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In Maritime Continent, the shift of intertropical convergence zone (ITCZ) location directly regulates the
distribution of black carbon and hence affects public health in the region, but the mechanism and
human health impacts have not yet been comprehensively revealed. Here we used multiple reanalysis
datasets to investigate the long-term shift of seasonal-mean zonal-mean ITCZ location in this region
from 1980 to 2014, and to assess the influences on black carbon distribution and the resultant health
impact in terms of premature mortality. Results show that recent human-related equatorial warming
contributed to an equatorward shift (~2.1°) of ITCZ location in Maritime Continent. Spatially, the
equatorward shift of ITCZ reduced surface black carbon concentration over the maritime area by
enhancing updrafts and wet deposition, but raised the concentration in the continental area by
inhibiting updrafts. Meanwhile, anomalous low-level northeasterlies weakened summer circulation
and prevented black carbon from being transported to the Philippines. Our results also suggest that
the equatorward shift decreased ~13% of black carbon-associated monthly premature mortality in
maritime countries, but increased ~6% of that in continental countries based on the population and
mortality rate in 2010. We therefore recommend considering climate change impacts in the design of
adaptation strategies against regional air pollution.
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The intertropical convergence zone (ITCZ) plays an essential role in reg-  patterns, hence the redistribution of air pollutants and public health

ulating weather and climate regionally and globally. The location of ITCZ
not only dominates the atmospheric circulation in the deep tropics directly,
but also influences regions at high latitudes through Hadley cells'". By its
nature, the ITCZ location follows the position where the column-integrated
meridional energy flux vanishes (i.e., energy flux equator)’, travelling from
the Southern Hemisphere to the Northern Hemisphere from boreal winter
to summer””. The climatology and variability of ITCZ location in the past
and in a warming future inevitably have huge impacts on the circulation

Discussion has been lasting for over a decade but many conclusions about
the impacts of ITCZ shift still remain debatable in terms of different spa-
tiotemporal scales'".

Seasonal-mean zonal-mean ITCZ location indicates the position of the
ascending branch of Hadley circulation™”. It is typically defined as the lati-
tude of the ascent peak averaged over the corresponding longitude range ina
particular season instead of in a whole year"'”. Past studies evidently pointed
out that the seasonal ITCZ location better reveals ITCZ dynamics than the
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annual one because it depicts the physical meaning of the convergent belt
more accurately"'”. For example, some dominating seasonal location
migrations led by Earth energy budget variations are easily neglected in an
annually averaged result'’, failing to provide a full review of the ITCZ
dynamics'’. Although many researchers believe that an annual scale
expansion of the tropics is happening”™"’, the long-term variations of
seasonal-scale deep-tropical ITCZ location still remain uncertain under the
effects of both natural variability and anthropogenic activities™**.

Although prior findings are still debatable, zonal variation of ITCZ
location is manifested clearly””. From a global perspective, ITCZ will shift
poleward because of a potentially warming Northern Hemisphere due to
anthropogenic activities-induced drought and albedo loss™ ‘. However,
questions about regional distinctions arise when contrasting shifts of ITCZ
location in different regions have been captured in both historical obser-
vations and in climate projections. For example, among the ensemble mean
results derived from 27 CMIP6 models, both Eastern Africa and the Indian
Ocean show a northward shift ITCZ location whereas the Eastern Pacific
and the Atlantic Oceans turn out an opposite change’. Distinctions and
uncertainties also stem from different datasets and methodologies (i.e.,
maximum precipitation, highest ongoing longwave radiation used in dif-
ferent reanalysis datasets) used to define the location of ITCZ*"*'>"*. Recent
studies have pointed out that divergent atmospheric energy transport may
be a potential driver that determines the latitude of ITZC zonally’’. In
general, prior studies highlight the importance of a regional-scale investi-
gation of ITCZ shifts under climate change.

The Maritime Continent acts as the heat source for the entire global
circulation system and is easily affected by the location of ITCZ**. It has
also become one of the major aerosol sources in the globe because severe
haze events from wildfires and anthropogenic biomass burning have
occurred during the past decades frequently”’ . For example, in a single
year of 1997, biomass burnings over the Indonesia produced about 11
percent of the global total carbon emission”>"'. Among the emitted carbon
products, black carbon (BC) was found to be associated with multiple
adverse health impacts especially for the premature mortality under both
long-term and short-term exposures” . Given the pronounced health risk,
the assessments of the health impacts of BC in Maritime Continent are still
lacking, especially when the BC concentration is substantially affected by
ITCZ location™. Here, we used multiple reanalysis datasets and CMIP6
simulations to comprehensively investigate the long-term shift of seasonal
ITCZ location in Maritime Continent from 1980 to 2014, and linked this
shift to anthropogenic greenhouse gas emissions. Further, we analysed the
influence of ITCZ shift on BC concentration from the atmospheric

circulation perspective, and finally assessed its health impact in Maritime
Continent. This study aims to understand the role of climate change in
regional air pollution regulation and to provide an essential reference for the
government in the future mitigation of environmental problems.

Results

Recent equatorward shift of ITCZ location in Maritime Continent
In boreal summer (June—September, 1980—2014), regional zonal-mean
ITCZ was typically located at ~ 10°N over Maritime continent (Supple-
mentary Fig. 1). ITCZ shifted equatorward by ~ 2.1° in the recent decade
(2005—2014) compared with that in the historical decade (1980—1989),
revealed significantly (p < 0.001 in Student’s t-test) in all four datasets (Fig.
la). Also, a significant linear trend of equatorward ITCZ shift (Supple-
mentary Fig. 2, - 0.08° per year, p < 0.05 in each dataset) was detected from
1980 to 2014. Meanwhile, the intensity of ITCZ increased significantly
by ~0.016 Pas™". It is noted that the width of ITCZ did not change sig-
nificantly (Supplementary Table 1). One explanation is that the shape of
ITCZ in Maritime Continent is not as regular as the shape over the oceans
(i.e., a narrow belt) due to the heating and moisture differences induced by
land areas, from which the expansion of the ITCZ boundaries cannot be
detected evidently (see the Methods section). The result of ITCZ shift in
Maritime Continent was different from those showing a poleward shift of
ITCZs in Southern, Eastern and Central Pacific where the atmosphere over
the oceans could be affected by Pacific Decadal Oscillation (PDO)
significantly"?, highlighting the zonal contrasting shifts of ITCZ under cli-
mate change’.

Equatorial warming contributes to the equatorward shift of global deep
tropical contraction under future climate change'. On regional scale, the
probability of a warming SST anomaly in the equatorial region (5°S to 5°N)
of Maritime Continent increased by around three-fold in the recent decade
compared to that in the historical one (Supplementary Fig. 3). Our study
shows that a warmer regional equatorial SST anomaly in the recent decade
was significantly associated with a regional equatorward shift of ITCZ
location (Fig. 1b). This is consistent with the findings in previous studies that
focused on future warming. This pinpoints that equatorial warming con-
tributed to the recent equatorward shift of ITCZ in Maritime Continent, and
the contribution is highly possible to continue in the future.

To further point out the contribution of anthropogenic activities to the
recent regional equatorial warming in Maritime Continent, we selected 10
models from the CMIP6 with both All-hist and Nat-Hist simulations of near
surface air temperature (T) and compared the probability density function
(PDF) of temperature anomalies among Observation, Nat-hist and All-hist
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Fig. 1 | Recent changes of location and intensity of boreal summer ITCZ in
Maritime Continent and the association with equatorial warming. a Changes of
location (grey bars) and intensity (orange bars) of boreal summer (JJAS) ITCZ over
Maritime Continent between recent (2005—2014) and historical (1980—1989)
decades derived from wsoy (Methods) in four reanalysis datasets (ERA5, MERRA-2,
NCEP-DOE and ERA-interim). b Scatter plot of boreal summer ITCZ location and
equatorial (5°S to 5°N; 90°E to 160°E) SST anomalies from 2005 to 2014.

c Attribution of equatorial warming to anthropogenic activities using All-hist and
Nat-hist CMIP6 simulations. Black curve refers to the ensemble-mean near surface
air temperature anomalies simulated only considering natural forcings, while
magenta curve refers to the situation considering all forcings. Blue curve is the
observed SST anomalies in the equatorial area. Shading areas refer to the 90%
confidence interval among 10 models. Significance (p < 0.05) between simulations
and observation is tested via Kolmogorov-Smirnov (KS) test.
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Fig. 2 | Climatology and composite anomalies of wind and surface BC con-
centration in boreal summer (JJAS) from 1980 to 2014 in Maritime Continent.
a Climatology of boreal summer 850 hPa circulation (m s ') and surface BC con-
centration (ug m ™) averaged from 1980 to 2014 over Maritime Continent. Black
boxes show three sub-regions in Maritime Continent. i: Maritime area; ii: the Phi-
lippines; iii: Continental area. Shading refers to near surface BC concentration,
whereas vectors show horizontal wind. b Climatology of boreal summer regional
zonal-mean cross-section of vertical velocity (w) and meridional wind (v) in Mar-
itime Continent averaged from 1980 to 2014. w has been multiplied by 100 for

—-48-36-24-12 0 12 24 36 48
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visualization. Shading refers to the magnitude of w (hPa per day). Red patch
represents updrafts. ¢ Composites of surface BC concentration and 850 hPa circu-
lation anomalies when ITCZ shifted equatorward (AITCZ < 0) in boreal summer
from 1980 to 2014. Shading refers to the changes of BC concentration, whereas
vectors represent circulation anomalies. Stippling stands for statistically significant
changes (two-tailed t-test; p < 0.05) of BC and only statistically significant wind
vectors are shown in the figure. d Composites of vertical velocity (w) and meridional
wind (v) anomalies when ITCZ shifted equatorward in boreal summer from 1980 to
2014. Stippling stands for statistically significant changes (two-tailed t-test; p < 0.05).

situations (Methods). Figure 1c shows that the ensemble-mean PDF from
the CMIP6 All-hist simulations described the observed regional equatorial
warming well (Methods: KS-test, p < 0.05), while the Nat-hist one was sig-
nificantly cooler than the observed warming signal. It suggests that
anthropogenic activities play a vital role in equatorial warming, shifting the
ITCZ to the equator in Maritime Continent.

Impacts of ITCZ shift on black carbon concentration in Maritime
Continent

In boreal summer, the prevailing wind at 850 hPa changed to westerlies in
the Northern Hemisphere after travelling across the equator (Fig. 2a).
Regional mean surface BC concentration in the maritime area (10°S - 5°N,
95°E - 150°E), the Philippines (5°N - 19°N, 117°E - 125°E) and the con-
tinental area (5°N - 19°N, 95°E - 110°E) was 0.41, 0.17 and 0.36 pg m,
respectively. The maxima occurred in Central Sumatra and Borneo within
the maritime area with the value of 13.4 ug m >, which was around 27 or 10
folds of the maxima in the Philippines (0.5 ug m ) or in the continental area
(1.28 ugm™), respectively. In boreal summer from 1980 to 2014, near
surface BC concentration was positively correlated with BC biomass
burning emission in the maritime area (Supplementary Fig. 4a), and was
consistent with the most frequent fire events observed in this area by
satellite”. However, BC concentrations in the Philippines and the con-
tinental area were more associated with other anthropogenic emissions than
biomass burning emissions (Supplementary Fig. 4b). Figure 2b shows that
updrafts of local Hadley Circulation in boreal summer dominated all three
areas. Descent branches were located south to the maritime area in the
Southern Hemisphere, transporting dry energy from the Northern Hemi-

sphere to the Southern Hemisphere in upper-level atmosphere™.

Figure 2¢ shows that BC concentration declined significantly in Central
Sumatra and Borneo within the maritime area by up to~74%
(—9.88 ugm ) when ITCZ shifted equatorward (defined as AITCZ <0,
where AITCZ is the monthly ITCZ location anomaly relative to long-term
monthly mean from 1980 to 2014). Conversely, BC concentration in the
continental area increased by up to 0.11 pg m™ significantly at the same
time. This result was consistent with the correlation between time series of
ITCZ and BC anomalies from an annual perspective in Supplementary Fig.
5. Significant reduction of BC was only observed in the southern part of
Philippines, dominated by significant anomalous easterly or northeasterly
low-level (i.e., 850 hPa) winds. It indicates that the weakening of summer
monsoon (southwesterlies) inhibited BC transport from Central Sumatra
and Borneo to the Philippines through low-level advection when ITCZ
shifted equatorward. Figure 2d describes that the significant enhancement
of updrafts in the maritime area reduced BC concentration by vertical
dispersion. Instead, the suppression of updrafts in the continental area
might constrain the BC near the surface and deteriorate air pollution.
Supplementary Fig. 6 shows no significant changes of column density of BC
in the continental area, indicating that there was not contribution from
advection to the increment of BC in this region, whereas the significant
reduction of column density in southern part of the Philippines highlights
the reduction of transboundary air pollution. Meanwhile, the significant
decrease in column density of BC in the maritime area was associated with
evident increase in rainfall ( + 28 mm per month) in this area when ITCZ
shifted equatorward (Supplementary Fig. 7). Together with the significant
negative correlation between boreal summer precipitation and BC con-
centration in Supplementary Fig. 8, it indicates that wet deposition was the
main way to remove BC from the atmosphere in the maritime area.
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Fig. 3 | Scatter plots of the relationship between BC changes and ITCZ shift in
each region of Maritime Continent. a Maritime area; (b) the Philippines and (c)
Continental area. Colors of dots refer to the regional changes of rainfall. Negative

AITCZ value refers to the equatorward shift. Extreme ITCZ shift under current
equatorial warming is defined as AITCZ < —2.1°, which is the extent of shift in the

recent decade.

The weakened East Asia Summer Monsoon (EASM) shown in Fig. 2¢
could be associated with the anomalous western north pacific subtropical
high (WNPSH) when ITCZ shifts. Theoretically, a weakening WNPSH
strength in boreal summertime can suppress EASM. However, Supple-
mentary Fig. 9 reveals that instead of strength, the position changes of
WNPSH might play a more important role in the weakened circulation in
southern part of the Philippines. This finding is consistent with the result of
an equatorward shift of East Asia Summer Jet and Meiyu-Baiu rainband in
Zhou et al. (2019)" in early summer time (June and July) during ITCZ
equatorward shift period. In a warming future, the WNPSH evolution is still
debatable. For example, He and Zhou (2020) utilized CMIP6 simulations
and found that the variation in the WNPSH was insignificant and could not
strengthen the EASM under global warming scenarios”. Similar results were
also illustrated in Liu et al. (2018) using 19 CMIP5 models™, while an
enhanced EASM was detected in a warming climate by Li et al. (2019) using
large ensemble simulations with Canadian Earth System Model version 2%.
In general, the weakened circulation in Fig. 2c should be more related to the
position change of WNPSH than intensity change during ITCZ shift period.

Figure 3 further illustrates the relationship among regional BC changes,
ITCZ shift and regional rainfall changes in Maritime Continent. In the
maritime area, an equatorward shift of ITCZ (AITCZ < 0) was associated
with an overall decrease of —0.13 pg m ™~ BC concentration. This reduction
was more pronounced (—0.21 pg m ™) when ITCZ shifted to an extreme
situation defined as the shift in recent decade found in Fig. 1 (ie.,
AITCZ < —2.1°). Rainfall impacts dominated this area, which was proved by
the patterns of decrease (increase) rainfall in the first (third) quadrant in Fig.
3a. For the Philippines, the decrease of BC (—0.03 pg m ™) during the period
with AITCZ < 0 was not as pronounced as that in the maritime area. Figure
2c suggests that the suppression of transboundary air pollution played the
main role although rainfall decreased during the same period (Fig. 3b),
which was supposed to deteriorate the BC concentration. In the continental
area, a significant negative correlation occurred between equatorward ITCZ
shift (AITCZ < 0) and BC increase ( + 0.05 pg m™). The suppression of
vertical dispersion led to such a relationship, confirmed by both anomalous
downdrafts in Fig. 2d and rainfall suppression (—20.1 mm per month) in
Fig. 3c. The deterioration of BC can be two-times magnified
(+0.10pugm™>) when ITCZ shifted to an extreme situation
(AITCZ < —2.1°).

Implications for public health

Based on the population and mortality rate in 2010 and 2015, we further
assessed the influence of BC changes induced by ITCZ shift on all-age all-
cause premature mortalities in each country in Maritime Continent. Table 1

Table 1 | Assessment of all-age all-cause premature mor-
talities in Southeast Asian countries associated with BC based
on the population and mortality rate in 2010

Country 35-year 95% CI Percentage  Percentage
boreal sum- change (%) of change (%) of
mer mean extra pre- extra premature
premature mature mor- moralities due
mortality talities due to to extreme ITCZ
(premature ITCZ equa- equatorward
mortalities torward shift (+/-)
per month) shift (+/-)

Indonesia 304 (289, 319) —-12.2 -11.8

Vietnam 98 (93, 103) 5.1 41

Thailand 57 (54, 60) 7.0 10.5

Malaysia 27 (26, 28) —22.2 —29.6

Myanmar 24 (283, 25) 4.2 4.2

Philippines 24 (@3, 25) 42 -8.3

Singapore 13 (12, 14) —23.1 -30.8

Cambodia 11 (10, 11) 9.1 18.2

Timor-Leste 10 (10, 10) 0.0 -10.0

Laos 5 (5,5 0.0 0.0

Brunei 1 (1,1) 0.0 0.0

Maritime 355 (337, 372) -13.0 —-14.1

Continental 195 (185, 205) 5.6 6.7

Overall 574 (545, 601) -6.1 —6.6

shows that BC-associated monthly mean premature mortalities in boreal
summertime were most pronounced in Indonesia [304 (95% CI: 289-319)],
Vietnam [98 (95% CI: 93-103)] and Thailand [57 (95% CI: 54-60)]. In
maritime countries (i.e., Indonesia, Malaysia, Timor-Leste, Singapore, and
Brunei Darussalam), BC led to around 355 (95% CI: 337-372) premature
mortalities per month, while in continental countries (i.e., Vietnam, Thai-
land, Myanmar, Cambodia and Laos), 195 (95% CI: 185-205) monthly
premature mortalities were associated with BC, which were around 55% of
those in the maritime area. In months with an equatorward shift of ITCZ,
nearly 13 percent of the premature mortalities (—46, 95% CI: —48 to —43)
could be reduced in maritime countries by the decline of BC concentration
via vertical dispersion and wet deposition processes. However, around 6
percent of premature mortalities (11, 95% CI: 11-12) would be induced by
the increase of BC in continental countries. In the Philippines, there were
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relatively higher monthly premature mortalities associated with BC (24,
95% CI: 23-25), but the changes due to the ITCZ shift was not significant
compared to those in other two areas. Totally, the equatorward shift of ITCZ
decreased premature mortalities in Maritime Continent by 6 percent during
boreal summer, helping to mitigate the damage from BC. Extreme ITCZ
equatorward shift (AITCZ < —2.1°) had higher impacts on either mitigation
or aggravation of BC-associated premature mortalities (i.e., reduced 14
percent of premature mortalities in the maritime area and increased 7
percent in the continental area). Supplementary Table 2 shows comparable
results based on the population and mortality rate in 2015 from GBD
dataset.

It suggests that ITCZ shift under climate change can threaten the
continental countries by worsening the local dispersion condition, even
though boreal summertime is typically not the main biomass burning
season in this area. Under climate change, not only people living in regions
with pronounced biomass burning (ie., in the maritime area) will be
threatened, but also people living in higher-latitude regions where emissions
are relatively lower. It is noted that this study just focused on one kind of
toxic air pollutant, and other species (e.g., PM, s, organic carbon, and sulfate,
etc.) in biomass burning events may make the risks even higher. Never-
theless, it should be noted that BC is relatively toxic among PM species™.

Discussion

Our results suggest that recent equatorial warming induced by anthro-
pogenic activities contributed to the equatorward shift (~2.1°) of
seasonal-mean zonal-mean ITCZ location in Maritime Continent. The
equatorward shift enhanced updrafts, extra rainfall, and wet deposition
over the maritime area, hence decreasing surface BC concentration.
However, the equatorward shift increased BC concentration in the
continental area by weakening updrafts. Meanwhile, anomalous low-
level northeast wind induced by the equatorward shift weakened sum-
mer circulation and suppresses transboundary air pollution, leading to a
decrease of BC concentration in the Philippines. Considering the
adverse impact of BC on public health, the ITCZ shift also brought about
different health impacts on each area in Maritime Continent by altering
the

distribution of BC under climate change.

We highlight the spatial heterogeneity of the impacts on BC and public
health induced by equatorward ITCZ shift. In the Philippines, biomass
burning emissions from the upwind region (i.e., Borneo) were another
contributor to the surface BC concentration in the southern part of the
Philippines under East Asia summer monsoon. We found that the equa-
torward shift of ITCZ weakened the circulation, suppressing the transport of
pollutants to southern part of the Philippines. Advection changes in mar-
itime and continental areas were not significant, but the vertical regulation
of air pollution between ground and upper level was more remarkable. In
the maritime area, the equatorward shift of ITCZ mitigated the severe BC
pollution and the corresponding health risk, while people living in the
continental area may hence suffer from additional health risk, especially
when this shift may continue in the future along with the population growth
in this area.

Even though we found the equatorward shift of ITCZ location in
Maritime Continent, our analysis did not show any width changes of
ITCZ belt, which is sometimes regarded as the extent of tropics. The
width of ITCZ in Maritime Continent is not as easily defined as other
regions over the oceans. Different definitions may result in the uncer-
tainty of the trend. Also, ITCZ location shift cannot represent tropical
expansion. The direction of ITCZ shift refers to the position change of
the ascent branch of Hadley cell, which is different from the concept of
tropical expansion'™* that has been investigated comprehensively
during the past decades. Typically, tropical expansion refers to the
poleward extent of the descending branches of Hadley Cell in both
hemispheres. The location of ITCZ does not necessarily determine the
magnitude of Hadley cell and the position of descending area (i.e., often
defined as the edge of the tropics), although the intensified ITCZ found

in this study might indicate a strengthened Hadley circulation that can
extend further to the high-latitude areas. The shifts of ITCZ locations in
the oceanic regions show a poleward shift due to the positive-to-
negative PDO phase change but veer to the equator when positive PDO
dominates in the future climate'?, indicating that in Maritime Continent
anthropogenic activities-induced equatorial warming may overwhelm
the impacts of positive-to-negative PDO phase change, leading to an
equatorward shift ITCZ and will continue in the future.

Despite the fact that our study demonstrates a clear equatorward
shift of ITCZ location in Maritime Continent during the past 35 years,
this trend requires further investigation using other datasets such as
precipitation. Current long-term observational precipitation datasets
generally have a coarse spatial resolution (e.g., GPCP data), which may
not be able to fully detect the shift close to the model resolution. Also, the
model bias in long-term precipitation simulations (i.e., double-ITCZ
bias in CMIP5 and CMIP6)*™* also needs to be further corrected to
provide trustworthy data for future analysis. Although our statistical
study did not include the impact of daily scale BC perturbations such as
aging or local wet deposition, the uncertainties from these processes
may still exist and need to be evaluated in future research. In terms of the
association between ITCZ and BC anomalies, even though we have
applied monthly scale correlation analysis and composite analysis to
avoid other long-term impacts such as interannual or decadal climate
variabilities on BC concentration, quantitatively assessments based on
numerical simulations are still required in the future research to further
explain the mechanism.

In summary, we used multiple reanalysis datasets to explore the var-
iation of seasonal-mean zonal-mean ITCZ location in Maritime Continent
from 1980 to 2014. We found an equatorward shift of boreal summer ITCZ
by ~ 2.1° in recent ten years (2005—2014) compared with that in the his-
torical period (1980—1989). Meanwhile, ITCZ intensity also increased.
Recent equatorial warming, which was attributed to anthropogenic activities
using multiple CMIP6 simulations, played a vital role in this shift. We
further investigated the impact of ITCZ equatorward shift on surface BC
concentration in three sub-areas in Maritime Continent using composite
analysis. It reveals that enhanced updrafts, extra rainfall and wet deposition
over maritime area resulted in the decrease in surface BC concentration,
while the weakened updrafts elevated BC concentration in continental area
when ITCZ shifted equatorward. Different from the mechanism of vertical
atmospheric movement, anomalous low-level northeasterly wind weakened
summer circulation, leading to a decrease in BC concentration in the Phi-
lippines. Overall, in boreal summer, the equatorward ITCZ shift
decreased ~ 13% of BC-associated monthly premature mortalities in mar-
itime countries, but increased ~ 6% of that in continental countries (2010
baseline). The impacts were magnified (—14% in the maritime area and
+7% in the continental area) in an extreme ITCZ shift situation (i.e.,
AITCZ < —2.1°).

Methods

ITCZ metrics

Three metrics (i.e., location, intensity and width) for the ITCZ were com-
puted in ERA5, MERRA-2, NCEP-DOE and ERA-interim datasets
according to the methods used in Zhou et al.""”. The location of ITCZ was
defined as the latitude of the peak ascent (wsqo) averaged over the corre-
sponding longitude range, and the intensity was defined as the peak value of
the ITCZ ascent (wsqo). The width of ITCZ was traditionally defined as the
cartesian distance between the latitudes of zonal-mean seasonal-mean ws,
lower than —15 hPa per day. However, as the northern ITCZ boundary in
Maritime Continent in boreal summer is not as clear as the southern one
(See Supplementary Fig. 10, defined by traditional method), we obtained the
width of ITCZ in Maritime Continent from:

Area

Width =
Length

®
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where Area is the area of grids with wsop < — 15 hPa per day, and Length is
the longitude length of Maritime Continent (i.e., 70° in this study), referring
to the definition applied to South Pacific ITCZ in ref. 12.

Attribution of equatorial warming to anthropogenic activities
Attribution of equatorial warming to anthropogenic activities was per-
formed based on CMIP6 models. The key process of the attribution was
to use simulations of climate models to compare the differences in
extreme weather or climate events under climate conditions that were
affected and not affected by human activities*. To allow for the different
model representations of the climate system, we used monthly surface
air temperature generated by the 10 CMIP6 models (Supplementary
Table 3) but based on two scenarios: All-Hist and Nat-Hist. The selec-
tion of models was dependent on the availability of both scenarios and
the consistency of runs (r1ilp1fl). In the All-Hist scenario, simulations
of surface air temperature were forced by historical anthropogenic and
natural external forcing agents with observational data of SST and sea ice
in CMIP6 models, whereas models forced by historical natural forcing
only (e.g., solar and volcanic forcings) were selected as the Nat-Hist
scenario”. The probability density function (PDF) of temperature
anomalies derived from SST observation, All-Hist simulations and Nat-
hist simulations were calculated respectively. Comparison between PDF
derived from simulations and from observation were conducted via the
Kolmogorov-Smirnov (KS) test. Anthropogenic contributions can be
detected if the p-value between All-Hist and observation was less than
0.05 while the p-value between Nat-Hist and observation was larger
than 0.05.

Composite analysis

To analyze the impacts of equatorward shift of ITCZ on BC and public
health, we calculated the anomalies (i.e., the difference between the exact
monthly record and the long-term mean of the record from 1980 to 2014) of
BC, circulation, and premature mortalities in the corresponding months,
and then averaged the anomalies. The significance of the changes was
diagnosed by student’s t-test.

BC-associated health impact

In this study, the concentration-response function (CRF) derived from
epidemiological research was utilized to estimate the number of all-age all-
cause premature mortalities associated with BC exposure. In the detailed
calculation, all-age all-cause premature mortalities under the exposure of
ambient BC concentration were estimated by the function below that
describes the log-linear relationship between population, baseline incident
rate, and the health risk factor in each country with an unit increase of BC
concentration™:

RR, = &' @
E=7) (RR,~1)/RR;-Py-f 3)
k

where RRy refers to the relative health risk of BC exposure, and k stands
for each grid in the datasets. X is the monthly surface BC con-
centration in each grid from MERRA-2 dataset. Data validation can be
found in Supplementary Method in SI. E is the final all-age all-cause
premature mortalities. P is the population in each grid. The dataset of
population from WorldPop has a spatial resolution of 100 m. The
population was firstly aggregated to a resolution near BC dataset
(0.5° % 0.5°), and then interpolated to match the exact resolution of BC
(0.5°%0.625°). f refers to the yearly all-age all-cause premature
mortality rate derived from GBD in each country. To derive monthly
mortality rate, f was divided by 12, inspired by the method for daily
mortality rate in a previous study™.

In this study, the values of coefficient }" were retrieved from a meta-
regression that pooled all-cause mortalities to BC concentration from

multiple cohorts and previous studies™*”’. Uncertainties mainly came from

the estimation of ¥"in the CRF. We used Monte-Carlo approach to inves-
tigate the uncertainty of human health results*. Based on the low (0.0023),
median (0.0060) and upper values (0.0098) of Y derived from Gu et al.
(2020), we assumed a triangular probability distribution and obtained
10,000 1" estimations. Each estimated parameter was then regarded as an
input into the estimation of premature mortalities. The ultimate range of
uncertainty was expressed by the median value and 95% confidence interval
(CI) of these 10,000 health impact results™.

Data availability

wsoo product was derived from ERA5 (https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-means?tab=
form), MERRA-2 (https://disc.gsfc.nasa.gov/datasets?project=MERRA-2),
NCEP-DOE (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.
html) and ERA-interim (https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-interim). Low-level circulation products were derived
from ERA5 in this study. Surface BC concentration was obtained from
MERRA-2. Nat-hist and All-hist simulations were obtained from 10 CMIP6
models (ACCESS-CM2, BCC-CSM2-MR, CanESM5, CESM2, E3SM-2-0,
GFDL-ESM4, IPSL-CM6A-LR, MIROC6, MRI-ESM2-0 and NorESM2-
LM, https://esgf-node.llnl.gov/search/cmip6/). Monthly precipitation
record was obtained from Global Precipitation Climatology Project (GPCP,
https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-
precipitation-climatology-project). Monthly SST dataset was from COBE
Sea Surface Temperature data provided by the NOAA PSL, Boulder, Col-
orado, USA, from their website at https://psl.noaa.gov. Annual all-age all-
cause premature mortality rate and population data were derived from
Global Burden of Disease (https://www.healthdata.org/gbd).

Code availability
The source codes for analyzing the reanalysis and model datasets in this
study are available from the corresponding author upon reasonable request.
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