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Focusing on the anthropogenic aerosols effects on the East Asian Summer Monsoon (EASM)
progression, we found that aerosols delay the northward progression of EASM by one pentad in the
south of the middle-lower reaches of the Yangtze River (PD1: pentads 25-35) and the North-Northeast
China (PD3: pentads 38-42). However, aerosols have minimal impact on the seasonal march of EASM
over the Yangtze-Huai River basin (PD2: pentads 36-37). In PD1 and PD3, aerosols reduce sea-land
temperature differences. Also, a southward shift in the westerly jet causing lower-level north winds,
which weakens the EASM in PD3. The delayed EASM progress shows its weakness in PD1 and PD3.
While in PD2, EASM intensity weakens without affecting its northward progression. Aerosols, though
affecting the position and intensity of Western Pacific Subtropical High, minimally influence its
northward movement speed, hence no effect on the seasonal march of EASM in PD2.

East Asia is widely recognized for its distinct monsoon climate, character-
ized by significant seasonal differences between the East Asian continent
and the western Pacific Ocean'”. Positioned on the East Asian continent
with its eastern border adjacent to the western Pacific Ocean, China
experiences substantial influence from the East Asian summer monsoon
(EASM). Precipitation patterns across the region generally align with the
direction of the EASM, progressing from south to north. EASM-induced
precipitation accounts for approximately 40% of the annual precipitation in
South China and contributes to 60-70% of the annual precipitation in North
China’. The variability of the EASM holds direct implications for various
societal sectors, such as regional agriculture, flood and drought occurrences,
and water resource management™’.

Numerous investigations have highlighted that during the latter half of
the 20th century, the EASM circulation exhibited a discernible weakening,
featured by a reduction in the sea-land thermal difference, a weakening in
surface southwesterly wind, and southward shift of Asian subtropical
westerly jet stream (ASWJ])**. The observed weakening of the EASM cir-
culation results from combination of internal variabilities and external
forcings. Among them, the shift of Pacific Decadal Oscillation and El Nifio-
Southern Oscillation on interannual and interdecadal timescales are
recognized as crucial internal variability models within the climate system,
serving as influential forcing mechanisms’.

It has been observed that aerosols play a role in diminishing the
strength of the EASM'*"". Anthropogenic aerosol emissions represent a
significant category of pollutants in Asia'*”. The interactions of

anthropogenic aerosols with clouds and radiation have profound implica-
tions for both the Asian monsoon and the global climate system. These
interactions play a crucial role in modifying the energy balance of the Earth-
atmosphere system'*'®. Aerosols exhibit distinct characteristics, with scat-
tering aerosols like sulphates diminishing ground-reaching solar radiation
through scattering, resulting in a surface temperature decrease'”"'°. As most
anthropogenic aerosols accumulate over land, the cooling effect on land
surfaces is more significant than in marine regions, resulting in a reduction
in the summer temperature difference between land and sea. On the other
hand, absorbing aerosols not only scatter but also absorb solar radiation,
contributing to tropospheric atmospheric warming’*'. The direct radiative
impact of aerosols alters circulation characteristics by influencing energy
exchange between the Earth’s surface and the atmosphere” ™. Conse-
quently, aerosols reduce incoming solar radiation at the surface and increase
atmospheric stability, ultimately leading to a weakening of monsoon
circulation™”.

Many previous studies have predominantly approached the EASM as a
holistic system when investigating the impact of aerosol-cloud-radiation
interactions on the overall strength of the monsoon within the context of
climate change. However, the EASM system is inherently characterized by
seasonal processesE. The outbreak, advancement, and retreat of EASM
contribute to distinct seasonal characteristics in precipitation within the
monsoon region™"'. While existing research has indicated that the climatic
effects of aerosols contribute to the weakening of the EASM and a reduction
in overall summer precipitation, the specific role of aerosols in the seasonal
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progression of the EASM has not been adequately discerned. Some studies
have suggested approximately a one-pentad delay in the onset time of the
EASM over East China due to aerosol effects, yet the underlying physical
mechanisms behind these observations remain insufficiently explained’™”.
In this investigation, we delve into the influence of anthropogenic aerosol
emissions on the seasonal progression of the EASM, and aim to uncover the
underlying physical mechanisms through both qualitative and quantitative
analyses.

Results

Seasonal march of EASM

Figure 1 illustrates the spatial distribution of the onset time of the EASM
based on the W_EASM index for the period from 1979 to 2014. The sea-
sonal progression of the EASM from southwest to northeast, as depicted in
the ERA5 reanalysis data (Fig. 1a), is effectively captured by the Historical
experiment. In the Historical experiment (Fig. 1b), the EASM initiates its
inland penetration into South China by the 25th pentad (early May).
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Fig. 1 | The spatial distribution of the onset times of EASM and aerosol-induced

anomalies in march of EASM averaged over 1979-2014. EASM onset times based
on (a) ERAS reanalysis, (b) Historical simulations and (c) Hist-GHG simulations, (d)
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differences in mean onset times between Historical and Hist-GHG simulations using the
W_EASM index. The numbers in (a—c) represent the specific onset time. The numbers
in the subgraph (d) indicate the specific lag time of the outbreak time due to aerosols.
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Subsequently, it steadily advances northeastward during pentads 28 to 31.
By the 33rd pentad (mid-June), the EASM extends into the middle and
lower Yangtze River Basin of East China, remaining stationary until pentad
35 (late June). Notably, during pentads 36-37 (late June to early July), the
EASM experiences a notable northward jump, covering a considerable
distance from the Yangtze River to the Huaihe River Basin. This sudden shift
indicates a marked northward progression in a short time frame. By the 38th
pentad, the northern edge of the EASM reaches the North China and
Northeast China region, exhibiting a pronounced southwest-to-northeast
pattern. From the 38th to the 42nd pentad, the EASM continues its
northward trajectory in Northeast China, ultimately reaching its north-
ernmost point at 47°N by the 42nd pentad. In Fig. 1c, the depiction of the
EASM seasonal progression based on the Hist-GHG simulations reveals
noteworthy differences. The Hist-GHG EASM exhibits an overall swifter
advancement, covering a more northerly expanse compared to the His-
torical experiment. It reaches South China by the 23rd pentad and the
middle and lower Yangtze River Basin by the 32nd pentad. Moreover, the
EASM in the Hist-GHG simulation attains its northernmost extent of 50°N
by the 41st pentad, in contrast to the 47°N reached in the Historical
simulation by the 42nd pentad.

Figure 1d displays the distribution of differences between the two
simulation experiments (i.e., Fig. 1b, ¢), offering insights into the impact of
anthropogenic aerosols on the seasonal march of EASM. The analysis
reveals that anthropogenic aerosols induce a lag of about 1 to 2 pentads in
the onset time over the southern portions of the middle and lower reaches of
the Yangtze River, North China, and Northeast China. Notably, no dis-
cernible aerosol-induced signal is observed in the onset time over the
Yangtze-Huaihe River basin, where an abrupt northward jump occurs at
pentads 36-37 in both Historical and Hist-GHG simulations.

To validate the outcomes derived from the W_EASM index, the
H_EASM index, which incorporates zonal wind, 8, and precipitation
information, is employed to assess the seasonal progression from the per-
spective of the northern edge of the EASM. As illustrated in Supplementary
Fig. 1, negligible differences are observed in the seasonal march of the EASM
between the Historical and Hist-GHG experiments during pentads 36-37.
This suggests that aerosols exert minimal influence on the monsoon onset
time during this specific period. However, both before and after this interval,
the north edge of the EASM in the Hist-GHG simulation precedes that in
the Historical runs by one pentad. Additionally, consistent with the
W_EASM distribution, the Hist-GHG experiment exhibits a more north-
erly extension of the EASM’s northern edge. In summary, both the
W_EASM and H_EASM indices display a nearly consistent pattern
regarding the aerosols effect on the seasonal march of the EASM. Conse-
quently, subsequent analyses will primarily focus on the results obtained
from the W_EASM index.

Considering the impact of aerosols forcing on the EASM onset time
depicted in Fig. 1d, the seasonal progression of the EASM has been seg-
mented into three distinct phases: Pentads 25-35 (PD1), Pentads 36-37
(PD2), and Pentads 38-42 (PD3). These phases correspond to the onset time
of EASM over the southern portions of the middle and lower reaches of the
Yangtze River (PD1), the Yangtze-Huaihe River basin (PD2), and North
China and Northeast China (PD3), respectively.

Aerosols effects on the atmospheric circulation
In the identified phases (PD1, PD2, and PD3), we explore the distinct
aerosol-induced mechanisms influencing the seasonal progression of the
EASM. Figure 2 illustrates the atmospheric circulation disparities between
the Historical and Hist-GHG experiments across the lower to upper tro-
posphere, providing insights into aerosol-induced influences on circulation.
During the PD1 phase (Fig. 2a, d, g), a conspicuous negative surface
temperature anomaly over land is observed compared to the east ocean
region (Fig. 2a), resulting in a weakened northerly wind anomaly at 850 hPa
over southern China. Analyzing the temperature difference time series
between land and its eastern maritime region in Supplementary Fig. 2d
reveals a reduction in the land-sea temperature difference primarily

concentrated before the 35th pentad. In the mid-troposphere (Fig. 2d),
anthropogenic aerosols lead to a reduction in the H, corresponding to
cyclonic anomalies in northern China at 500 hPa, bringing westerly winds to
the East China region. A significant anomalous southwest wind is observed
in eastern China at 200 hPa in Fig. 2g, opposing the climatological north-
ward winds during the summer monsoon season. The southwest flow,
combined with eastward winds at high latitudes, forms a closed cyclonic
circulation at Shaanxi province (centered at 110°E and 35°N). Examining
the distribution of vertical circulation in Supplementary Fig. 3a, the hor-
izontal convergence at 200 hPa leads to pronounced subsidence in the mid-
to-upper troposphere averaged at 25°-30°N. The downward airflow
diminishes at around 850 hPa, resulting in weak northerly winds at the
surface over South China. Overall, aerosols contribute to a decrease in the
thermal contrast between land and sea, with anomalous northerly winds in
the lower layers accompanied by anomalous southerly winds in the upper
layers, contrary to the normal situation of the EASM, which leads to the
weakening of the EASM and, consequently, a delay in the onset time. The
results concerning the impact of aerosols on the variation of EASM intensity
are presented in Supplementary Fig. 4, the influence of aerosols represented
by the difference between the Historical and Hist-GHG experiments, with
referring to the three monsoon intensity indices: EASM_Vgso, EASM_SLP,
and EASM_U,y. The intensity index of the EASM reveals that aerosols
generally weaken the EASM across different monsoon indices.

In the context of PD2 (Fig. 2b, e, h), the reduction in the surface sea-
land temperature difference is marginal, yet stronger northerly wind
anomalies and southerly wind anomalies are evident at 850 hPaand 200 hPa
compared to PD1. Anthropogenic aerosols induce a reinforcement of zonal
westerly winds at 40°N and southwesterly winds south of 40°N. This shift
from southwest winds to westerly winds results in the accumulation of air
masses in the upper levels, instigating notable vertical subsidence motion at
approximately 25°-30°N, as illustrated in Supplementary Fig. 3b. As these
descending air currents reach the surface, they manifest as northerly winds
in areas south of 30°N. The vertical circulation pattern, characterized by
low-level northerly winds and upper-level southerly winds, is precisely
contrary to the climatological conditions of the EASM, signifying a reduc-
tion in the summer monsoon intensity due to aerosols. At 500 hPa (Fig. 2e),
aerosols lead to weak cyclonic anomalies over the northwest Pacific, indi-
cating a weakening of the Northwest Pacific Subtropical High (WPSH).
Consequently, this induces northward wind flow on the western side of the
subtropical high, resulting in a reduction in the strength of the EASM.
Simultaneously, aerosols cause the subtropical high to shift westward,
which, according to previous research findings, can also result in the
weakening of EASM**°. Overall, aerosols weaken the monsoon by altering
the strength and position of the subtropical high”*. Despite aerosols
causing a weakening of EASM intensity, their impact on the seasonal pro-
gression of the monsoon is not particularly pronounced in this phase. Thus,
this matter warrants exploration from alternative perspectives, beyond the
sole focus on monsoon intensity.

Examining the aerosols effects on surface temperature presented in Fig.
2¢ and Supplementary Fig. 2d, a reduction in the temperature contrast
between land and ocean is evident in PD3. However, this decline is not as
pronounced as observed in PD1. Concurrent with the decrease in the sea-
land temperature difference, there is a noticeable emergence of northerly
winds in southern China. In the analysis of the H, at 500 hPa (Fig. 2f),
aerosols cause the subtropical high over the western Pacific to shift eastward,
which differs from previous studies on the aerosol impact on the overall
position of the subtropical high throughout the summer. In this case, as the
high-pressure system moves eastward, the southwest airflow around its
periphery also shifts eastward, resulting in a reduced extent of southwest
winds penetrating inland, thereby delaying the onset of the monsoon. The
climatological ASW7 is located near 40°N at 200 hPa, with the southern and
northern flanks of the ASWJ outlet region corresponding to anticyclonic
divergence and cyclonic convergence, respectively. In the southern/north-
ern parts at the corresponding positions in the lower levels, convergence/
divergence motion is observed. In the upper troposphere (Fig. 2i),
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Fig. 2 | Aerosol-induced atmospheric circulation anomalies during EASM march
averaged over 1979-2014. Differences in atmospheric circulation between Histor-
ical and Hist-GHG simulations on 850 hPa (a-c), 500 hPa (d-f) and 200 hPa (g-i) for
three time periods (the PD1, PD2, and PD3) are listed from left to right in each row.
a—c Near-surface temperature (shading; K), mean sea level pressure (contour; hPa)

and horizontal wind on 850 hPa (vectors; m-s '). d-f Eddy geopotential height (He;

110°E

130°E

150°E 70°E 90°E 130°E 150°E

shading; 10 m) and horizontal wind (vectors; m-s™') on 500 hPa, the solid lines are
contours of He = 0 m on 500 hPa from Historical (red) and Hist-GHG (blue)
simulations to indicate boundaries of the West Pacific subtropical high (WPSH).
g-i Zonal wind (u; shading; m-s™') and horizontal wind (vectors; m-s-1) on 200 hPa.
The dotted area indicates that the specific shading field has passed the significance test
at the 95% confidence level based on a two-tailed Student’s t-test.

widespread abnormal westward winds are observed south of 40°N, indi-
cating the southward shift of the ASWJ caused by anthropogenic aerosols.
Thus, the corresponding entire-layer convergence and divergence zones
have also moved southward. Firstly, the southward shift of the vertical
field characterized by high-level convergence and low-level divergence on
the northern flank of the jet stream axis results in abnormal subsidence
movements near 40°N (Supplementary Fig. 3¢), with air mass accumu-
lation at low levels between 20° and 35°N, leads to anomalous northerly
winds. Secondly, the southward migration of the low-level convergence
zone on the southern flank of the jet stream axis, leads to the formation of
an anomalous cyclonic center at the lower level of 850 hPa, at 20°-30°N,
130°E (as shown in Fig. 2c). Anomalous subsidence at 40°N and cyclonic
anomalies at the lower levels both lead to the development of strong
anomalous northerly winds in eastern China, causing a weakening of the
EASM. Song et al. have noted that changes in the ASW] align with var-
iations in the meridional temperature gradient”. Supplementary Fig. 3¢
reveals an aerosol-induced cooling center in the upper troposphere,
conducive to the occurrence of downward motion anomalies. Existing
research has also demonstrated that the southward shift of the ASW]
contributes to the weakening of the summer monsoon'**’. The aerosol-
induced abnormal northerly winds in the lower levels, southerly winds at
200 hPa, ASWJ] moving south and the eastward movement of the WPSH
collectively contribute to the attenuation of EASM intensity, consequently
influencing its seasonal progression speed.

The comprehensive analysis indicates that the delayed seasonal
advancement of EASM attributed to anthropogenic aerosols aligns with the
weakened strength of the monsoon. The delayed seasonal advancement of
EASM can be interpreted as a manifestation of monsoon attenuation.
However, while the alteration in atmospheric circulation signals a noticeable
weakening of EASM in PD2, there is almost no disparity in the onset time
between Historical and Hist-GHG simulations during this period. There-
fore, it can be inferred that other physical mechanisms may underlie the
forward progress observed in PD2.

Physical mechanism of aerosol impact on monsoon
advancement

To unravel the reason for the onset time in PD2, the dynamical and thermal
factors involved in the W_EASM index are separated to discern their
individual effects on the calculation of the monsoon index. Figure 3 presents
the temporal distribution of EASM onset time based on the individual
thresholds of 0. or Vg, (W_EASM_60, or W_EASM_V,, for short).
W_EASM_0,. and W_EASM_V, are used to indicate the effect of dyna-
mical and thermal factors on the seasonal march of the monsoon, respec-
tively. When the result of W_EASM_6,. or W_EASM_V, at a specific grid
point match the result of W_EASM, then the dominant factor at that point is
identified as either thermal (8;,) or dynamical (V) factor. If the results of all
three coincide, the corresponding grid point is considered to be influenced
by both dynamical and thermal factors. Figure 3a, b, d, e illustrates the
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Dominant factors in W_EASM index (blue, yellow, and green indicate 0, V, and
both together play a dominant role in the monsoon onset, respectively) for His-
torical, Hist-GHG and differences between two simulations, respectively.

seasonal progression of EASM based on 0, or Vy, in the Historical and
Hist-GHG experiments, respectively. Among them, the magnitude of Vi, in
the south of the middle and lower reaches of the Yangtze River and the
northern part east of 120°E meets the 2 m-s™" criterion throughout the year,
which cannot reflect the progress of EASM and is not discussed here. It
reveals a larger region of W_EASM_0,. (Fig. 3a, d) than W_EASM_V,
(Fig. 3b, e), indicating that the north and west edge of the monsoon pro-
gresses mainly depend on the strength of the southwest winds.

The primary factors influencing W_EASM are depicted in Fig. 3¢, f.
Both the Historical and Hist-GHG experiments exhibit the same pattern of
dominant factors. It reveals that, in the region corresponding to the PD1
phase, the advancement of EASM aligns with the seasonal march of 6. The
impact of dynamical factors can be disregarded in this phase, explaining the
weak northerly wind anomaly in Fig. 2a. The EASM onset time over the
region corresponding to PD3 is mainly dominated by 8, while the north
edge of EASM is controlled by the farthest north position of V. For the
PD2 period, the onset time of EASM is dominated by the pentad when the
grid V, reaches the threshold of 2 m-s". Figure 3g, h illustrates the lag time
of the EASM seasonal progress due to the effect of aerosols. The entire

domain consistently exhibits a lag of 1-2 pentads according to the
W_EASM_0,. index. In contrast, there is no apparent delay characteristic
shown in the W_EASM_V, pattern over the Yangtze-Huaihe River basin,
with one pentad delay in Shandong province and around Bohai Sea. The
aerosol-induced difference in thermal conditions dominates the lag of
EASM onset time in the PD1 and PD3 phases, while the dynamical factor is
the main reason for the PD2 period. Therefore, the negligible effect of
aerosols on the dynamical conditions in PD2 leads to the synchronous
seasonal progress of EASM in the Historical and Hist-GHG experiments.
During the PD2 period, corresponding to the second northward jump
of EASM, it becomes evident that the monsoon spans the entire Yangtze-
Huaihe River basin in just two pentads (36-37 pentads), as illustrated in Fig.
la—c. The occurrence of the second northward jump of EASM is intricately
linked to the movement of the WPSH. Figure 4a, b showcase the position
and centerline of WPSH during the 35-40 pentad period. It is observed that
the meridional range of WPSH is relatively similar in the Historical and
Hist-GHG experiments. However, there are differences in the zonal cov-
erage and westward ridge point of WPSH between the two simulations,
indicating that anthropogenic aerosols influence the strength and position
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respectively. The WPSH_center is calculated as the latitude mean of the maximum
value of the geopotential height at the corresponding longitude and its eight sur-
rounding meridians in area of the WPSH. The WPSH_ridge is calculated as the
latitudinal position where the zonal wind shear is greater than 0 (u = 0, ou/dy > 0) in
the region of H = 5840 m. The WPSH_center/ridge_index is the average of the
latitude position of the WPSH_center/ridge lines for the corresponding region.

of WPSH. Nevertheless, it is the northward movement of WPSH that
impacts the seasonal progress of EASM in PD2. Various metrics measuring
the ridge line and centerline of WPSH are employed to assess its movement
(Fig. 4c, d). Thus, the western (110°-130°E), eastern (130°-150°E) and
whole region (110°-150°E) ridge index and centerline index are calculated
separately, with 130°E serving as the dividing line (Index_West, Index_East,
Index). As depicted in Fig. 4c, d, both the eastern ridge and centerline
indexes indicate almost synchronous northward movement of WPSH in the
Historical and Hist-GHG runs. The western and whole region indexes show
coordinated advancement before pentad 37, with differences emerging after
this period due to variations in east-west coverage between the two
experiments. After pentad 37, the indexes in Historical experiment are more
southerly than the Hist-GHG experiment, resulting in less precipitation in
northern China, this corresponds to the lag in monsoon onset in northern
China seen in Fig. 1d. Overall, during the PD2 phase, aerosols exhibit
negligible effects on the northward movement of WPSH, leading to a
consistent southwest wind over the Yangtze-Huaihe River basin and, con-
sequently, a consistent onset time of EASM between the two experiments.

Figure 2 qualitatively depicts the aerosol-induced attenuation of
EASM, yet lacks a quantitative explanation of the delayed effect of aerosols.
To address this gap and considering the distinct impacts of dynamical and
thermal factors on the three periods of EASM seasonal progress, this section
evaluates the time-lag relationship of various meteorological variables
between the Historical and Hist-GHG experiments. The time lags, based on
spatial correlations between variables in the two experiments, are sum-
marized in Table 1, while those based on the minimum absolute errors are
presented in Supplementary Table 2. The absolute errors in Supplementary
Table 2 reveal an overall delay in the magnitudes of meteorological fields in

the Historical runs, indicative of the weakening of EASM intensity due to
aerosols.

Examining spatial correlations in Table 1, it becomes evident that most
thermal factors (e.g., solar radiation, 6., temperature at 850 hPa, specific
humidity at 850 hPa) exhibit a time lag of 1-2 pentads in the Historical
experiment throughout the entire northward progress of EASM. Some
dynamical conditions (e.g., meridional wind at 850 and 500 hPa, zonal wind
at 200 hPa) experience a 1-2 pentad delay in PD1 and PD3 periods, with
almost no lag in the corresponding PD2 period. Additionally, Z and H, at
500 hPa over the region of WPSH show no lag in the PD2 phase, aligning
with the findings from Fig. 4. At 200 hPa in the upper layer, there is a
periodic lag in the zonal wind in the Historical experiment, and the lag of the
ASWTJ mainly occur in the middle and late stages, confirming that aerosol-
induced weakening and lagging of the ASW] primarily occurs in PD3. In
summary, during the PD1 and PD3 phases, aerosols induce a 1-2 pentad
delay in thermal factors, subsequently leading to a delayed onset of the
monsoon. In the PD2 phase, aerosol-induced changes in the movement of
the WPSH and atmospheric dynamical conditions are not significant,
exerting no discernible effect on the progression of the monsoon.

Discussion

Anthropogenic aerosols induced a lag of about 1 to 2 pentads in the EASM
onset time during PD1 and PD3, while their impact was notably absent in
PD2. The delayed seasonal advancement of EASM in PD1 and PD3
attributed to anthropogenic aerosols aligns with the weakened strength of
the monsoon. The diminished intensity of EASM in PD1 is primarily
because of the reduction in the thermal contrast between land and sea
surfaces and the anomaly of southerly winds in the upper atmospheric

npj Climate and Atmospheric Science| (2024)7:143



https://doi.org/10.1038/s41612-024-00699-x

Article

Table 1| The time-lag based on the spatial correlations between the variables in the Historical and Hist-GHG simulations from
pentads 25-40 over the region 20°-45°N, 105°-120°E (Unit: pentad)

Pentad SSR 0se Tesg e deso Vaso Vsoo WPSH’ H,' U200 wJ’
25 -2 -2 ~1 —1 -1 1 -2 -1 0 -1

26 -3 —1 = 1 -1 -1 -4 1 -2 0

27 -4 -2 —1 0 -2 -2 -4 0 -2 -1 1
28 -4 —1 0 0 = 1 0 1 0 1
29 =& = —1 0 0 —1 1 0 0 0
30 —4 0 = = 0 = = 0 0 1 —1
31 -3 -2 = 0 = = = -1 =

32 0 0 = 0 0 1 0 0 = 0

33 —1 —1 —1 —1 —1 0 —1 0 -1 -1 0
34 -2 2 -1 —1 -2 —1 -1 0 -1 -2 —1
35 0 —1 —1 —1 -1 0 0 0 0 -1 —1
36 —1 —1 -1 —1 0 0 0 0 0 -1 —1
37 0 —1 —1 0 = 0 0 0 0 0 0
38 0 -1 = —1 0 0 0 0 0 0 0
39 0 —1 -2 —1 = -2 0 0 0 0 —1
40 —1 -2 3 = = = = = 2 = —1
41 = -2 = = -2 = = -1 1 = =
42 -3 2 = -2 2 1 = 0 1 = =

“The negative value indicates the specific pentad(s) of Historical simulations lagged behind the Hist-GHG simulations, and vice versa.
T, g, U, Vindicate the temperature, specific humidity, zonal and meridional wind at the specific level, respectively.
"WPSH, H, and WJ indicate the strength of subtropical high, eddy geopotential height at 500 hPa and westerly jet at 200 hPa.

"WPSH and H, are averaged over the WPSH region (0°-40°N, 90°~150°E).
"WJ is averaged over the region 35°-50°N, 90°-120°E.

layers. Regarding PD3, the southward shift of ASWJ induces significant
vertical subsidence motion, resulting in a robust northerly wind anomaly in
the lower layer south of 40°N, which impedes the northward progression of
the EASM system. The specific time lag of the EASM seasonal march in PD1
and PD3 is dominated by the aerosols effect on the atmospheric thermal
conditions.

Although it also shows noticeable weakening of EASM in PD2, there is
almost no disparity in the seasonal progress between Historical and Hist-
GHG simulations during this period. Exploring the connection between
PD2 and the second northward jump of the WPSH, it showcases differences
arise in the intensity and position of WPSH, however, its ridge line and
center line underscore the synchronous northward shift during 25-37
pentads in the two simulations. That is to say, aerosols do impact the
intensity of the WPSH. However, they do not affect the timing of its two
northward jumps. Therefore, the seasonal progression of the monsoon has
not been affected. The seasonal movement speed of the EASM is primarily
governed by dynamical factors during PD2.

Previous studies on the influence of aerosols on the summer monsoon
have also highlighted how aerosols alter the land-sea thermal contrast,
subtropical high intensity, and jet stream position, thus affecting the
strength of monsoon. However, these studies viewed the entire summer as a
unified entity, examining changes in monsoon intensity. In contrast, this
study focuses on different stages of the northward progression of the EASM,
investigating how aerosols affect EASM advancement at each phase.
Aerosols lead to a weakening of the land-sea thermal contrast, resulting in a
weakening of the monsoon intensity and a delay in its progression. This
study emphasizes that this factor has a more significant impact on the
monsoon in the areas south of the middle and lower reaches of the Yangtze
River and northeast China. The southward shift of the westerly jet stream
mainly affects the monsoon in northeast China. Additionally, from the
perspective of the WPSH, aerosols cause changes in the intensity of the
subtropical high, leading to a weakening of the summer monsoon. However,
aerosols do not affect the north-south movement speed of the WPSH, and

thus do not influence the progress of EASM. These findings indicate that a
weakening of monsoon intensity does not necessarily lead to a slower
monsoon progression. Different dominant factors exist for each stage of
monsoon progression.

Based on existing research indicating a minimal influence of natural
forcings on monsoon rainfall, this paper roughly representing the climate
effects of aerosols by the difference between Historical and Hist-GHG
experiments. Neglecting the impact of natural forcings on monsoon systems
may introduce some uncertainties into the findings of this paper. Further-
more, the climate effects of absorbing and scattering aerosols exhibit dif-
ferences, which could lead to varying impacts on monsoon advancement.
The current findings are based on the overall anthropogenic aerosols
without distinguishing the impacts of different types of aerosols and their
physical and chemical properties on monsoon progression, necessitating
further research through aerosol sensitivity experiments for differentiation.

Methods

Dataset

This paper uses ECMWF Reanalysis v5 (ERA5) hourly data as a ref.*’. The
daily mean outputs from the Historical and Hist-GHG simulations of six
global climate models in Coupled Model Intercomparison Program phase 6
(CMIP6) are used to investigate the anthropogenic aerosols effects on the
seasonal march of EASM. The first ensemble member outputs in the
simulations are involved. Supplementary Table 1 shows the detailed
information of the six models. The variables used in this study include the
precipitation (Precip), specific humidity (q), relative humidity (Rh), sea level
pressure (SLP), net surface solar radiation (SSR), temperature (T), atmo-
spheric potential pseudo-equivalent temperature at 850 hPa (6,.**), wind (u,
v) and geopotential height (Z) throughout the layers. Referring to the
existing researches***, the effect of natural forcing on the EASM is insig-
nificant relative to the anthropogenic aerosols and greenhouse gases forcing.
And the sum of precipitation anomalies in Hist-aer and Hist-GHG
experiments is almost identical to those in Historical experiment”. Thus, we

npj Climate and Atmospheric Science | (2024)7:143



https://doi.org/10.1038/s41612-024-00699-x

Article

calculate the difference between Historical and Hist-GHG experiments to
estimate the role of anthropogenic aerosol-dominated forcing. The daily
average meteorological fields from CMIP6 are aggregated into climatolo-
gical annual cycle as a multi-model ensemble mean (MME). The pentad
scale MME meteorological fields are further used to study the impact of
anthropogenic aerosols on the monsoon progression. The eddy geopotential
height at 500 hPa (abbreviated as H, hereafter) is used in this study to
measure the area of Northwest Pacific Subtropical High (WPSH)*.

EASM index measuring its seasonal march progress

The corresponding monsoon indices are calculated to study the effect of
anthropogenic aerosols forcing on the seasonal march of EASM. Note that
we only focus on the monsoon onset and northward migration process,
without the retreat phase. This analysis mainly used the index characterizing
the seasonal march of the EASM proposed by Wang et al. (W_EASM index
hereafter)"’, which considers the dynamical factor in combination with
thermal and moisture factors. Under the premise that the southwest wind
(V) at 850 hPa is greater than 2 m-s~, and at the same time, the pentad
average atmospheric potential pseudo-equivalent temperature (0,) at 850
hPa is greater than 340/335K in the region south/north of 30°N. For the
specific grid, the first pentad that both the V,, and ;. meet the above criteria
is defined as the onset time of EASM (i.e., the W_EASM index).

In order to ensure the accuracy of W_EASM index, another EASM
index indicating the northern edge of the EASM is used*, which is defined as
the H_EASM index. H_EASM index combines the information of 0., wind
field and precipitation. Firstly, the pentad average horizontal wind at 850
hPa is southwesterly (i.e., u>0 and v > 0), and then, pentad average 6, at
850 hPa is not less than 335K and the pentad-mean precipitation >
4 mm-d~". When all the above three variables meet their thresholds, it is
considered that the northernmost edge of the monsoon has reached that
grid point.

In terms of the intensity of EASM, three EASM index have been
involved in this study, i.e., EASM_Vygso", EASM_SLP*, and EASM_Uy’".
EASM_ Vs, is defined as the average of the 850 hPa meridional wind (Vgs)
in the region of 110°-125°E, 20°-40°N. EASM_SLP is defined as the sum of
values for which the difference in SLP between 110°E and 160°E, calculated
at every 10 degrees of latitude within the 10°-50°N region, where the dif-
ference is less than or equal to -5. EASM_U, is defined as the difference of
200 hPa zonal JJA wind between the regions of 110°~150°E, 40°-50°N and
110°-150°E, 25°-35°N.

Data availability

The daily meteorological variables from the six CMIP6 models can be
available at https://aims2.]lnl.gov/search?project=CMIP6&activeFacets=%
7B%22variant_label%22%3A%22r1i1p1f1%22%2C%22frequency%22%
3A%22day%22%2C%22variable_id%22%3A%5B%22hur%22%2C%22hus
%22%2C%22pr%22%2C%22ps1 %22%2C%22rlds%22%2C%22rlus%22%
2C%22rsds%22%2C%22rsus%22%2C%22ta%22%2C%22tas%22%2C%
221a%22%2C%22va%22%2C%22wap%22%2C%222g%22%5D%2C%
22experiment_id%22%3A%5B%22historical%22%2C%22hist-GHG%22%
5D%2C%22source_id%22%3A%5B%22ACCESS-ESM1-5%22%2C%
22CanESM5%22%2C%22FGOALS-g3%22%2C%22IPSL-CM6A-LR%
22%2C%22MIROC6%22%2C%22MRI-ESM2-0%22%5D%2C%22table_
id%22%3A%5B%22Eday%22%2C%22day%22%5D%7D The ERAS5 hourly
data from 1979 to 2014 can be downloaded at https:/cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form.
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