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Impact of Urban Land-Use Change in Eastern China on the East
Asian Subtropical Monsoon: A Numerical Study
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ABSTRACT

The effect of urban land-use change in eastern China on the East Asian subtropical monsoon (EASTM) is
investigated by using the Community Atmosphere Model version 5.1. Comparison of the results between the
urban expansion and reference experiments shows that with the urban expansion, the land surface energy
balance alters: surface net radiation and sensible heat fluxes enhance while the latent heat fluxes reduce. As
a result, a significant increase in surface air temperature over eastern China is detected. The urban land-use
change contributes to a change in the zonal land-sea temperature difference (LSTD), leading to a delay in
the time when LSTD changes from positive to negative, and vice versa. Additionally, the onset and retreat
dates of the EASTM are also delayed. Meanwhile, the rise in surface air temperature leads to formation of
abnormal northerly air flows, which may be the reason for the slower northward movement of the EASTM
and a more southward location of its northern boundary.
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1. Introduction

China is located in the East Asian monsoon re-
gion, which is divided into the subregions of East Asia
and India. Further, the East Asian monsoon is de-
marcated into the South China Sea monsoon and the
East Asian subtropical monsoon (EASTM) (Zhu et
al., 1986; Ding et al., 2015). Studying the EASTM
is important to the forecast of weather and climate in
China. Abnormalities in both the intensity and scale
of the EASTM can lead to severe weather and cli-
matic disaster, which can cause (directly or indirectly)
substantial socioeconomic damage. Owing to the spe-
cial land–sea geographical distribution of East Asia,
the thermal difference in this area is manifested not
only meridionally but also zonally. Based on the large

body of research on the features of the EASTM’s evo-
lution, it is known that its onset is determined by the
zonal land-sea thermal difference (LSTD) (He et al.,
2007, 2008; Qi et al., 2008; Zhao et al., 2009). Mean-
while, large-scale urbanization can contribute to ter-
restrial heating anomalies over eastern China (Kalnay
and Cai, 2003; Pitman et al., 2012; Christidis et al.,
2013; Wu and Yang, 2013), and to some extent may
cause changes in atmospheric thermal forcing (Li et
al., 2011; Zhang et al., 2011) and variations in pre-
cipitation (Zhang et al., 2009; Ao et al., 2012; Deng
et al., 2014b; Chen et al., 2015). As the onset of the
EASTM is related to a reversal in the zonal LSTD,
and a change in urban land use could lead to terres-
trial heating anomalies, the latter may affect the onset
of the EASTM.
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At the same time, a number of studies have exam-
ined the northern boundary of the East Asian summer
monsoon (Wang and Lin, 2002; Wang et al., 2014).
As the transition zone between the monsoon and non-
monsoon zones, the northern boundary of the East
Asian (subtropical) summer monsoon has a signifi-
cant influence on the weather and climate (including
extreme weather and climate events) in the eastern
parts of Northwest China, North China, and North-
east China, especially over the Yellow River basin
(Li et al., 2013a). The northerly march of the East
Asian summer monsoon (or the EASTM) displays ob-
vious interdecadal variability (Wang, 2001; Wang and
Fan, 2013), with its zonal position showing a sudden
northward jump in the mid 1960s and its intensity
showing a jump in the late 1970s as well (Jiang et
al., 2006). With consideration of precipitation, vec-
tor wind, and potential pseudo-equivalent temperature
(θse), the northern boundary of the East Asian sum-
mer monsoon also shows obvious interdecadal varia-
tions (Hu and Qian, 2007). Furthermore, progress has
been made in identifying the factors affecting the lo-
cation of the northern boundary of the East Asian
summer monsoon. There is a notable and persis-
tent negative correlation between the surface sensible
heat flux over the eastern arid region of Northwest
China and the location of the northern boundary of
the East Asian monsoon during May–September (Li
et al., 2013b). Owing to the existence of the Tibetan
Plateau, the intensity of southerly wind is enhanced,
and as a result the location of the northern boundary
of the East Asian summer monsoon reaches a more
northern position (Tang et al., 2006). Be noted that
the northern boundary of the East Asian summer mon-
soon is actually the same as that of the EASTM, so we
will use the latter exclusively in the remaining text of
this paper. Generally, the obvious interdecadal vari-
ability of the EASTM and its northern boundary is
very likely to be influenced by surface thermal factors,
such as sensible heat flux.

IPCC AR5 (2013) reported that anthropogenic
land-cover change has a direct impact on the earth’s
radiation budget through a change in the surface
albedo. It also has an influence on local climate

through modifications to the surface roughness, la-
tent heat flux, and runoff, while it may have unde-
sirable impacts on the atmospheric circulation and
shifts of precipitation patterns. Studies on the pos-
sible impacts of large-scale urbanization in eastern
China on the East Asian winter monsoon show that
the East Asian winter monsoon would weaken while
the winter monsoon in Northeast China would inten-
sify (Chen and Zhang, 2013; Deng and Xu, 2014; Ma
et al., 2015). The large-scale urban land-use change,
which is a significant factor impacting land surface
heating, has drawn considerable concern about its ef-
fects on climate change and seasonal variance of cli-
mate, but there have been few studies of its influences
on large-scale monsoon circulation, especially the sea-
sonal march of the EASTM. It is worthy of a further
investigation on the effects of large-scale urban land-
use change (ULUC) on variations of the EASTM.

In this study, based on the high-resolution Com-
munity Atmosphere Model version 5.1 (CAM5.1), the
impact of ULUC in eastern China on the onset/retreat
of the EASTM and its northern boundary as well as
the possible mechanism involved, are investigated, by
analyzing seven model simulation experiments over a
20-yr period with changed underlying land-use condi-
tions. Following this introduction, we begin by de-
scribing the model and experimental design in Section
2. The simulation results, which cover the impact of
ULUC on surface climate, the effects of urban land-use
on the onset and retreat dates of the EASTM and its
northern boundary, are analyzed in Section 3. Finally,
Section 4 summarizes the key findings and provides
further discussion.

2. Model and experimental design

2.1 Climate model

The global atmospheric general circulation model,
CAM5.1 (Neale et al., 2010), of the Community Earth
System Model version 1 (CESM1), of the National
Center for Atmospheric Research (NCAR), was used
in this study. It can couple with the Community Land
Model (CLM), the sea-ice component (CICE), and the
data ocean component (DOCN). For the boundary
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conditions, the ocean and sea-ice data were from obser-
vations. The land component of CESM1.0.3, CLM4.0
(Oleson et al., 2010), contains a Community Land
Model Urban (CLMU; Oleson et al., 2015) parame-
terization module, which includes parameters in three
aspects: urban spatial scope, morphological features,
and thermodynamic and radiative properties of build-
ing materials. In this study, CAM5.1 coupled with
CLM4.0 was employed to study the impact of ULUC.
Many studies have used this model to investigate the
effects of urbanization (Oleson et al., 2008; Deng et
al., 2014a; Ma et al., 2014), and the results suggest
that CLM4.0 is an effective tool in this regard.

2.2 Experimental design

According to the latest records of the National
Bureau of Statistics (2014), China’s urbanization ratio
increased from 36% in 2000 to 53% in 2012. To investi-
gate the effect of large-scale urban expansion in east-
ern China (20◦–50◦N, 100◦–125◦E) on the EASTM,
seven climate simulations were performed in the cur-
rent study. The first is the reference experiment (re-
ferred to as NOURB), in which there is no urban land
cover in eastern China; the urban land-use is changed
to an all natural (without urban) land cover, i.e., the
urban land cover fraction is set to zero (Fig. 1a). The

present run (PRURB) uses the default land cover (Fig.
1b), while five additional sensitivity runs involve in-
creasing the urban area in each model grid box of east-
ern China by 1.5 (1.5URB), 2 (2.0URB), 3 (3.0URB),
4 (4.0URB), and 5 (5.0URB) times (Figs. 1c–g), re-
spectively.

The CAM5.1 used in this study was set with a
horizontal resolution of 0.9◦ latitude × 1.25◦ longi-
tude, and a hybrid vertical coordinate with 30 levels.
The model was run with 1988–2007 monthly average
SSTs, with annual variations (Hurrell et al., 2008),
as its ocean surface boundary conditions. All experi-
ments were integrated for 20 yr (from 1 January 1988
to 31 December 2007), with the first 5 years used for
spin-up and only the last 15 years (1993–2007) of mete-
orological variables in the East Asian monsoon region
stored (on a monthly basis) and analyzed.

2.3 Index definition

2.3.1 Onset and retreat of the EASTM
The onset of the tropical summer monsoon

was based on the reversal of meridional LSTD, while
the onset of the EASTM was dependent on the zonal
LSTD (Qi et al., 2008). Thus, the onset of the EASTM
is defined by the first pentad when the 850-hPa zon-

Fig. 1. Spatial distributions of the urban cover (%) over eastern China in the (a) NOURB, (b) PRURB, (c) 1.5URB,

(d) 2.0URB, (e) 3.0URB, (f) 4.0URB, and (g) 5.0URB experimental runs. Eastern China is delineated by the dashed

box; only the land cover within this box is altered to various degrees in the seven experiments.



206 JOURNAL OF METEOROLOGICAL RESEARCH VOL.30

al wind averaged over the subtropical area (27.5◦–
32.5◦N, 110◦–140◦E), i.e., V , satisfies the following
two criteria: (1) during the onset pentad, V � 0 m
s−1; (2) during the onset pentad and the subsequent
three pentads, V > 0.5 m s−1. Meanwhile, the retreat
of the EASTM is defined by V < 0 m s−1. This defini-
tion has been used in Wang et al. (2004), and proved
to be a good index.
2.3.2 Northern boundary of the EASTM

With consideration of precipitation, wind, and
potential pseudo-equivalent temperature (θse), the
northern boundary of the EASTM needs to satisfy the
following three criteria (Hu and Qian, 2007): (1) the
850-hPa pentad-averaged wind should be southwest-
erly wind, that is, U � 0 m s−1 and V � 0 m s−1; (2)
850-hPa pentad-averaged θse � 340 K; and (3) pentad-
averaged precipitation P � 5 mm day−1.

2.4 Model validation

The simulation results of PRNRB were compared
with NCEP/NCAR reanalysis data to evaluate the
model performance in simulating the April–August cli-
mate over East Asia. The NCEP/NCAR reanalysis
data used include geopotential height, horizontal wind,
and surface air temperature on a resolution of 2.5◦ lat-
itude × 2.5◦ longitude (Kalnay et al., 1996). The time
period 1979–2007 was chosen for the evaluation.

Figure 2 shows that, for both PRNRB and
NCEP/NCAR in April (Figs. 2a and 2f), the west-
ern Pacific subtropical high (WPSH) remains in the
Indo-China Peninsula–South China Sea region, the
geopotential height is low over the Bay of Bengal, and
the Somali jet and cross-equatorial flows are absent;
in May (Figs. 2b and 2g), the WPSH is stronger
and slightly eastward, southwesterly flows prevail from
the Indo-China Peninsula to the southern part of
the South China Sea, and the Somali jet and cross-
equatorial flows appear; in June (Figs. 2c and 2h),
the East Asian cross-equatorial flows extend further
northward, while the westerly wind in the Arabian Sea
and Bay of Bengal intensifies; in July (Figs. 2d and
2i), the WPSH jumps northward and remains stable
over the Yangtze and Huai River area; and in August
(Figs. 2e and 2j), southerly air flows prevail in North

China.
It is evident that CAM5.1 can effectively capture

the patterns of April–August monthly mean atmo-
spheric circulation over East Asia. Furthermore, Fig.
3 illustrates that it can also depict the characteristics
of 850-hPa averaged meridional wind and temperature
pentad change. Thus, CAM5.1 is a good tool to sim-
ulate the effect of ULUC expansion on the EASTM.

3. Results

3.1 Impact of ULUC on surface climate

As shown in Fig. 4a, the surface air tempera-
ture increases in the concentrated plain area north of
the Yangtze River and the Sichuan basin (30◦–40◦N,
110◦–120◦E); while in Figs. 4b and 4c, the increases in
these regions for both intensity and range of surface air
temperature never enhance (even shrinks in Figs. 4b
and 4c), even with 1.5 and 2.5 times of increase in the
urban land use. In all cases (Figs. 4a–c), North China
experiences the most intensive increase of surface air
temperature. However, summer surface air temper-
ature increases more broadly and strongly in eastern
China when the urban land use further increases (Figs.
4d–f). Meanwhile, the net surface radiation and sensi-
ble heat flux increase significantly, and the latent heat
flux decreases significantly (figure omitted), which are
favorable for an increase in surface air temperature.

The increase in surface air temperature owing to
ULUC may further contribute to a change in air pres-
sure and atmospheric circulation, under the urban ex-
pansion. The question arises, therefore, as to whether
the increase in surface air temperature can have an
effect on the onset and retreat of the EASTM and its
northern boundary?

3.2 Onset and retreat of the EASTM under

ULUC

3.2.1 Zonal LSTD
The onset of the EASTM depends on reversal of

the zonal LSTD (Qi et al., 2008). The longitude of
120◦E is always regarded as the boundary between
land and sea in East Asia. In this study, the area with
high zonal LSTD values is chosen as a critical area.
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Fig. 2. Distributions of the monthly mean (April–August) 850-hPa wind field from (a–e) PRURB and (f–j) NCEP/NCAR

reanalysis data (m s−1) in (a, f) April, (b, g) May, (c, h) June, (d, i) July, and (e, j) August.

The areas 105◦–120◦E and 130◦–150◦E are selected
to represent the East Asian land and the western Pa-
cific sea areas, respectively. The zonal LSTD at 850
hPa from 27.5◦ to 32.5◦N between the above two areas
was plotted in Fig. 5, and a diagram was produced,
showing the change in pentads of zonal temperature
deviation from the 105◦–150◦E mean (Fig. 6). The
zonal LSTD indicates the thermal contrast between
land and sea.

Figure 5 shows that in NOURB, the zonal LSTD
turns negative in pentad 15 and turns positive in pen-

tad 53. In PRURB, meanwhile, the zonal LSTD turns
negative and positive in pentads 16 and 54, respec-
tively. Furthermore, in 1.5URB, 2.0URB, 3.0URB,
4.0URB, and 5.0URB, the zonal LSTD turns nega-
tive in pentads 17, 16, 19, 14, and 16, respectively,
and reverses again in pentads 54, 55, 57, 53, and 53,
respectively (Table 1). The effects of ULUC in east-
ern China on the zonal thermal difference in East Asia
appear uncertain to some extent. However, in general,
ULUC in eastern China may delay the reversal of the
zonal thermal difference in East Asia.
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According to the zonal temperature deviation, the
ocean area in NOURB (Fig. 6a) before pentad 23 is a

warm area. It then turns into a cold area after pentad
23 and in pentad 51, turns again to a warm area. For

Fig. 3. Time series of averaged temperature (℃) over 25◦–40◦N, 110◦–120◦E and averaged meridional wind (m s−1)

over 25◦–40◦N, 110◦–140◦E in PRURB and NCEP/NCAR reanalysis data at 850 hPa.

Fig. 4. Summer (June–July–August) mean changes in surface air temperature (℃), with NOURB subtracted, from

(a) PRURB, (b) 1.5URB, (c) 2.0URB, (d) 3.0URB, (e) 4.0URB, and (f) 5.0URB. Dots represent statistically significant

changes at the 90% confidence level.
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Fig. 5. Temporal evolutions of the zonal land-sea thermal contrast (K) at 850 hPa over 27.5◦–32.5◦N. Zonal land-

sea thermal contrast is defined as the average surface air temperature difference between the western Pacific Ocean

(130◦–150◦E) and the East Asian continent (105◦–120◦E).

the land area in NOURB, it is a cold area before pen-
tad 23, turns into a warm area after pentad 23, and
turns again into a cold area in pentad 51. The ocean
area in PRURB (Fig. 6b) is warm before pentad 25,
cold from pentads 25 to 53, and then turns again into
a warm area in pentad 53. In PRURB, the land is cold
before pentad 25, turns into a warm area later on, and
returns to a cold area after pentad 53. In PRURB, the
difference between land and sea turns from positive to
negative later than that in NOURB. Furthermore, its
return to positive is also later. The other results with
different levels of urban land cover fraction (Figs. 6b–
f) also show the same features.
3.2.2 Onset and retreat of the EASTM

According to the definition in Section 2.3.1, Fig. 7
shows that in NOURB, the subtropical average merid-
ional wind turns from north to south in pentad 18,
meaning that the onset of the subtropical monsoon
occurs in that pentad. The EASTM then retreats in
pentad 54, when the southerly wind turns northerly.
The onset of the EASTM is one pentad earlier in
4.0URB only; in the other experiments, the onset of
the EASTM is delayed to pentad 21. In addition, for

the experiments with different levels of ULUC, the re-
treat of the EASTM is always delayed by two pen-
tads (Table 1). The effects of ULUC on the onset and
retreat of the EASTM appear uncertain to some ex-
tent. However, in general, ULUC delays the onset of
the EASTM by three pentads, and the retreat by two
pentads. The time that the average meridional wind
reaches its peak is also delayed. The onset and retreat
of the EASTM is basically consistent with the reversal
of the thermal difference between the western Pacific
and eastern China at 850 hPa.

The reversal of the meridional wind (i.e., the line
of V = 0) involves a slow northerly tendency dur-
ing the EASTM onset and a rapid southerly tendency
when the EASTM retreats (He et al., 2007). Fig-
ure 8 indicates a slow northward tendency of the zero
meridional wind line, corresponding to the onset of the
EASTM. Figure 8a shows that in PRURB, the zero
meridional wind line has a slower northward tendency
than in NOURB, and that an abnormal northerly wind
prevails in this area. This means that the turning
of the meridional wind from north to south, and the
northward movement of the zero meridional wind line,
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Fig. 6. Time-longitude evolutions of the surface air temperature deviation from the mean of 105◦–150◦E (K) at 850

hPa over 27.5◦–32.5◦N in (a) NOURB, (b) PRURB, (c) 1.5URB, (d) 2.0URB, (e) 3.0URB, (f) 4.0URB, and (g) 5.0URB.

Table 1. Time in pentad when the zonal LSTD changes signs in the seven experiments and associated EASTM

onset and retreat dates (in pentad).

Zonal LSTD
Experiment

From positive to negative From negative to positive
Onset date Retreat date

NOURB 15 53 18 54

PRURB 16 54 21 55

1.5URB 17 54 21 55

2.0URB 16 55 22 56

3.0URB 19 57 22 58

4.0URB 15 53 17 56

5.0URB 16 53 21 55

Mean URB 16 54 21 56

are slower/later than in NOURB. Figures 8b–f show
that in the experiments with different levels of urban
extension, the zero meridional wind line also possesses
a slower northward tendency than in NOURB.

Similarly, in terms of the retreat of the EASTM
(Fig. 9), the zero meridional wind line retreats south-
ward quickly. Figure 9a shows that in PRURB, the

southerly wind retreats southward later, compared
with that in NOURB, and an abnormal southerly wind
prevails in this area. This means that in NOURB, the
southerly wind retreats southward earlier, and turns
from southerly to northerly earlier too. As indicated
by Figs. 9b–f, under different levels of urban exten-
sion, the meridional wind always retreats southward
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Fig. 7. Temporal evolutions of the meridional wind (m s−1) averaged over the subtropical region (27.5◦–32.5◦N,

110◦–140◦E) at 850 hPa.

Fig. 8. Time–latitude cross-sections of the difference in the 850-hPa wind field (m s−1) during the onset of the EASTM,

with wind anomalies in NOURB subtracted from those in (a) PRURB, (b) 1.5URB, (c) 2.0URB, (d) 3.0URB, (e) 4.0URB,

and (f) 5.0URB. Only the winds exceeding the 90% confidence level are shown. The zero meridional wind during the

onset of the EASTM along 110◦–140◦E in NOURB is shown by the solid lines and in other runs by dashed lines.

later. In conclusion, the thermal difference between
land and sea turns negative later, and turns back pos-
itive later too, under the influence of ULUC. Further-
more, this also leads to a delay in the onset and retreat
of the EASTM.

3.3 Effects of ULUC on the EASTM’s north-

ern boundary

3.3.1 General position of the EASTM
According to the definition in Section 2.3.2, Fig.
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10 shows that the northern boundary of the East Asian
summer monsoon appears most northerly at 48◦N and
most southerly at 32.5◦N in 1998 and 1999, respec-
tively. The variation in the most northerly location of
the northern boundary of the EASTM has a trend of
–0.24◦ yr−1 (dashed line in Fig. 10), statistically sig-
nificant at the 95% confidence level. This means that
the northern boundary of the East Asian summer mon-
soon was located more southward during 1993–2007.
In fact, the development of urban areas was very quick
during this period of time. This may be one of the

reasons for the general southward movement of the
EASTM.
3.3.2 Northern boundary of the EASTM

According to the definition in Section 2.3.2, Fig.
11a shows that in NOURB, the northern boundary
of the EASTM appears firstly in pentad 25, and is
located near 17◦N. In pentad 31, it moves north-
ward to the lower-mid reaches of the Yangtze River,
and then continues to move to North China. In pentad
39, it is located near 47◦N, and then retreats south-
ward and decays near 38◦N in pentad 45. In PRURB

Fig. 9. As in Fig. 8, but during the retreat of the EASTM.

Fig. 10. Time series of the most northerly location of the northern boundary of the EASTM over 110◦–120◦E from

1993 to 2007, based on NCEP/NCAR reanalysis data.
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Fig. 11. Evolutions of the northern boundary (◦N) of the EASTM along 110◦–120◦E in (a) NOURB, (b) PRURB,

(c) 1.5URB, (d) 2.0URB, (e) 3.0URB, (f) 4.0URB, and (g) 5.0URB. Hatched areas denote southwesterlies, right slanted

lines mean westerlies, and left slanted lines mean southerlies. Red lines denote θse=340 K, and blue dashed lines denote

pentad precipitation of 4 mm day−1.

(Fig. 11b), the northern boundary of the EASTM
appears firstly in pentad 25, near 18◦N. Then, it
moves slowly northward to the lower–mid reaches of
the Yangtze River in pentad 31, after which it pushes
northward quickly and reaches 44◦N in pentad 41. Fi-
nally, it decays near 39◦N in pentad 46. However,
in 1.5URB, 2.0URB, 3.0URB, 4.0URB, and 5.0URB
(Figs. 11c–g), the most northerly location of the
northern boundary of the EASTM appears at 45◦, 45◦,

44◦, 44◦, and 46◦N, respectively (Table 2). Therefore,
the effects of urban expansion may lead to a southward
movement of the northern boundary of the EASTM.

Furthermore, based on the difference in the wind
field between NOURB and those different urban ex-
tension runs (Fig. 12), it is apparent that from North
China to the mid-lower reaches of the Yangtze River,
northerly flows prevail, and the climatological warm
and wet southerly is weakened. This may be the
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Table 2. The most northerly location (◦N) of the northern boundary of the EASTM in the seven experiments

Experiment

NOURB PRURB 1.5URB 2.0URB 3.0URB 4.0URB 5.0URB Mean URB

Location (◦N) 47 44 45 45 44 44 46 45

Fig. 12. Summer (June–July–August) mean changes in wind (m s−1) at 850 hPa over East Asia, with the wind

anomalies in NOURB subtracted from those in (a) PRURB, (b) 1.5URB, (c) 2.0URB, (d) 3.0URB, (e) 4.0URB, and (f)

5.0URB. Shaded areas represent the statistically significant changes at the 90% confidence level.

reason for the slower northward advancement of the
EASTM and a more southward location of its north
boundary.

In conclusion, ULUC causes the land surface air
temperature in eastern China in summer to rise, and
the associated wind anomalies to be unfavorable for
the northerly advancement of the EASTM. Ultimately,
this leads to a more southward location of the northern
boundary of the EASTM. The observational fact also
reveals that the northern boundary of the EASTM has
withdrawn southward since the 2000s, coinciding with
the rapid increase in urban land-use that has taken
place during this period of time. The experiments in
this study illustrate that urban expansion is one of the
reasons for the southward retreat of the EASTM and
its northern boundary.

4. Conclusions and discussion

Based on the experiments, we conducted using the

high-resolution CAM5.1, the impact of ULUC in east-
ern China on the onset and retreat of the EASTM and
its northern boundary, as well as the possible mech-
anism involved, was investigated in this study. The
results are summarized as follows.

(1) Owing to development of large-scale urban
clusters in eastern China, alterations in the surface
parameters (e.g., surface temperature, albedo, and
roughness) and surface energy balance characteristics
have taken place. The surface absorbs more solar ra-
diation; net radiation, sensible heat flux, and surface
temperature increase, and latent heat flux decreases.
Comparison of the urban expansion runs with the
NOURB run shows that the change in LSTD caused by
ULUC contributes to a delay in the time when LSTD
converts from positive to negative, and vice versa. As
a result, the onset date and end date of the EASTM
are delayed.

(2) The rise in surface air temperature caused by
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ULUC leads to formation of abnormal northerly air
flows, which may cause the EASTM to move north-
ward slowly. This may also contribute to a more
southern position of the EASTM’s northern bound-
ary.

It is important to highlight that, in this study,
numerical simulations were used to investigate the
effect of ULUC. In reality, aerosol emissions and green-
house gases resulting from urbanization can also affect
climate and weather. Furthermore, the influence of
urbanization presented in the air-sea coupled model
simulations may differ from that in atmospheric mod-
els driven by prescribed SST (Chung and Seinfeld,
2005; Wang et al., 2005; Lau and Kim, 2006). Thus,
further investigation is required for a more compre-
hensive understanding of the large-scale urbanization
effects on climate change.
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