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AT M O S P H E R I C  S C I E N C E

Fractional change of scattering and absorbing aerosols 
contributes to Northern Hemisphere Hadley 
circulation expansion
Tong Ying1,2†, Jing Li1,2*, Qiang Fu3, Guanyu Liu1,2, Lu Zhang1,2‡, Yan Xia4, Yongyun Hu1,2*

The relative amount of scattering and absorbing aerosols is essential in determining the aerosol radiative and 
climate effects. Using reanalysis datasets and climate simulations, here, we show that changes in the relative 
amount of scattering and absorbing aerosols in the Northern Hemisphere (NH) high latitudes, manifested as long- 
term decreasing trends in aerosol single- scattering albedo (SSA), have played an important role in driving the 
widening and weakening trends of the NH Hadley circulation (HC) since the early 1980s. Decreasing SSA in the NH 
middle and high latitudes can notably warm the troposphere there, thus reducing the equator- to- pole tempera-
ture gradient, increasing static stability in mid- latitude regions, and leading to the widening and weakening 
trends of NH HC. Further analysis of the Coupled Model Intercomparison Project Phase 6 (CMIP6) aerosol forcing–
only simulations also supports the importance of SSA trends in perturbing NH HC through the above mechanism.

INTRODUCTION
The Hadley circulation (HC) is one of the major large- scale circulation 
systems in which moist warm air ascends in deep tropics, diverges 
poleward in the upper troposphere, and sinks in the subtropical 
regions (1). HC is essential to the energy and moisture transport 
among different latitudes and is dominant in determining climates 
in tropical and subtropical zones. Since the start of satellite era, an 
HC expansion has been observed in both hemispheres (2–5), which 
has profound impacts on people living in tropical and subtropical 
regions, accounting for nearly half of the world’s population. This 
tropical expansion, substantially appearing in the autumn in both 
hemispheres (2, 5–7), has been attributed to the changes of atmo-
spheric eddies due to altered meridional and vertical temperature 
structure (8), which has been linked to natural variability (9–12) 
and human activities (13), including the increase of greenhouse gas-
ses (GHGs) (14–17), the decrease of stratospheric ozone (18–21), 
and the change of volcanic (22) and anthropogenic aerosols (9, 23).

Among all the above potential drivers of HC expansion, anthro-
pogenic aerosol is the most uncertain. Because of the complexity of 
their composition, forcing mechanisms, and the spatial- temporal 
distribution, aerosols contribute the largest uncertainty to anthro-
pogenic radiative forcing (24), let alone the uncertainties in tem-
perature, precipitation, and large- scale circulation changes (25, 26). 
The heating effect due to black carbon aerosols has been recognized 
to have a nonnegligible impact on the HC expansion in the Northern 
Hemisphere (NH) (23). However, in real world, the effect of absorbing 
aerosols must be considered together with scattering aerosols, and 

the competition between the cooling effects of scattering aerosols 
and the warming effects of absorbing aerosols (27) further compli-
cates the role of aerosols in the poleward shift of the tropical bound-
ary (28). The relative fraction of scattering and absorbing aerosols is 
typically quantified by the single- scattering albedo (SSA) parameter, 
and a lower SSA suggests higher absorbing aerosol fraction and vice 
versa. Previous studies on the aerosol climate effects often consid-
ered the total amount (9, 29–31) or single species (23, 32, 33), yet the 
changes of SSA along with its impact on large- scale circulation have 
not been estimated. The role of SSA change in the tropical expansion 
could give us new insight to the effects of aerosol compositional 
change alongside the change of aerosol total loading, which has not 
been explicitly investigated in previous studies.

In this study, we systematically analyze the contribution of 
changes in the relative amount of scattering and absorbing aerosols 
through SSA to the HC expansion in the NH over the past four de-
cades by comparing to the effect of total aerosol loading change 
through the aerosol optical depth (AOD), as well as the effect of 
GHGs. A set of numerical experiments using the Community Earth 
System Model (CESM) version 1.2.2 with aerosol mass concentra-
tion fields prescribed by the Modern- Era Retrospective analysis for 
Research and Applications, version 2 (MERRA- 2) reanalysis data is 
performed to examine the impacts of SSA and AOD changes sepa-
rately. The outputs from Coupled Model Intercomparison Project 
Phase 6 (CMIP6) aerosol forcing–only (hist- aer) simulations are 
also analyzed to estimate the response of NH HC to aerosol forcing.

RESULTS
Comparison between observed and simulated HC changes
Here, we focus on the NH where aerosol emissions are much more 
intense than the Southern Hemisphere. We quantify the width of 
HC through several commonly used metrics (4, 6, 8, 34), namely, (i) 
Ψ500: latitude where the zonal mean meridional mass streamfunc-
tion (MMS) at 500 hPa changes from positive to negative, (ii) eddy- 
driven jet (EDJ): latitude of the maximum zonal mean zonal wind at 
850 hPa, (iii) sea level pressure (SLP): latitude of the maximum 
zonal mean SLP in the subtropics, (iv) Usrf: latitude where zonal 
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mean surface zonal wind transitions from easterlies to westerlies, and 
(v) outgoing longwave radiation (OLR): first latitude where OLR 
drops to 20 W/m2 below the peak value poleward of the subtropical 
OLR maximum. The NH HC edges obtained from these five metrics 
are also averaged into a combined metric named “ALL.” Figure 1 (A 
and B) compares the seasonal and annual mean trends of the NH 
HC edge from the early 1980s to 2022 between reanalysis datasets 
and numerical experiments forced by aerosol and GHG changes 
since the early 1980s using the CESM (see Materials and Methods). 
Consistent with previous studies (4, 35), both the European Centre 
for Medium- Range Weather Forecasts Reanalysis version 5 (ERA5) 
and MERRA- 2 indicate a NH tropical expansion in the boreal au-
tumn [September to November (SON)] based on all the five metrics 
and the combined ALL metric (Fig. 1A). The tropical NH boundary 
from the ALL metric is shifted by 0.31° per decade for 1979–2022 in 
ERA5, and 0.48° per decade for 1980–2022 in MERRA- 2, both sta-
tistically significant. The AER and SSA experiments of CESM simu-
lations, representing the responses to changes in total aerosols and 
changes in the relative amount of scattering and absorbing aerosols, 
reproduce significant SON widening trends based on EDJ, SLP, Usrf, 
and OLR and insignificant positive trends based on Ψ500, whereas 
the AOD experiment, representing the responses to changes in aero-
sol total loading, yields significant widening trends only based on 
OLR but insignificant widening trends for the other metrics, imply-
ing that SSA change has greater contribution to the total effect of 
aerosols compared to AOD change. The other two experiments yield 
weak or reversed trends for the NH HC edge, especially based on 
EDJ, SLP, and Usrf (Fig. 1A). Figure 1B shows the seasonal and an-
nual trends based on the ALL metric, whereas the results of other 
metrics are shown in fig. S1. In the AER experiments, the ALL met-
ric shows the strongest and most notable poleward displacement of 
the NH HC boundary in SON by 0.24° per decade, and the AOD 
and SSA experiments also show significant widening trends in SON 
based on the ALL metric by 0.15° and 0.17° per decade, respectively 
(Fig. 1B), indicating that, compared to AOD change, SSA change 
contributes a slightly larger part to the response of the NH HC edge 
to aerosol forcing, accounting for about 73% of the signal in the 
AER experiment. The GHG + AER and GHG experiments, repre-
senting the combined effects of GHGs and aerosols as well as the 
GHG effect alone, yield insignificant trends in SON based on all the 
six metrics (Fig. 1A). Although the GHG + AER experiment indi-
cates significant widening trends in the boreal summer [June to Au-
gust (JJA)], the overall responses to GHG forcing in our simulations 
appear weaker than ERA5/MERRA- 2 reanalysis (Fig. 1B), or previous 
studies suggesting positive contributions of GHGs to the expansion 
trend (14, 15, 36). This inconsistency might be due to the relatively 
weaker forcing since we focus on observed CO2 change in a 37- year 
period rather than 1% CO2 increase per year or abrupt four times 
CO2 increase used in the previous studies, while lack of full ocean 
dynamics in our simulations might also play a role. Meanwhile, the 
response in the GHG + AER experiment is much weaker than the 
sum of GHG and AER experiments, implying a nonlinear relation-
ship between aerosol and GHG forcing.

Along with the expansion, the strength of NH HC in SON, defined 
as the maximum absolute value of zonal mean MMS at 500 hPa, also 
shows a weakening by 2.2 × 109 and 1.2 × 109 kg/s per decade ac-
cording to ERA5 and MERRA- 2, respectively (Fig. 1C). This weak-
ening trend could be captured by the AOD, SSA, GHG + AER, 
and GHG experiments, albeit with underestimated amplitudes of 

Fig. 1. Observed and simulated NH HC boundary displacement and strength 
change from the early 1980s to the present. (A) SON mean poleward displace-
ment of five metrics, as well as All. (B) Poleward displacement of the Nh hc edge 
by season based on the combined All metric. (C) Nh hc strength change by sea-
son based on the zonal mean MMS at 500 hPa. the differences between simulations 
forced by 1980–1984 and 2017–2021 conditions are converted into trends (degrees 
per decade and 109kg/s per decade) assuming a time period of 37 years (see Mate-
rials and Methods). the white centered lines with colored boxes represent the 
mean response of each experiment with its confidence intervals at 95% confidence 
level according to a two- sample t test. the black and gray boxes show the hc 
boundary trends observed by reanalysis datasets, in which the linear trends are 
calculated by Sen’s slope, and the 95% confidence intervals are calculated by the 
Mann- Kendall test. MAM, March to May; dJF, december to February.



Ying et al., Sci. Adv. 10, eadq9716 (2024)     13 November 2024

S c i e N c e  A d v A N c e S  |  R e S e A R c h  A R t i c l e

3 of 12

0.47 × 109, 0.58 × 109, 0.77 × 107, and 1.14 × 109 kg/s per decade, 
respectively, indicating that GHG change is effective in causing the 
weakening trends of NH HC, and AOD and SSA change also have 
their contributions. A significant weakening trend could also be 
observed in JJA, which is captured by the GHG + AER and GHG 
experiments. These results are consistent with previous studies 
showing model- projected weakening of the atmospheric circula-
tions in response to warming (37, 38). In boreal spring (March to 
May) and winter (December to February), MERRA- 2 exhibits sig-
nificant strengthening trends, whereas these signals fail to appear in 
ERA5 data or CESM simulations. Note that the capability of reanal-
ysis datasets to capture the recent weakening trend of NH HC seems 
limited due to artificial biases, but the weakening trend itself has 
been confirmed by observations (13).

In sum, comparison between reanalysis and CESM simulations 
indicates that since the beginning of the satellite era, NH HC has 
experienced robust widening and weakening trends in boreal autumn. 
The simulations indicate that, compared to the effects of GHGs, 
aerosol changes could induce a stronger widening trend. Further-
more, changes in the relative amount of absorbing and scattering 
aerosols appear to be an important contributor to the responses to 
aerosol changes, accounting for about 73% of the expansion induced 
by aerosols and about 55 and 34% of the NH HC boundary displace-
ments derived from ERA5 and MERRA- 2, respectively. The changes 
in the relative amount of absorption and scattering could also con-
tribute to the NH HC weakening trends by 27 and 48% compared to 
the trends of ERA5 and MERRA- 2, respectively. Although there ex-
ists an overlap between the confidence intervals derived from the 
AOD and SSA experiments, which is due to the uncertainties of the 
NH HC boundary itself, the effects of AOD and SSA changes are 
better separated by performing a bootstrapping test (fig. S2), espe-
cially based on the EDJ and SLP metrics (fig. S2A). These results 
indicate that, compared to the effect of aerosol total loading change 
alone, changes in the aerosol absorption/scattering property associ-
ated with aerosol compositional change could induce a comparable 
or even stronger perturbation to NH HC in boreal autumn.

Mechanism of scattering and absorbing aerosol relative 
amount changes in driving HC expansion
To understand the mechanisms for aerosol forcing to affect NH HC 
in SON, we further examine the responses of meteorological fields. 
Figure 2 shows the simulated AOD and SSA changes from the early 
1980s (1980–1984) to the early 2020s (2017–2021) driven by the 
aerosol mass concentration fields derived from MERRA- 2 (see 
Materials and Methods). Compared to the early 1980s, the AOD 
at the present day increases in developing regions, including Eastern 
China, South Asia, Amazon, and the southern part of Africa, and 
decreases in developed regions, such as Europe and North America 
(Fig. 2A), implying a redistribution of emissions in the past few de-
cades. Meanwhile, SSA increased over East Asia, South Asia, and the 
Middle East, implying decreased absorbing aerosol fraction, where-
as it significantly decreases in the mid-  to high- latitude regions, 
which are associated with increased absorbing aerosol fraction (Fig. 
2B). Black carbon mainly increases over East and South Asia, slight-
ly increases in North America, and decreases in Europe (fig. S3D), 
causing an increase of zonal mean absorbing AOD in NH (fig. S4G). 
Sulfate aerosols change more sharply (fig. S3A), as indicated by the 
increased scattering AOD in the low latitudes and decreased scatter-
ing AOD in the mid- to- high latitudes (fig. S4D). There is thus an 

increase in the relative fraction of aerosol scattering in East and 
South Asia but a decrease in Europe and North America (Fig. 2B). 
Note that the changes of AOD and SSA could be significant over 
some remote ocean basins, as this is a difference test rather than a 
trend test (see Materials and Methods).

By scaling the climatological aerosol mass concentration fields, 
the AOD experiment shows the same AOD trend pattern as the 
AER experiment (Fig. 2, A and C), while its SSA remains largely 
unchanged (Fig. 2D). All aerosol species in the AOD experiment are 
scaled with the same factor (fig. S3; see Materials and Methods), and 
the zonal mean scattering and absorbing AOD trends show similar 
patterns (fig. S4, E and H). On the other hand, the SSA experiment 
successfully produced a similar SSA trend pattern as the AER ex-
periment (Fig. 2, B and F), while its AOD remains largely unchanged 
(Fig. 2E). In the SSA experiment, reduction of sulfate in the mid- to- 
high latitudes is balanced by the increase of absorbing aerosols (fig. 
S3), resulting in a small change in total extinction but a significant 
increase in aerosol absorption (fig. S4, C and I). The simulated AOD 
and SSA trends in different experiments confirm that our experi-
mental design has successfully isolated the AOD and SSA forcing.

Figure 3 shows the changes of NH zonal mean MMS, potential 
temperature, and zonal wind in response to all- aerosol, AOD, and 
SSA changes. The responses of zonal mean MMS show similar pat-
terns in all three experiments but with slightly different magnitudes 
and distributions (Fig. 3, A to C). The decrease of zonal mean MMS 
around 15°N corresponds to the weakening trend of the NH HC, 
and the increase of MMS from 30° to 40°N, which sits right at the 
northern edge of HC, suggests a poleward shift. The positive MMS 
trend over the subtropics in the AER and SSA experiments extends 
more poleward relative to the zero MMS line than that in the AOD 
experiment. Meanwhile, the maximum positive MMS trends occur 
on the poleward side of the zero MMS line in the SSA experiment but 
on the equatorward side in the AER and AOD experiments. All three 
experiments show negative MMS trends in the center of NH HC, es-
pecially in the AOD and SSA experiments. Using the Kuo- Eliassen 
(KE) equation (see Materials and Methods), the trends of MMS in-
duced by aerosol forcing are decomposed into contributions of dia-
batic heating, eddy fluxes, zonal friction, static stability, and residual 
terms (figs. S5 to S7). Consistent with previous studies (16, 39), the 
diabatic heating related to the latent heat process dominates the 
weakening trend of NH HC, and the positive trends of MMS near the 
NH HC edge are mainly due to changes in the eddy fluxes with con-
tributions from latent heating, radiative heating, and zonal friction. 
The eddy heat flux term in the AOD experiment contributes nega-
tively to the zonal mean MMS (fig. S6E), whereas the AER and SSA 
experiments both have positive contributions to the clockwise circu-
lation anomalies (figs. S5E and S7E), leading to the widening trend 
of NH HC. Meanwhile, zonal mean MMS anomalies induced by the 
eddy momentum flux term in the AER and SSA experiments also 
distribute more poleward compared to that in the AOD experiment 
(figs. S5F, S6F, and S7F). As a result, the overall zonal mean MMS 
anomalies associated with both total aerosol and SSA changes show 
significant positive trends near the edge of NH HC, indicating stron-
ger widening trends than that corresponds to AOD change (Fig. 3, A 
to C). Note that the contributions from these physical processes are 
not independent. These MMS trends are consistent with the results of 
the expansion defined by the Ψ500 metric, confirming that change 
in the relative fraction of scattering and absorbing aerosols has non-
negligible contribution to the aerosol- induced NH HC change.
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Changes of HC are typically linked to the changes of meridional 
temperature gradient, subtropical stability, and subtropical jet stream 
(14, 36, 40). In all three experiments, warming signals appear in the 
lower to mid- atmosphere (900 to 100 hPa) over the mid- latitudes 
(30° to 60°N). This warming signal is strongest in the SSA experi-
ment and occurs throughout the column (Fig. 3F), whereas the AOD 
experiment shows much weaker and insignificant warming in the 
upper level over mid- latitudes and significant cooling from surface 
to mid- troposphere over the low latitudes (Fig. 3E). The AER ex-
periment shows comparable warming signal to that of the SSA ex-
periment in mid-  to high- latitude troposphere and significant surface 
cooling signal similar to that of the AOD experiment (Fig. 3D), 

which could be directly linked to the meridional structure of scatter-
ing and absorbing AOD (fig. S3) and related changes of diabatic 
heating (fig. S8). In NH mid- to- high latitudes, aerosol forcing di-
rectly induces changes of shortwave heating rate (fig. S8, D to F) with 
negligible trends in the longwave heating rate, in response to the 
warming signal in the AER and SSA experiments (fig. S8, G and I). 
In addition, the negative trends of the latent heating rate indicate 
the expansion of the tropical dry zone (fig. S8, A to C). Trends of 
sea surface temperature (SST) also indicate that SSA change domi-
nates the warming signals in northern Pacific (fig. S9, A, C, and E). 
Both warming over the mid- latitudes and cooling over the low 
latitudes suggest a decrease in the meridional temperature gradient. 

Fig. 2. Simulated AOD and SSA changes in boreal autumn from the early 1980s (1980–1984) to the present (2017–2021) in CESM experiments. (A and B) AOd and 
SSA trends in the AeR experiment, respectively. (C and D) Same as (A) and (B) but for the AOd experiment. (E and F) Same as (A) and (B) but for the SSA experi-
ment. differences between simulations are converted into decadal trends assuming a period of 37 years. Grid boxes with black dots pass the two- sample t test 
at 95% confidence level.



Ying et al., Sci. Adv. 10, eadq9716 (2024)     13 November 2024

S c i e N c e  A d v A N c e S  |  R e S e A R c h  A R t i c l e

5 of 12

Meanwhile, changes in the vertical structure of temperature induce 
the significant positive trends of static stability near the subtropical 
tropopause in the AER and SSA experiments (fig. S10, A and C), 
allowing the poleward flow in the upper troposphere to reach higher 
latitudes before it becomes unstable, which is accompanied by in-
creased eddy momentum flux in the mid- to- high latitudes (fig. S10, 
J and L). The subtropical jet thus shows a weakening trend and a 
poleward displacement in response to aerosol forcing as seen from 
the trends of the zonal mean zonal wind (Fig. 3, G to I). Zonal wind 
in all three experiments shows similar decreasing trends equator-
ward to the maximum westerlies at 850 hPa, while on the pole-
ward side, the increasing trends are significant in the AER and SSA 
experiments but not in the AOD experiment, so that the AER and 
SSA experiments show stronger expansion than the AOD experi-
ment based on the EDJ metric. Zonal wind is also more sensitive 
in the AER experiment than in the AOD and SSA experiments 
near the zero point near the surface where easterlies transit to 
westerlies, which is consistent with the results of the Usrf metric. The 
response of SLP in the AER experiment is significantly positive in 
NH mid- to- high latitudes, and SSA change contributes the main 

part of the signals in northern Pacific (fig. S9, B and F), leading to the 
HC widening trends based on the SLP metric. The above results in-
dicate that changes in the relative fraction of scattering and absorb-
ing aerosols contribute a larger part to the effects of aerosol forcing 
in altering the atmospheric thermodynamic structure than changing 
the total aerosol amount alone.

The increase of aerosol absorption itself, as emphasized by previ-
ous studies (23), could not explain the widening signals in the AER 
experiment. Although the increase of absorbing AOD appears in 
almost the entire NH (fig. S4G), the temperature change is obvi-
ously different between low and mid- latitudes. In low- latitude 
regions where scattering aerosols increase more than absorbing 
aerosols, as manifested by an SSA increase, the warming effect of 
absorbing aerosols is completely offset by the cooling effect of scat-
tering aerosols, whereas in the mid- to- high latitudes where scatter-
ing aerosols significantly decrease, the warming effect dominates 
the temperature change (Fig. 3D and fig. S4, D and G). This warm-
ing signal is even stronger in the SSA experiment (Fig. 3F), in which 
AOD in the mid- to- high latitudes remains at a relatively high level 
(1980–1984). On the other hand, the cooling signal of the AOD 

Fig. 3. Trends of NH zonal mean MMS, potential temperature, and zonal wind in boreal autumn in different aerosol forcing experiments. (A, D, and G) trends of 
zonal mean MMS, potential temperature, and zonal wind in the AeR experiment. (B, E, and H) Same as (A), (d), and (G) but for the AOd experiment. (C, F, and I) Same as 
(A), (d), and (G) but for the SSA experiment. color scales represent trends of zonal mean MMS, potential temperature, and zonal wind, and contours represent their mean 
state in the forced simulation by the 1980–1984 condition. the units of the contours are 1010 kg/s, degrees celsius, and meters per second, respectively. Grid boxes with 
big white dots are regions that have statistical significance above the 95% confidence level, and regions with small white dots are above the 90% confidence level.
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experiment (Fig. 3E) in the low latitudes is also stronger than that in 
the AER experiment where SSA in the low latitudes remains at a 
lower level (1980–1984). A few studies have reported that aerosol 
radiative forcing is more sensitive to the change of SSA when AOD 
is high, whereas it is more sensitive to AOD change when SSA is low 
(41–43), since AOD describes the total extinction of aerosols and 
SSA stands for the relative fraction of scattering to extinction. Con-
sistent with these studies, our results indicate that temperature 
structure is also sensitive to SSA changes when AOD is fixed at a 
relatively high level (1980–1984), whereas it is more sensitive to 
AOD changes when SSA is fixed at a relatively low level (1980–
1984). In addition, we also tested the effects of AOD and SSA chang-
es with the other factor fixed at 2017–2021 level rather than at 
1980–1984 level, and the response of NH HC expansion in SON to 
AOD and SSA changes is slightly reduced (Fig. 1B and fig. S11), in-
dicating the limited impact of the nonlinear effects of AOD and SSA 
on our results.

HC expansion in response to aerosol forcing in 
CMIP6 simulations
Considering that aerosol- cloud interaction, especially the Twomey 
effect, is not included in the CESM Community Atmosphere Model 
version 4 (CAM4) simulations, and that our simulations are based 
on the equilibrium response to aerosol forcing with the lack of ocean 
dynamics, it is necessary to further compare the transient responses 
of HC to aerosol forcing in fully coupled and more state- of- the- art 
models. As reported in previous studies, the multimodel mean re-
sult from the CMIP6 hist- aer experiment shows a little widening 
trend of NH HC (44, 45). However, trends among different models 
show large diversity. This diversity comes from different responses 
to aerosol forcing in different models, as well as the uncertainties of 
aerosol forcing themselves. To further understand the relationship 
between HC expansion and aerosol changes, here, we collect eight 

models (table S2) providing a complete output of hist- aer simula-
tions, including meteorological fields, aerosol optical properties in-
cluding AOD and absorbing AOD (used to calculate SSA), as well as 
cloud microphysical properties such as cloud droplet number con-
centration (CDNC), and then their performances are compared.

Figure 4 compares the simulated displacement of the NH HC 
edge based on the Ψ500 metric and SSA trends averaged from 45° to 
60°N, trends of static stabilities defined as the difference between 
the potential temperature at 400 and 850 hPa averaged from 30° to 
50°N, and trends of meridional temperature gradient defined as the 
difference of 850- hPa temperature between 0° to 20°N and 40° to 
70°N from 1980 to 2014 in hist- aer simulations. The trends of the 
NH HC edge derived from CMIP6 hist- aer simulations correlate 
well with the SSA trends in mid- to- high latitudes, and models with 
stronger decreasing trends of SSA tend to simulate stronger expan-
sion of NH HC (Fig. 4A). Among all the selected CMIP6 models, 
CESM2 indicates the strongest widening trend of NH HC, reaching 
up to 0.59° per decade, which might come from its most significant 
decreasing trend of SSA in NH mid- to- high latitudes. The results of 
CESM2 appear much stronger than that of our CESM1 simulations 
with similar NH mid-  to high- latitude SSA trends, which might be 
due to the lack of ocean dynamics in our simulations. Also, CESM2 
is the only model that captures the SSA trend and the NH HC trend 
revealed by MERRA- 2 reanalysis. We therefore consider that the re-
sults of CESM2 might better represent the physical relationship be-
tween aerosol forcing and HC expansion. HC expansion signals 
simulated by different models also correlate well with the changes of 
static stabilities in mid- latitude regions as well as the meridional 
temperature gradient, indicating that both processes could contrib-
ute to the expansion of NH HC in response to aerosol forcing (Fig. 
4, B and C).

Note that large uncertainties exist in the simulated aerosol 
trends, especially those for SSA. The AOD trends simulated by 

Fig. 4. Relationship between NH HC expansion in boreal autumn (SON) and SSA, mid- latitude stability, and meridional temperature gradient derived from 
CMIP6 hist- aer simulations. (A) Relationship between Nh hc expansion and 45° to 60°N SSA trends. (B) Relationship between Nh hc expansion and 30° to 50°N static 
stability trends. (C) Relationship between Nh hc expansion and 850- hPa meridional temperature gradient trends. circles with a black edge represent that the trends of 
the Nh hc edge indicate significance at 95% confidence level, and the black dotted lines represent linear regression of all model results.
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CMIP6 models show similar spatial patterns with decreases in Europe 
and North America and increases in East and South Asia, but the 
magnitudes of AOD change simulated by different models show 
large spread (fig. S12). Compared to the Aerosol Robotic Network 
(AERONET) level 2.0 monthly AOD product, most of the models 
overestimate the AOD decrease in the mid- to- high latitudes, and 
among all these models, CESM2 exhibits the best consistency with 
ground- based observations (fig. S12A). The inconsistency of the 
simulated SSA trends is more complicated in that not only the spa-
tial patterns disagree but also the absolute values of SSA trends are 
highly variable (fig. S13). CESM2 successfully captures the strong 
decreasing trend of SSA in mid- to- high latitudes, although it failed 
to capture the SSA increase in East and South Asia. Such uncertain-
ties of aerosol forcing, especially the inconsistencies of SSA trends, 
are very likely one of the causes contributing to the large spread of 
the simulated displacement of the NH HC boundary, ranging from 
−0.08° to 0.59° per decade.

To further confirm whether aerosol- cloud interactions, particu-
larly the Twomey effect, have notable impacts on the simulated NH 
HC expansion, the trends of low CDNC simulated by CMIP6 mod-
els are compared (fig. S14). Their spatial patterns are consistent with 
that of AOD trends, indicating that the decrease of aerosols in mid- 
to- high latitudes and the increase of aerosols in low- latitude regions 
can affect CDNC, inducing changes of cloud albedo and reducing 
the meridional temperature gradient. However, trends of meridio-
nal temperature gradient in models with strong CDNC trends are 
much weaker compared to that of CESM2 (Fig. 4C), implying that 
cloud microphysical property change is unlikely the dominant fac-
tor of the warming signal in mid- to- high latitudes. Meanwhile, 
the decreased low cloud albedo in mid- to- high latitudes could de-
crease the aerosol absorption above, which is not conductive to the 
increase of static stability. Among all the models, CESM2 and IPSL- 
CM6A- LR have more accurate AOD trends compared to observa-
tions (fig. S12, A and E) as well as similar CDNC changes (fig. S14, 
A and E), but the former one indicates the strongest NH HC widen-
ing trend, while the latter one shows the weakest trend (Fig. 4), 
which is possibly caused by their distinct SSA trends, especially the 
magnitudes of SSA decrease in NH mid-  to high- latitude regions 
(Fig. 4A and fig. S13, A and E).

DISCUSSION
Implications of aerosol forcing and climate change
Anthropogenic aerosols are among the major drivers of climate 
change. Because of their complicated composition, heterogeneous 
spatial- temporal distribution, and varied forcing mechanisms, aero-
sols contribute the largest uncertainties among all the factors in an-
thropogenic forcing. The radiative forcing of aerosols is related to 
not only their total amount but also their scattering and absorbing 
properties, especially because scattering and absorbing aerosols 
have distinct or even opposite climate effects. Moreover, the relative 
fraction of scattering and absorbing aerosols changes with time (46), 
implying a change in aerosol forcing even without significant chang-
es in the total aerosol loading, a factor not yet explicitly investigated 
before. Our study suggests that changes in the relative amount of 
scattering and absorbing aerosols are important in perturbing the 
global energy balance and large- scale circulation, which even ex-
ceeds the effect of changing total aerosol loading. Meanwhile, al-
though absorbing aerosols such as black carbon increase mostly in 

East Asia and South Asia, the warming effect mainly distributes in 
mid- to- high latitudes where scattering aerosols decrease, indicating 
that rather than the change of black carbon itself, the scattering/
absorbing fraction change is the dominant factor that decides the 
optical properties of aerosols as well as their impacts on temperature 
gradients and large- scale circulation.

The responses of NH HC to total aerosol, AOD, and SSA changes 
are summarized in Fig. 5. In boreal autumn, the decreasing trend of 
SSA dominates the warming signal induced by aerosol forcing in 
NH mid- latitude troposphere, reducing meridional temperature 
gradient and enhancing subtropical static stability, which weakens 
the subtropical jet and induces an anomalous circulation near the 
boundary of NH HC (Fig. 5, B and D). However, the warming effect 
is much weaker when AOD decreases along with fixed scattering/
absorbing fraction (Fig. 5C). These results indicate that changes in 
aerosol scattering and absorbing properties, especially in NH mid- 
to- high latitudes, have important contribution to the expansion of 
NH HC in boreal autumn. Further analysis of CMIP6 hist- aer simu-
lations also indicates that models with stronger SSA decrease in NH 
mid- to- high latitudes tend to simulate stronger decrease of meridi-
onal temperature gradient and enhance mid- latitude static stability, 
thus contributing to the expansion of NH HC.

Note that there is strong nonlinearity of GHGs and aerosol 
forcing, since the sum of the GHG and AER experiment results is 
not equal to the result of the GHG + AER experiment, and this 
nonlinearity has also been noticed by previous studies (47, 48). 
These results indicated that the climate effects of aerosols need to be 
treated carefully since they depend on the status of the atmosphere 
and the hydrological cycle (47), which might strongly affect the 
estimation of aerosol forcing. The role of SSA change in the future 
might be different from its impacts today along with the changes of 
aerosol emissions as well as the ongoing global warming, and thus 
caution should be taken when extending the current results to future 
climate scenarios.

We choose to use prescribed aerosol mass concentration fields 
derived from the reanalysis dataset as inputs to CESM, since the 
change of scattering and absorbing aerosols is not yet well represented 
by most of the state- of- the- art climate models (49). Comparison of 
CMIP6 hist- aer simulation indicates that accurate representation of 
SSA is still difficult for most of the models, which might affect their 
performance in simulating large- scale circulations. However, the 
lack of accurate long- term SSA observations in the global scale hin-
ders the evaluation of SSA by reanalysis as well as its simulations by 
climate models (27), and the uncertainty of SSA change in reanalysis 
datasets might induce additional bias to our understanding of its 
climate impacts. This calls for the urgent need to develop measure-
ment techniques to establish global SSA observations. Next- generation 
satellites with multiangle and polarization designs (50) have the 
potential to provide global information of SSA (51). This, combined 
with routine in situ observations and chemical transport models, can 
form the framework for detailed and accurate global monitoring of 
aerosol optical properties (52), which will help us to better under-
stand the SSA variability as well as its climate effects.

MATERIALS AND METHODS
Reanalysis datasets
Two reanalysis datasets are used as a proxy of observation, namely, the 
ERA5 (53) and the MERRA- 2 (54). Meridional wind, zonal wind, SLP, 
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and OLR at the top of the atmosphere from these two datasets are col-
lected to be references to the change of HC. The temporal coverage used 
in our study is 1979–2022 for ERA5 and 1980–2022 for MERRA- 2.

Apart from the variables above, aerosol mass concentration fields 
including sulfate, black carbon, organic carbon, dust, and sea salt 
from MERRA- 2 (55) are also used to drive CESM simulations. The 
averaged aerosol fields from 1980 to 1984 are calculated to represent 
the aerosols in the early 1980s, and the average from 2017 to 2021 is 
used to represent the present- day level. To exclude the impacts of 
volcano activities, especially the eruption of St. Helens in 1980 and El 
Chichón in 1982, the ratio of sulfate mass concentration at 500 hPa 
and above in each column of the 1980–1984 average field is scaled to 
2017–2021 level so that the stratosphere sulfate is greatly reduced. 
The fields of sulfate above 500 hPa in 1980–1984 are scaled as

Model configurations
For model simulations, the CESM version 1.2.2 (56) is used. The 
atmospheric component is the CAM4, and the oceanic component 
is the Slab Ocean Model version of Data Ocean Model (DOCN- 
SOM). In CAM4, the aerosol mass concentration fields of five spe-
cies, including sulfate, black carbon, organic carbon, dust, and sea 
salt, are prescribed, so that it is possible to control the change of 
AOD and SSA by altering the aerosol mass concentration fields. 
DOCN- SOM is used to reconstruct the response of SST to aerosol 
forcing, since SST has significant impacts on large- scale circula-
tions. Note that CAM4 includes the direct and semidirect effects of 
aerosols, whereas the radius of a cloud droplet does not change with 
aerosols, i.e., the Twomey effect is not considered.

The averaged 1980–1984 level (without volcanic aerosols) and 
the 2017–2021 level aerosol mass concentration fields from MERRA- 2 
are interpolated into vertical levels and horizontal grids of CAM4. 
The vertical interpolation is performed using mass integration be-
tween each pressure interface to avoid sampling bias and to keep the 

mass1980−1984,lev<500hPa=mass1980−1984,lev=500hPa

×

mass2017−2021,lev<500hPa

mass2017−2021,lev=500hPa

Fig. 5. Schematic of changing NH HC in response to aerosol forcing in boreal autumn. (A) Mean state of Nh hc. (B) Response of Nh hc to aerosol forcing since the 
early 1980s. (C) Response of Nh hc to AOd change. (D) Response of Nh hc to SSA change.
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column mass concentration the same as the original MERRA- 2 
data. The first two simulations are driven by these two fields, namely, 
aod8084- ssa8084 and aod1721- ssa1721, and the difference between 
these two simulations is named as the AER experiment, since it rep-
resents the contribution of all aerosol changes including both the 
amount and the scattering/absorbing aerosol fraction from the early 
1980s to the present.

The climatology fields of AOD in the first two simulations are 
obtained to scale the aerosol mass concentration fields in the follow-
ing experiments. The ratio of AOD in the aod8084- ssa8084 and 
aod1721- ssa1721 simulations are calculated and then multiplied by 
the aerosol mass concentration field of the 2017–2021 level, so that 
the relative fractions of different aerosol species remain at the 2017–
2021 level, while the total loading is scaled into the 1980–1984 level. 
Similar processes are performed to obtain another aerosol mass 
concentration field where the fraction of each aerosol species is kept 
at the 1980–1984 level, while the total loading is scaled to the 2017–
2021 level. Simulations forced by these two mass concentration 
fields are named as aod8084- ssa1721 and aod1721- ssa8084 simula-
tions, and their difference from the aod8084- ssa8084 simulation are 
named as the SSA experiment and the AOD experiment, respec-
tively, for they represent the contributions of SSA and AOD changes 
with the other parameter fixed at the 1980–1984 level. The aerosol 
mass concentration fields are constructed as follows

The concentration of GHGs in the simulations above is con-
trolled at the 2000 level. To further compare the role of aerosols to 
GHGs, we also perform three simulations in which the aerosols are 
the same with the first two simulations, while the concentrations of 
GHGs, including CO2, N2O, CFC- 11, CFC- 12, and CH4, are set to 
1980–1984 and 2017–2021 levels separately; namely, ghg8084- 
aod8084- ssa8084 simulation, ghg1721- aod1721- ssa1721 simula-
tion, and ghg1721- aod8084- ssa8084 simulation, and the differences 
of the latter two simulations from the first one are named as the 
GHG  +  AER and GHG experiments, representing the combined 
contribution of changing GHGs and aerosols, and the effects of 
GHGs, respectively. The GHG concentrations are obtained from 
National Oceanic and Atmospheric Administration (NOAA) Global 
Monitoring Laboratory datasets (57–61), in which the observations 
of CO2, CFC- 11, CFC- 12, and N2O started at least in the late 1970s, 
while the time series of CH4 started in the mid- 1980s, so we use 
linear extrapolation to obtain the 1980–1984 level of CH4.

The summary of all simulations is presented in table S1. All aero-
sol mass concentration fields are scaled globally. The horizontal 
resolution of CAM4 is set as 2.5° × 1.9°, and each simulation is per-
formed to a 40- year range in which the first 10 years are treated as 
the spin- up period.

CMIP6 model simulations
Monthly outputs from the CMIP6 (62) are used to examine the pos-
sible linkage between HC change and aerosol forcing. Our study 
mainly focuses on the hist- aer simulations, in which anthropogenic 
aerosol and their precursors are the major forcing drivers (63). Only 

eight models provide complete outputs of AOD, absorbing AOD, 
and CDNC, and their temperature and meridional winds are also 
analyzed. The SSA of each model is calculated as one- absorbing 
AOD/AOD. The droplet number concentration for low clouds is ob-
tained by the maximum value below 700- hPa level. The temporal 
coverage analyzed in this study is 1980–2014. Information of the 
selected CMIP6 models is listed in table S2.

AERONET data
We use AERONET observations as a reference of AOD trends. Level 
2.0 monthly AOD products (64) at 440, 675, 870, and 1020 nm are 
used to represent observed AOD. To compare with CMIP6 models, 
AOD measured at the above four wavelengths is linearly interpolated 
to 550 nm on a logarithm scale (46). A monthly mean is considered 
valid only if there are more than five measurements for that month, 
and a year is considered valid when there are more than nine valid 
months. Stations with more than 10 valid years before 2014 are 
selected, and then the linear trend of AOD at each station is calcu-
lated from the monthly time series directly as the Sen’s slope.

Description of HC
We use several metrics to describe the edge and strength of the HC 
(4, 34, 35, 65):

1) Ψ500: Latitude where the zonal mean MMS at 500 hPa changes 
from positive to negative;

2) EDJ: Latitude of the maximum zonal mean zonal wind at 
850 hPa;

3) SLP: Latitude of the maximum zonal mean SLP in the 
subtropics;

4) Usrf: Latitude where zonal mean surface zonal wind transitions 
from easterlies to westerlies;

5) OLR: First latitude where OLR drops to 20 W/m2 below the 
peak value poleward of the subtropical OLR maximum.

The zonal mean MMS is computed as

where ψ(p, ϕ) is the MMS at pressure level p and latitude ϕ, r is the 
radius of the Earth, g is the gravitational acceleration, and <v> is the 
zonal mean meridional wind. In general, positive MMS represents 
clockwise circulation. Following previous studies (44), we define the 
latitude at which MMS at 500 hPa reaches zero on the poleward side 
of the maximum MMS as the edge of the HC and the absolute value 
of the maximum MMS as the strength of the HC.

The zero- point latitudes used in the Ψ500 and the Usrf metrics 
are calculated using linear interpolation. The latitude of maximum 
850- hPa zonal wind in the EDJ metric and maximum SLP in the SLP 
metric is identified as

where F(ϕ) is zonal mean 850- hPa zonal wind or SLP at each lati-
tude and n is a smoothing parameter. Following previous studies, a 
parameter of n = 6 is chosen to provide accurate identification of 
maximum latitude in the NH (6,  65). Seasonal or annual mean 

massaod8084−ssa1721=massaod1721−ssa1721×
AODaod8084−ssa8084

AODaod1721−ssa1721

massaod1721−ssa8084=massaod8084−ssa8084×
AODaod1721−ssa1721

AODaod8084−ssa8084

ψ

(

p,ϕ
)

=

2πrcosϕ

g ∫
p

0

< v > dp

ϕmax =

∫
ϕ2

ϕ1

F(ϕ)nϕdϕ

∫
ϕ2

ϕ1

ϕdϕ
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meridional wind, zonal wind at 850 hPa or at the surface, SLP, and 
OLR are calculated in the first step, and then the seasonal or annual 
mean NH HC edge based on these metrics is detected.

Trend estimation and significance test
The linear trends of meteorological fields as well as the HC edge and 
strength are calculated using the Sen’s slope method (66). The Sen’s 
slope b is calculated as

in which Xi and Xj are the values at the ith and the jth time step.
The significance level of the linear trends is calculated using the 

Mann- Kendall test (67, 68). The test statistic S is

where n is the length of the time series, and sgn is the sign function.
The variance of S is

If n > 30, the standard normal test statistic ZS is

The trend is considered significant at the 95% confidence level if 
the absolute value of ZS is larger than 1.96.

The significance test of CESM experiments is performed using a 
two- sample t test. A bootstrapping is performed to the NH HC met-
rics in different simulations by collecting 50 subsamples to obtain 
the distributions of the mean value, and then the significance test is 
performed. To compare the results of CESM experiments with re-
analysis datasets and CMIP6 simulations, the differences are divided 
by 3.7 assuming that the total time period is 37 years (1982–2019, 
midpoint of the two selected periods) so that the differences are 
converted into trends per decade.

The KE equation
We use the KE equation to diagnose contributions from different 
physical processes to the change of zonal mean MMS induced by 
aerosol forcing. The KE equation is based on thermal wind balance 
and quasi- geostrophic approximation, which is widely used to diag-
nose the change of HC strength (16, 39, 69, 70). See the Supplemen-
tary Materials for more details about the KE equation. With this 
equation, the change of zonal mean MSS can be decomposed into 
the changes of diabatic heating, static stability, eddy heat and mo-
mentum fluxes, zonal friction, and residual term.

Supplementary Materials
This PDF file includes:
description of the Kuo- eliassen equation
tables S1 and S2
Figs. S1 to S14
References
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