution.

Even though our goal is in the area of climatology and

climate change, we begin with showing results from

analysis of daily outputs from CGCMs. This is because we

believe that it will help us understand the relationship

between the subtropical jet and precipitation. Their re-

lationship is investigated in a consistent manner over

synoptic, monthly (intraseasonal and interannual), and

multidecadal (climatological) time scales. The investi-

gation includes whether and how well the observational

relationship between the jet and precipitation is repro-

duced in CGCMs.

A number of factors can affect the climatological lati-

tude of the subtropical jet axis. Influences of the SST front

associated with Kuroshio and Oyashio Extensions on the

atmospheric circulation and jet have been shown in pre-

ceding studies (e.g., Frankignoul et al. 2011; Nakamura

and Miyama 2014; Matsumura et al. 2016; Matsumura

and Horinouchi 2016). Tropical SST can also have an

impact (e.g., Inatsu et al. 2002; Shaw and Voigt 2015).

The rest of this paper is organized as follows. The data

and methods used are described in section 2. The re-

lationship between the jet and precipitation at multiple

time scales is explored in section 3. Future change in the

climatological distributions in the mei-yu–baiu rainband

is investigated in section 4, where it is shown that the jet

provides an important guidance for precipitation. The

relationship between the jet and SST is briefly touched on

in sections 3 and 4. A discussion is presented in section 5

in a wider perspective to cover theAtlantic and further to

put the results in the context of the Hadley circulation in

the zonal mean. Conclusions are drawn in section 6.

2. Model, data, and method

We used CGCM outputs in the CMIP5 database pro-

vided by Program for Climate Model Diagnosis and In-

tercomparison (PCMDI). Themodeling categories used are

the historical runs and the representative concentration

pathways 4.5 and 8.5 (RCP4.5 and RCP8.5). To focus on

the mei-yu–baiu period, we used data for June and July

over the years 1979–99 (historical runs) and 2079–99 (RCP

runs). Monthly mean data are taken from 32 models

[ACCESS1.0,ACCESS1.3, BCC-CSM1.1, BCC-CSM1.1-M,

CanESM2, CCSM4, CESM1(BGC), CESM1-CAM5,

FIG. 1. Long-term mean precipitation over June and July during

1981–2010 from the CMAP standard product (color shading;

mmday21) and 250-hPa zonal wind over the same period from the

JRA-55 (white contours; interval: 5 m s21).
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CMCC-CM,CMCC-CMS,CNRM-CM5,CSIRO-Mk3.6.0,

FIO-ESM,GFDL-CM3,GISS-E2-H,GISS-E2-H-CC,GISS-

E2-R-CC, HadGEM2-AO, HadGEM2-CC, HadGEM2-ES,

INMCM4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-

CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM,

MIROC5, MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3,

NorESM1-M, and NorESM1-ME]. See Kirtman et al.

(2014) and Collins et al. (2014) for a summary of the

models (expansions of acronyms are available online at

http://www.ametsoc.org/PubsAcronymList). For refer-

ence, long-term-mean precipitation values over June

and July of 1979–99 for each model of the historical runs

are shown in Fig. 2.

Daily mean data are also available for some of the

models, and we used 16 models for historical runs, as

shown in Fig. 3. Daily mean data from RCP4.5 runs are

also used. All the CMIP5 data are used after horizon-

tally interpolating onto a 2.58 3 2.58 grid by using the

bilinear interpolation. The available pressure levels up

to 100 hPa are 1000, 925, 850, 700, 600, 500, 400, 300, 250,

200, 150, and 100 hPa for monthly data and 1000, 850,

700, 500, 250, and 100 hPa for daily data.

FIG. 2. Long-term-mean precipitation over June and July during 1979–99 for each model of the historical runs (mmday21).
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For comparison, atmospheric reanalysis data from the

Japanese 55-year Reanalysis (JRA-55) by the Japan

Meteorological Agency (Kobayashi et al. 2015) and the

version 7 Tropical Rainfall Measuring Mission (TRMM)

Multisatellite Precipitation Analysis (TMPA) 3B42

product (Huffman et al. 2007) are used. The JRA-55 data

have a resolution of 1.258 3 1.258. The TMPA 3B42 data

originally had a resolution of 0.258 3 0.258, but they were
binned onto a 1.258 3 1.258 grid in this study. For both

sets of data, daily mean values in June and July are used

over the years 2001–15. Also, the 1981–2010 climatolog-

ical precipitation from the CPC Merged Analysis of

Precipitation (CMAP) standard data are used.

In section 3, composite analysis with respect to the

subtropical jet axis is conducted. The jet axis in the

composite analysis is defined for each longitude as

the meridional grid point having the southernmost local

maximum of zonal wind at 250hPa between 258 and

508N above a threshold (in many cases, 15m s21). Here,

the jet axis is defined for each day (month) when daily

mean (monthly mean) data are composited. Similarly, it

is defined from long-term-mean zonal wind for each

model when long-term-mean data are composited

across models. The target quantity is averaged over time

as a function of longitude and relative latitude with re-

spect to the jet axis; more specifically, it is done, first, by

shifting the latitudinal grid with respect to the grid point

where zonal wind is maximized between 258 and 508N
for each longitude and time (here, no interpolation was

made) and, second, by averaging over time. The entire

daily or monthly data are used for time averaging, since

we set the threshold values low enough (the actual

values are found in the next section). This analysis is

similar to the one conducted by Yokoyama et al. (2017).

It was confirmed with the CMIP5 data that similar re-

sults are obtained if the composite is made with respect

to the isentropic (350K) and constant potential vorticity

(2 PVU) contours as in H14 and HH17. The reason we

rather used the jet axis is as follows: CMIP5 daily data

are vertically sparse, so the vertical derivative needed to

derive potential vorticity must depend on very sparse

data; also, and more importantly, it is simple to use the

jet axis, even though its dynamical meaning is less clear

than the tropopause gap and associated potential vor-

ticity structure (see HH17).

Unlike in the above-mentioned composite analysis,

the jet axis is determined at subgrid scale in the corre-

lation and future change analyses presented in sections 4

FIG. 3. Composite mean of daily precipitation anomaly (mmday21) by shifting it meridionally with respect to the jet axis. Here, the

precipitation anomaly is defined as the deviation from the monthly (June or July) long-term mean precipitation for each model of

historical runs during 1979–99; the jet axis is defined as the meridional grid point having the southernmost local maximum of daily mean

zonal wind at 250 hPa between 258 and 508N above the threshold UT 5 15m s21. The results are shown as functions of longitude and

relative latitude with respect to the jet axis.
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and 5. This is because the discretization by the 2.58 grid is
too coarse to examine small positional changes in each

model, even though it may be acceptable if model en-

sembles are of interest. The subgrid determination was

done with the parabolic interpolation using three points.

3. Jet axis and precipitation

We begin with presenting results from daily mean data

to investigate whether the observed relationship between

jet and precipitation over the northwestern Pacific is

generally reproduced in CMIP5 models. Figure 3 shows

the composite mean of daily precipitation anomaly from

each model’s climatology for historical runs with respect

to the jet axis at 250hPa. Note that the resultant values

would be zero if the jet did not move meridionally at all,

since in that case the composite mean would be equal to

the Eulerian time mean to derive the climatology (here,

for each of June and July). Therefore, positive anomalies

to the south of the zero relative latitude indicate that

precipitation is enhanced to the south of the UTLS jet

axis, which often demarks the stratospheric and tropo-

spheric air masses on isentropic surfaces (e.g., HH17).

This precipitation enhancement exists in all models over

;08–108 relative latitude. As shown by H14 (see section

1), the special correspondence of the jet (or the tropical–

extratropical tropopause break) and the precipitation

anomaly is mainly driven by the former rather than the

latter. The precipitation anomaly is negative farther

south (;108–208 relative latitude). The figure’s observa-

tional counterpart is shown in Fig. 4a. In some models in

Fig. 3, the composite anomaly is stronger than is ob-

served. The results of the same composite for the future

based onRCP4.5 are very similar to Fig. 3 for eachmodel

(not shown). This persistency indicates that simulated

synoptic features of precipitation tend to be preserved

irrespective of changes in greenhouse gas concentrations.

Figure 5 shows the results of similar composite but

usingmonthlymeandata. The increase and decrease to the

south of jet axis is also found here, which indicates that the

monthly jet axis and latitudes of peak precipitation tend to

covary. In other words, their interannual variability is

positively correlated. A comparison of Figs. 3 and 5 sug-

gests that the intermodel differences are similar between

the daily and monthly composites. For example, the

models in which the daily precipitation anomaly is rela-

tively great tend to exhibit a relatively large monthly

precipitation anomaly, and the longitudinal distribution

tends to be similar between daily andmonthly composites.

We use the monthly mean data for analyses hereafter,

since we can use larger model ensembles (32 models)

compared to daily mean values (16 models).

Quantitatively, the composite anomaly is much

stronger in daily means than in monthly means. A typ-

ical value of the enhancement to the south of jet axis

is;4mmday21 for daily means (Fig. 3) and;1mmday21

for monthly means (Fig. 5). This difference indicates

that the relationship between jet and precipitation is

established quite fast on the synoptic time scale. Since

synoptic disturbancesmove the jet axis meridionally, the

composite anomaly based on monthly mean (Fig. 5) is

blurred, so its magnitude is smaller than in Fig. 3.

The observational counterpart to Fig. 5 is shown in

Fig. 4b. The composite anomaly here is noisier than in

Fig. 5, partially due to spottiness of the real precipitation

and perhaps also due in part to the shortness of the years

covered.

Simple precipitation climatology shown in Fig. 2

indicates a wide intermodel variety in the EASM pre-

cipitation distributions. All models have precipitation

belts corresponding to the baiu rainband to the east

of ;1208E, although the distribution and the strength

are quite different among models. On the other hand,

the weak mei-yu precipitation peak over the continent

at ;308N (see Fig. 1 for observational climatology) is

not always reproduced by CGCMs. The same plots as

Fig. 2 but for the RCP4.5 and RCP8.5 runs (not shown)

reveal that the precipitation distribution is very similar

between the present and future conditions for each

model, except that it is increased because of the global

warming (not shown).

Figure 6 summarizes the composite of the monthly

mean anomaly as the multimodel mean (MMM) com-

posite. The statistical significance shown in the figure

FIG. 4. (a) As in Fig. 3, but for daily observational/reanalysis data over 2001–15. The 250-hPa jet axis is defined by using JRA-55 zonal

wind, and the precipitation anomaly is defined by using TRMM 3B42 data. (b) As in (a), but for monthly mean data.
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FIG. 5. As in Fig. 3, but for monthly mean precipitation anomaly (mmday21) for each model relocated with respect to the jet axis derived

from monthly mean 250-hPa zonal wind when it is positive (UT 5 0m s21).
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indicates the robustness of the argument presented

above. It also shows the similarity among the historical,

RCP4.5, and RCP8.5 runs except for the increase of

precipitation by warming. If the same figure is produced

with respect to the jet axis at lower pressure levels (such

as 500 and 850 hPa), similar results are obtained, but the

anomalies are generally shifted to the north, reflecting

the fact that jet in the troposphere is meridionally tilted

northward with height.

So far, we have shown that the relationship of the

UTLS jet axis and the precipitation (i.e., that the pre-

cipitation maximum stays to the south of the jet) holds

for both daily mean and monthly mean data. Here, we

examine if this relationship also holds for longer-term

means. Figure 7 shows the same composites but based

FIG. 6. (a) MMM jet-relative composite of monthly mean pre-

cipitation anomaly obtained by averaging the results shown in

Fig. 5 over the 32models (mmday21). Stippling is made where the

significance against zero is greater than 95% using the Student’s

t test. The number of ensemble members used here is 1344,

derived from the 32models for each of June and July in 21 years (32

3 23 21). (b) As in (a), but for the RCP4.5 runs. (c) As in (a), but

for the RCP8.5 runs.

FIG. 7. As in Fig. 6, but for the composite based on the inter-

model anomaly of the long-term (21 yr) mean precipitation (the

deviation of model climatology from the MMM monthly clima-

tology) shifted meridionally with respect to the climatological jet

axis for eachmodel. The number of ensemblemembers used here is

64 (32 models 3 2 months).
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on climatological (21 yr) averages of June and July for

each model. Although the significance is not necessarily

high, the result suggests that the above-mentioned jet–

precipitation covariation holds even despite the differ-

ences among themodels. That is, if the simulated jet axis

is at relatively at low (high) latitudes, the precipitation

belt tends to be situated at relatively low (high) lati-

tudes. The negative anomaly to its south is also present

on this climatological time scale.

Simulated climatological jet position is correlated

with the SST front associated with the Kuroshio–

Oyashio Extension. Figure 8 is the same composite as

in Fig. 7a but for the long-term-mean meridional SST

gradient anomaly. Figure 8 indicates that the jet axis

tends to be situated around the anomalous SST gradi-

ent to the west of 1608E. Here, we do not pin down

the causality between jet and SST gradient; on the one

hand, the SST gradient can affect zonal wind through

the thermal wind balance and the change in bar-

oclinicity, but on the other hand the jet (or atmospheric

pressure configuration) can affect SST. The same

composite results for RCP4.5 and RCP8.5 exhibit

similar features as in Fig. 8, but the composite anomaly

is slightly weaker (not shown).

The results presented in this section indicate that

the jet–precipitation relation shown in earlier studies

holds robustly over a wide range of time scales in the

CGCM simulations (daily means, monthly means, and

climatological means) in the CGCM simulations. The

relation holds in both present and future climates.

The EASM precipitation distribution in each model

does not change much except for the overall increase.

However, there do exist future changes in the meridi-

onal distribution, which are investigated in the next

section.

4. Future change

Since the overall increase of EASM precipitation as-

sociated with the increase of greenhouse gases has been

well established, we focus here on the change in spatial

distributions, particularly the meridional shift of jet and

precipitation. Simulated MMM future change in 250-

hPa June–July zonal wind from the late twentieth to late

twenty-first centuries is shown in Fig. 9a, based on

RCP8.5. Zonal wind over 1208E–1808 (over the north-

western Pacific) is accelerated and decelerated to the

south and to the north, respectively, of the climatologi-

cal jet, indicating that it is shifted southward. Also, the

peak speed is decelerated. The monthly time sequence

of the simulated future change (not shown) is more

like a pure southward shift in June; deceleration along

the jet axis as well as the southward shift occurs in July,

and it is more like a pure deceleration in August. In cold

seasons, the jet shift is predominantly northward. A

similar seasonal march of future changes was reported

for zonal wind at 850 hPa by Grise and Polvani (2014).

Simulated future change in June–July precipitation is

shown in Fig. 9b. As is well known, MMM precipitation

is generally increased. Taking a close look, the increase

is greater to the south than to the north of the baiu

rainband to the east of ;1258E, indicating that the

MMM baiu rainband is also shifted to the south. On the

other hand, the MMM future change of mei-yu pre-

cipitation over China is not clear except for the overall

FIG. 9. (a) Historical MMM June–July climatology (1979–99) of

zonal wind at 250 hPa (contours; m s21) and the simulated MMM

future change as the 2079–99 RCP8.5 climatology minus the his-

torical climatology. (b) As in (a), but for precipitation (mmday21).

FIG. 8. As in Fig. 7a, but for the composite of meridional SST

gradient anomaly [K (18)21]. Here, the gradient is derived from the

central differentiation over two adjacent grid points. The compu-

tation is made only where the SST is defined in all the models.
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increase. This result may be because the MMM jet

changes are weak over the eastern part of China

(Fig. 9a). Note that, from Fig. 7, the intermodel posi-

tional association of climatological precipitation and the

jet is robust over there (1108–1208E) as well as over the
Pacific. However, the unclearness of the mei-yu distri-

bution change may also because the mei-yu is not re-

produced in some models and the MMM precipitation

(Fig. 9b) does not reproduce the mei-yu precipitation

peak in the present climate (Fig. 1), suggesting a limi-

tation of climate models at the time of CMIP5. In what

follows, therefore, we will concentrate on the change in

the baiu region to the east of the Eurasian continent.

We computed the simulated future shifts of 250-hPa

jet axis and baiu precipitation peak latitudes. Their

mean values and standard deviations are shown in

Table 1, and the relation between the jet shift and pre-

cipitation peak latitude shift in individual models is

shown in Fig. 10. Here, the peak latitudes between 258
and 508N are determined by applying the three-point

formula described in section 2 to zonal wind and pre-

cipitation, which are averaged over 1358–1508E and

from June to July. Of the 32 models, two models are not

used because the precipitation maximum is located at

258N (at one end of the latitudinal scope), indicating that

the baiu precipitation peak inside the range is faint.

As shown in Table 1, both jet axis and baiu pre-

cipitation peak slightly shift southward in future on the

average; as for the RCP8.5 scenario, both shifts are

statistically significant (see asterisks in Table 1). How-

ever, some models show opposite shifts, as shown in

Fig. 10. The shifts of the jet axis and baiu precipitation

peak latitudes are positively correlated; the more the jet

is shifted southward, the more the precipitation peak

tends to be shifted southward too. From the analyses in

section 3, this correlation is likely driven dynamically,

and it is likely the former (the shifts of jet axis) rather

than the latter (baiu precipitation peak latitudes) that

dominate the correlation, as suggested by Sampe and

Xie (2010), whose mechanism is reinforced by the study

of HH17 in a different way (see section 1).

In section 3, it was shown that the intermodel vari-

ability of the meridional position of the climatological

jet axis is correlated with the SST gradient anomaly.

TABLE 1.Meanmeridional shift (positive if northward) and its standard deviation of the peak latitudes of June–July 250-hPa zonal wind

U and surface precipitation (Precip) over a century from historical to RCP4.5 or RCP8.5 runs. Also shown are correlation coefficients

among the shifts of the two quantities. Single and double asterisks indicate that the sign of the shift is significant at the 95% and 99%

confidence levels, respectively, using the Student’s t test. Shifts in individual models are shown in Fig. 10.

Mean meridional shift (8) Standard deviation (8) Correlation coefficient

RCP4.5 U 20.42* 0.78
0.56**

Precip 20.19 0.55

RCP8.5 U 20.94** 0.97
0.38*

Precip 20.41* 0.86

FIG. 10. Simulated future latitudinal shifts (positive if northward) of the climatological 250-hPa jet axis and the

baiu precipitation peak derived from zonal wind and precipitation, respectively, averaged over 1358–1508E and

from June to July for each model: (a) change from historical (1979–99) to RCP4.5 (2079–99) climatology, and

(b) change from historical to RCP8.5. Solid lines are regression lines. The correlation coefficients r and the slopes

are shown to the right of the panels.
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However, we have not found significant intermodel as-

sociation between the future meridional changes in the

jet axis locations and those in the SST front locations

(not shown). This subject is left for future studies.

Zonal wind changes are associated with temperature

changes through the thermal wind relation. It can be illus-

trated in a MMM meridional cross section as in Fig. 11,

which shows changes over a century based onRCP8.5. The

zonal wind increase to the south of the jet axis is accom-

paniedwith the increase of poleward temperature gradient.

This change is accompanied with the upper-tropospheric

enhancement of tropical warming, a well-known feature

associated with the global warming. Also, the zonal-wind

decrease to the north of the jet axis is accompanied with a

decrease of the poleward temperature gradient, which is

associatedwith the temperature change inmidlatitude. The

figure also shows that theMMMzonal wind change is small

in the lower troposphere.

To reliably simulate future changes in climatological

precipitation distribution is a difficult task and the

above-mentioned southward shift of baiu precipitation

peak is still uncertain. In such a case, it is important to

elucidate relevant processes, which helps assessment of

future modeling results. The relationship between the cli-

matological jet and precipitation elucidated in this study

suggests that jet is an important component to be evalu-

ated in the projection of the future change of the EASM.

5. Discussion

It has been pointed out that the Hadley circulation has

been expanding due to the global warming (e.g., Seidel

et al. 2008; Lucas et al. 2014). Lau and Kim (2015)

revealed a robust expansion of the Hadley circulation in

the MMM of 33 CMIP5 simulations in which CO2 emis-

sion is increased by 1%yr21. Therefore, the southward

shift of the subtropical jet over the northwestern Pacific

shown in this study appears to counteract the global

change. Indeed, the jet shifts poleward in the Atlantic in

the boreal summer [Fig. 12; a similar feature was shown by

Grise and Polvani (2014) for the lower troposphere]. Ob-

servational evidences suggest that the distance between

the jets in the Northern and Southern Hemispheres has

increased in terms of zonal mean (Seidel et al. 2008).

Consistent with Lau and Kim (2015), the annual-mean

MMM meridional mass streamfunction (computed from

meridional wind averaged over entire longitudinal cir-

cles) also exhibits poleward expansion of theHadley cells

for RCP8.5 (Fig. 13a). Taking a close look, however, the

expansion is smaller in the Northern Hemisphere. In the

boreal summer, the northern cell is weak, and the ex-

pansion occurs only in the southern cell (Fig. 13b).

Therefore, it is not surprising that the local subtropical jet

in the northwestern Pacific is shifted southward.

The above argument suggests that instead it should be

questioned how the Atlantic jet is shifted northward.

Here, we should note that the Atlantic jet core is situ-

ated at around 458N, well separated from the Hadley

circulation. The separation is evident in the meridional

cross section shown in Fig. 14. The zonal wind increase

associated with the tropical warming is also present over

FIG. 11. MMM changes from present (historical; 1979–99) to

future (RCP8.5; 2079–99) temperature (color shading; K) and

zonal wind (white contours; interval: 0.6m s21), as well as the

present zonal wind (black contours; interval: 3m s21). All the

quantities are longitudinally averaged over 1208–1508E. Dashed

contours show negative values.

FIG. 12. The MMM present (historical) 250-hPa zonal wind (m s21) climatology for June–July

(contours) and its future change for RCP8.5 (color shading).
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the Atlantic at around 208N, but this change is well

separated from the jet core. In other words, the pole-

ward shift of the summertime Atlantic jet core is not a

manifestation of the expansion of the tropics.

Using CGCMs and AGCMs in the CMIP3 and

CMIP5 databases, Sperber et al. (2013) and Song and

Zhou (2014) showed that the EASM precipitation is

better reproduced if the 850-hPa wind (zonal wind or

two-dimensional horizontal wind) is better reproduced,

suggesting the importance of low-level flow. On the

other hand, this study focused on the upper-level flow, so

one can question that we should have used low-level

flow. According to HH17, the upper and lower flows can

interact to enhance precipitation. Since the low-level

flow has a significant zonal asymmetry and it is variable

amongmodels, it can be an important factor to affect the

longitudinal distribution of precipitation and its future

change.However, if we draw the same figure as in Fig. 10

using zonal winds at 850 hPa (not shown), then no sig-

nificant correlation is found. This may be because of the

complicated distribution of low-level wind. For this

reason, as well as the consideration of the established

dynamical control from upper levels, we primarily used

the 250-hPa zonal wind.

6. Summary and conclusions

Through extensive modeling efforts, it has been

established that the ongoing global warming will increase

the overall precipitation associated with the EASM, but

there is not consensus as to the future change of its spatial

distribution. This is partly because the simulated changes

in its distribution have not been clearly identified, but

perhaps it is also because detailed analyses have not been

conducted to explain simulated changes.

We used outputs from CGCMs in the CMIP5 database

to tackle this problem. Our strategy was to exploit the

spatial and dynamical association between the summer-

time subtropical jet and precipitation. For this purpose,

we began this study by investigating daily mean data.

It was found that the CMIP5 models reproduce the

observed association between the jet and precipitation

over wide time scales. Composite analyses showed that

precipitation is enhanced to the south of the jet axis over

a width of 108. The composite anomalies based on the

daily mean are several times greater than those based on

the monthly mean. This result indicates that the jet–

precipitation relation is established on the synoptic time

scale, and it is blurred as theymove but is kept over longer

time scales. Furthermore, the same relation is present in

the intermodel differences in long-termmeans, so that the

variations in the baiu precipitation peak latitude and the

jet axis latitude are associated with each other.

The MMM projection suggests that both the clima-

tological jet axis and the baiu precipitation peak latitude

are shifted southward by the late twenty-first century,

and their intermodel variations are positively correlated

with each other. On the other hand, no significant future

change in the mei-yu precipitation distribution is iden-

tified, which may be because the simulated future

change of jet is weak over the eastern part of China.

However, the result may also because of the poor rep-

resentation of mei-yu in the CMIP5 models.

One may think that the future southward jet shift

counteracts the expansion of the tropics. However, we

FIG. 13. (a) Meridional mass streamfunction computed from zonal-mean (over the entire longitudinal circles) annual-mean MMM

meridional wind for historical (black contours) and RCP8.5 (red contours) climatology and their difference (color shading; RCP8.5 minus

historical). (b) As in (a), but for the June–July period.

FIG. 14. As in Fig. 11, but computed from longitudinal means over

808–40W8 (over the western Atlantic).
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showed that the MMM northern edge of the northern

Hadley cell in the boreal summer does not shift pole-

ward. It is known that the Atlantic jet in the boreal

summer is shifted northward. However, the Atlantic jet

is well separated from the Hadley circulation, so the

effect of the tropical warming does not directly reach it

in terms of the thermal wind relation. It is interesting

that the MMM projection suggests the increase of cli-

matological zonal asymmetry in the boreal summer.

The simulated west Pacific climatological jet position

is correlated with the SST front associated with the

Kuroshio–Oyashio Extension; it is found that the in-

termodel differences in the subtropical jet axis latitudes

are correlated with the meridional SST gradient,

whether among the present-climate results or among the

future-climate results. However, we did not find a robust

relationship between the future changes of the locations

of the jet and those of SST fronts. This study suggests

that the future change of the subtropical jet is an im-

portant aspect in investigating the future change of the

baiu precipitation distribution. Further study would be

needed to elucidate the role of the ocean in possible

future climate change.
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