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ime transition of boundary
layer development strongly amplifies severe haze
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point of PBL development

d With aerosol load above the tipping point, the maximum PBL

height decreases abruptly

d The tipping point is caused by BC-induced decoupling of

vertical mixing zones

d Reducing BC is muchmore efficient to avoid the tipping point

than reducing other aerosols
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In brief

High concentration of absorbing aerosols

such as black carbon (BC) can trigger a

‘‘tipping point’’ of planetary boundary

layer (PBL) development through

decoupling of vertical mixing zones. With

aerosol concentration above the tipping

point, the daily maximum PBL height

decreases abruptly, and the shallow PBL

traps more aerosols near the ground and

greatly deteriorates air quality. To avoid

reaching the tipping point, a targeted

reduction of BC can be much more

effective than reducing the total aerosol

burden.
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SCIENCE FOR SOCIETY Air pollution is a major threat to human health. Severe haze is often caused by an
unexpected extremely shallow planetary boundary layer (PBL), the lowest part of the atmosphere where
most pollutants are concentrated. Insufficient understanding of the formation mechanism of a shallow
PBL leads to failure of air quality forecast and effective prevention.We found that high atmospheric concen-
trations of black-carbon (BC) particles (an aerosol) can trigger a ‘‘tipping point’’ in PBL height. Above this
tipping point, high concentrations of these particles suppress vertical mixing of atmospheric layers and
create a stable PBL, trapping pollutants near the ground and greatly deteriorating air quality. This scenario
can be avoided through targeted reductions of BC emissions (rather than targeting total particulate matter
reductions). Results further show that mega-wildfires through climate change and nuclear disasters can
result in enormous BC emissions and cause extreme stratification of the atmosphere and persistent aerosol
layers.
SUMMARY
Black-carbon (BC) aerosol can strongly influence planetary boundary layer (PBL) development and thus se-
vere haze formation, but its distinct role compared with scattering aerosols is not yet fully understood. Here,
combining numerical simulation and field observation, we found a ‘‘tipping point,’’ where the daily maximum
PBL height decreases abruptly when exceeding a critical threshold of aerosol optical depth (AOD), due to a
BC-induced decoupling of mixing zones. Because the threshold AOD decreases with increasing BC mass
fraction, our results suggest that the abrupt transition of PBL development to adverse conditions can be
avoided by reducing the AOD below the threshold but can be avoided more efficiently by reducing the BC
mass fraction to increase the threshold (e.g., up to four to six times more effective in extreme haze events
in Beijing). To achieve co-benefits for air quality and climate change, our findings clearly demonstrate that
high priority should be given to controlling BC emissions.
INTRODUCTION

In recent decades, heavy winter haze events have frequently

occurred in Chinese megacity regions, threatening the health of

millions.1–4 Light-absorbing aerosols, such as black carbon (BC),
One Earth 6, 1–
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canchange the radiationbudget, leading toacoolingof theEarth’s

surface and the near-surface atmosphere and a warming of the

overlying polluted atmosphere.5–8 BC also affects the climate by

modulating snow albedo9,10 and large-scale circulations.11,12

Although BC has been widely recognized as an important agent
9, June 16, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Impact of BC on aerosol-PBL interactions

(A)WRF-simulatedmaximumplanetary boundary layer (PBL) height (black line)

and vertical profile of corresponding heat exchange coefficient (Kh, color

contour) as a function of aerosol optical depth (AOD). The aerosol single-

scattering albedo (SSA) is set to 0.85. The blue dashed line and blue arrow

mark the threshold AOD for a regime transition of aerosol-PBL interaction and

abrupt change of the maximum PBL height in the presence of BC. The grid

cells with Kh lower than 0.015 are set to white color.

(B) The same as in (A), but with SSA = 1.0.

(C) Threshold AOD values under different SSA scenarios.
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in the global radiative budget and forcing,13–16 its heating effect on

the development of the atmospheric boundary layer is still not fully

understood. The planetary boundary layer (PBL) is the lowest part

of the troposphere that is directly influenced by the Earth’s sur-

face. The most common definition of PBL height is the height up

to which the influence of the presence of the lower surface is

detectable.17 During daytime, the PBL is often a convective

PBL, where the PBL height is largely driven by convections and

is closely linked to the convective and turbulent diffusion of air pol-

lutants. Several studies suggest that BC-induced heating will alter

the turbulence strength, increase vertical thermal stability, sup-

press the PBL development, and thus aggravate air pollu-

tion.5,18–25 On the other hand, BC-induced heating can also lift

the topof thePBL, compensating theeffects of reducedbuoyancy

underneath.26–30 Moreover, light absorption and heating by BC

aerosols within the PBL may also lead to an increase of vertical

mixing rather than strengthened stratification.31 BC also affects

cloud distribution via aerosol-cloud interactions and aerosol-radi-

ation interactions,32,33 whichmay further influence the energy bal-

ance and dynamic in the PBL aswell asmeteorology and aerosols

below the cloud. Here, we revisit this topic by comprehensive in-

vestigations of aerosol-PBL interactions through single-column

model simulations using the Weather Research and Forecasting

Model (WRF) and the online coupled WRF and chemistry model

(WRF-Chem),whereawide rangeof scenarioswithdifferentmete-

orological conditions and aerosol properties (concentration, sin-

gle-scattering albedo [SSA], and vertical distribution) have been

studied (Figure S1).We find a BC-induced sharp regime transition

of aerosol-PBL interactions that explains the formation of a

shallow PBL and amplifies the severe winter haze events in

polluted megacity regions in northern China.

RESULTS

BC-induced tipping point of PBL
Figure 1A shows the response of PBL structure to a change of

aerosol optical depth (AOD) under stagnant weather conditions

and with SSA = 0.85, characteristic for winter haze events in Bei-
2 One Earth 6, 1–9, June 16, 2023
jing and the North China Plain (see Figure S1). We find a tipping

point of the daily maximum PBL height (Hmax) (black line in Fig-

ure 1A) response to increasing AOD when aerosol loads exceed

a certain threshold (AOD � 1.2), suggesting a transition in the

aerosol-PBL interaction regimes. According to long-term statis-

tics,34,35 AOD of �1.2 in this area corresponds, on average, to a

surface fine particulate matter (PM2.5) concentration of �100–

200 mg m�3 in winter.34 The threshold AOD (blue dashed line in

Figure 1A) marks two distinct regimes of aerosol-PBL interac-

tion. In the low-AOD regime (AOD % 1.2), increasing AOD has

almost no effect on Hmax. When crossing the threshold, an

AOD change of 0.1 unit leads to a drop of Hmax from �600 to

�200 m, showing an extremely strong effect on the PBL. Such

a regime transition is also evident from a similar prompt change

of heat exchange coefficients (Kh, colored contour in Figure 1A),

which reflect the intensity of turbulent mixing, a key parameter

controlling the dispersion of air pollutants. To the best of our

knowledge, this is the first time such a regime transition and

collapse of PBL has been revealed.

As shown in Figures 1A and 1B, this tipping point of the PBL

development is a unique feature in the presence of light-

absorbing BC aerosols. Increasing AOD of non-absorbing aero-

sols (i.e., SSA = 1.0, purely light scattering) only leads to a

continuous moderate reduction of Hmax and Kh (Figures 1B

and S2). The importance of BC is also evident from its strong

impact on the threshold AOD. As shown in Figure 1C, increasing

SSA (i.e., decreasing BC mass fraction) from 0.8 to 0.95 will in-

crease the threshold AOD by a factor of �2, strongly reducing

the probability of the aerosol-induced abrupt decrease of PBL

height. Further sensitivity studies with both WRF and WRF-

Chem models show that, in the presence of light-absorbing

BC aerosols, the existence of a threshold is not limited to spe-

cific meteorological conditions, vertical aerosol distributions, or

boundary layer model scheme but can be found over other

weather conditions, locations, and seasons (Figures S3A–

S3C, S3H, S3I, S4, and S5), suggesting a commonly existing

mechanism. Although the threshold value can be different, a

tipping point is always observed. According to these results,

weaker solar radiation will lead to a lower threshold AOD and

a higher tendency of the abrupt decrease of PBL height

(Figures S3B, S3D, and S3E), which means that this mechanism

may play an important role in the severe haze formation in

wintertime in northern China.

Figure 2A shows the observed response of daytime PBL

development on aerosol loading in winter Beijing, based on

micropulse lidar (MPL) measurements in December, January,

and February from December 2016 to February 2018 (see sec-

tion ‘‘experimental procedures’’). For comparison, we also

performed WRF column model simulations for the same period

(see section ‘‘experimental procedures’’ and supplemental

information). In accordance with the model simulations

(Figures 2B and 2C), the observations exhibit a similar

threshold AOD (�0.5–0.75) and two distinct regimes of aero-

sol-PBL interaction. On average, for the winter period, the

modeled PBL height in Beijing decreases by around 50%

when AOD exceeds the threshold (Figure 2C), which is consis-

tent with the observation (Figure 2A). These results further sup-

port the proposed mechanism (i.e., BC-induced regime transi-

tion of boundary layer development).



Figure 2. Observed andmodeled response of

PBL development on aerosol loading in

winter Beijing

(A) Observed daytime PBL height versus corre-

sponding AOD in winter Beijing (December,

January, and February from December 2016 to

February 2018, as detailed in the text). Diamonds

represent the mean value, and the whiskers show

the standard error of mean. The number of samples

(n) in each bin is also marked. The blue line shows

the overall pattern, and the point at AOD = 1.5–1.75

(light blue diamond) is omitted in the trend analyses

because of low statistic (n = 3) and large error in

that bin.

(B) Frequency of the simulated threshold AOD

(tipping point). Model simulations are performed for

the same periods as the observation.

(C) Distributions of simulatedmaximumPBL heights

below and once above the threshold AOD. The

white and red dots represent median values and mean values, respectively, and the thick gray bars mark the respective 25th and 75th percentile (top and bottom

edges). Thin bars are the rest of the distribution except the outliers. The shaded areas represent the probability density of the data populations. The blue dots

show the data collected for the violin plot.
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The BC-induced abrupt change of the PBL height is in contrast

to the conventional understanding of aerosol-PBL interactions,

where a gradual increase of aerosol loading is expected to cause

a continuous reduction of surface net solar radiation (Rn) and sur-

face sensible heat flux (Fh), and thus a continuous reduction of

the PBL height. As shown in Figure S8, Rn and Fh do show a

gradual change against AOD in the presence of BC. Then, the

question is why does the PBL respond differently crossing a

certain threshold AOD?

Decoupling of mixing zones
To answer this question and understand the underlying mech-

anism, we investigated the diurnal evolution of the PBL and the

mixing structure below, around, and above the threshold AOD

(Figures 3 and S9). As indicated by Kh, the presence of

absorbing aerosols leads to the development of two mixing

zones: one near the ground driven by surface heating, and

another one at higher altitude driven by heating of absorbing

BC aerosols. At a given SSA, increasing aerosol loading has

distinct effects on the two mixing zones. On one hand, it sup-

presses the development of the lower zone by reducing the

surface heat flux through dimming effect29 and reduction of

temperature gradient between the surface and atmosphere.

On the other hand, it promotes the development of the upper

zone by providing additional buoyancy and inducing convec-

tion above the aerosol layers through increasing light absorp-

tion at higher altitude (Figure S10A). A similar invigoration effect

of layered BC has been investigated for aviation and biomass-

burning smoke plumes.36–39

At an AOD below the threshold (Figures 3A and 3B), the two

mixing zones are coupled to each other in the course of

boundary layer development, reaching a maximum PBL height

(Hmax) of �600 m around noontime. In this regime (AOD %

1.2), despite of the upper-level heating (actually a gradient in

the aerosol heating; Figure S10A) and surface dimming (Fig-

ure S8A), the uniform potential temperature q around 15:00

is a clear proof that the strong mixing effect is able to eliminate

the daytime gradient and dilute air pollutants emitted at the

surface by upward transport (black dashed line and two blue
lines in Figure 2E). As long as the two zones are coupled,

the increased mixing in the upper zone and inter-zonal trans-

port compensates for the reduced mixing in the lower zone,

leading to an insensitive response of Hmax and mean Kh to

the increase of AOD (Figures 1A, S2, S3F, and S3G). As shown

in Figures 1A and 1B, compared with scattering aerosols

(SSA = 1.0), the absorbing aerosol have a much weaker effect

in terms of ‘‘suppressing’’ the boundary layer development in

this regime, and, when the BC mass fraction further increases

(e.g., SSA = 0.8), it may even slightly enhance the boundary

layer development prior to the tipping point (Figures S2

and S4).

At an AOD above the threshold (Figures 3C and 3D), the devel-

opment of the lower mixing zone is suppressed so strongly that it

cannot connect to the upper one. Such decoupling leads to a

sharp drop of Hmax (Figure 1A) and a regime transition of aero-

sol-PBL interactions. Under this condition, q shows a large in-

ter-zonal difference, which forms a noontime inversion above

the surface zone and suppresses further development of the

PBL in the afternoon (orange and red line in Figures 3E and

S11). After decoupling, BC aerosols lead to much lower PBL

height than scattering aerosol for the same AOD. As shown in

Figures 1A and 1B, for an AOD of 1.5, scattering aerosols lead

to a PBL height of�530m, while the presence of BC aerosols re-

sults in a much shallower PBL of�190 m. The stronger suppres-

sion effect by BC-containing aerosols can be explained by two

reasons: (1) first, the light absorption effect is more efficient

than the light scattering effect in reducing surface incoming solar

radiation, the energy source of surface heating. The absorbed

solar radiation is fully lost and cannot reach the surface anymore,

while only part of the scattered solar radiation is reflected back to

the space and the rest will reach the surface. As shown in Fig-

ure S8A, given the same AOD or aerosol extinction (the sum of

scattering and absorption), BC aerosols lead to much less

incoming surface solar radiation than scattering aerosols. (2)

BC-induced heating of atmosphere further reduces the surface

heat flux. The heat flux from surface heats the bottom air, result-

ing in convections and driving the development of PBL. When

BC heats the air, it reduces the temperature difference between
One Earth 6, 1–9, June 16, 2023 3



Figure 3. Coupling and decoupling of the

mixing zones determine the diurnal evolution

of PBL

(A) Diurnal variation of PBL height (black line) and

vertical profile of heat exchange coefficient (Kh,

color contour) with SSA = 0.85 and AOD = 1.0. Grid

cells with Kh lower than 0.015 are set to white color.

(B) The same as in (A), but with AOD = 1.2.

(C) The same as in (A), but with AOD = 1.3.

(D) The same as in (A), but with AOD = 1.5.

(E) Corresponding vertical profiles of potential

temperature (q) at 15:00 (local time).
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surface and the atmosphere. So, even for the same incoming so-

lar radiation, the heat flux in the presence of BC is still smaller

than that for scattering aerosols (Figure S8B), which further sup-

presses the development of the lower mixing zone.

In this decoupled regime (AOD > 1.2), air pollutants are trap-

ped within the lower mixing zone, and BC aerosols start to sup-

press the development of the PBL much more efficiently than

scattering aerosols. As shown in Figures 1A and 1B, a �100-m

decrease of Hmax requires only a 0.5-unit change of AOD in the

presence of elevated BCmass fractions (SSA = 0.85), compared

with a �1.7-unit change for purely scattering aerosols

(SSA = 1.0). The stronger effect of BC aerosols in this regime

can be attributed to three factors: a smaller forward scattering

to extinction ratio, resulting in less solar radiation reaching the

ground under the same AOD (Figure S5); additional heating of

the atmosphere, reducing the air-surface temperature gradient

and heat fluxes (Figure S9B); and a strengthened inversion

induced by BC in the residual layer in the morning, retarding

the full development of the PBL (Figure S11).

Our finding reconciles the contrasting results in early studies,

where the coupled regime (Figure 3A) corresponds to a weak

suppression or even slight invigoration effect of BC on the

PBL,5,22–25 whereas a strong suppression effect6,14–16,40,41 can

be expected in the decoupled regime (Figure 4B). Our results

show that aerosol-induced upper-air heating and surface

dimming does not necessarily lead to an inversion or strength-

ened stratification, as in the coupled regime. However, once

the two mixing zones are decoupled, the PBL development will

be strongly suppressed, and an inversion will form. Under stag-

nant weather conditions, the strong suppression of PBL devel-

opment may lead to such an unfavorable dispersion condition

during daytime, which resembles the stable boundary layer con-

dition at nighttime (Figure 1A). This mechanism may help to

explain the observed nonlinear dependence of PBL height on

AOD in Beijing (i.e., an abrupt change of PBL height at certain

AOD levels; Figure 2A). By reanalyzing the data of Ding et al.,19

we find that the regional modeling results also support our
4 One Earth 6, 1–9, June 16, 2023
finding of a BC-induced regime transition

of aerosol-PBL interactions (Figure S15):

in the presence of BC aerosols, the PBL

height is almost insensitive to the reduction

of surface heat flux (DRn) until DRn � 20 W

m�2, but becomes much more sensitive

than that of pure scattering aerosols

when DRn > � 20 W m�2; in contrast,
with pure scattering aerosols, the PBL height shows a moderate

nearly linear dependence over the whole DRn range.

Implications for air-pollution controls
The BC-induced tipping point and regime transition of PBL

development have important implications for the development

of air-pollution control strategies. To the best of our knowledge,

this is the first time such a regime transition and a tipping point of

PBL development has been revealed. By keeping AODbelow the

threshold, one can prevent the BC-induced abrupt decrease of

PBL height and avoid a further increase of PM2.5 concentrations

due to a lack of convective dilution (Figures 1A and S16). The

largemarginal effect across the thresholdmakes it a prime target

for emission control, especially under winter haze conditions in

the North China Plain. To stay below the threshold of abrupt

decrease of PBL height, two alternative pathways can be taken,

as illustrated Figure 5: (1) reduce the total aerosol burden and

AOD, or (2) increase the aerosol SSA and the AOD threshold

AOD. The latter can be achieved by selectively reducing the

emission of light-absorbing aerosols such as BC-containing par-

ticles. Examples of how an abrupt decrease of PBL height could

be avoided under severe winter haze conditions in Beijing are

given in Figure 5B. Path 1 would require a�40% reduction of to-

tal aerosol burden and AOD, while path 2would require a�60%–

70% reduction of BC corresponding to a�7%–10% reduction of

AOD, depending on BC mixing state (see section ‘‘experimental

procedures’’). This means a targeted reduction of BC can be four

to six times more effective than reducing the total aerosol

burden. The much smaller reduction of total aerosol burden

and AOD required for path 2 is due to an �10% increase of

SSA (from 0.85 to 0.94), which leads to a �50% increase of

threshold AOD for the boundary layer collapse (from 1.2 to

1.8). In practice, a targeted reduction of BC and corresponding

increase of SSA could be achieved by reducing emission from

diesel exhaust and low-efficiency domestic heating etc., which

are major sources of BC in the North China Plan. Since BC is

an important short-lived global warming agent, a targeted



Figure 4. BC-induced abrupt change of PBL

height and prompt regime transition of aero-

sol-PBL interactions

(A) Scenario with low AODor high aerosol SSAwhen

the two mixing zones (orange circles of arrows) are

coupled and the PBL is well developed.

(B) Scenario with high AOD or low SSA, when the

two mixing zones (orange circles of arrow) are de-

coupled and the PBL development is suppressed.

The thick blue lines mark the PBL top. The red

dashed lines show the changes of solar radiation.

The red waved arrows indicate either surface

heating or heating in the atmosphere by BC. The

gray circles of arrows represent the mixing pro-

cesses within the PBL. The black dashed lines on

the right side of each panel show the vertical profiles

of potential temperature.
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reduction of BC emissions may also help to compensate for the

temperature rise expected from improving air quality by

removing aerosols,42 leading to co-benefits for public health

and the mitigation of climate change in the Anthropocene.43–49
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Yafang Cheng (yafang.

cheng@mpic.de).

Materials availability

This study did not generate new unique materials.

Data and code availability

All data needed to evaluate the conclusions in the paper are present in the pa-

per and/or the supplemental materials. The data that produced all figures in

this study are available from Figshare database: https://doi.org/10.6084/m9.

figshare.22678720. All data for the figures in the supplemental information

are available from the lead contact upon reasonable request. Custom code

for this work is available from the lead contact upon reasonable request.
Model setup

In this study, we used the single column model (SCM) version of the WRF

(https://www.mmm.ucar.edu/weather-research-and-forecasting-model)

v3.8.1 and WRF-Chem50 to simulate and investigate the aerosol planetary

boundary layer (PBL) interactions. The SCM simulates all physical and chem-

ical processes in the same way as in a standard simulation of WRF/WRF-

Chem. In both WRF and WRF-Chem simulations, the radiation, microphysics,

and land surface modules were configured as Rapid Radiative Transfer Model

for Global Circulation Models (RRTMG) for long wave and short wave,51 Mor-

rison 2-moment,52 and Noah53 schemes, respectively. The Asymmetric

Convective Model version 2 (ACM2) boundary layer scheme, which considers

both local and non-local closure, was adopted in this study.54 In the ACM2

scheme, the PBL height is diagnosed as the height above the level of neutral

buoyancy where bulk Richardson number computed for the entrainment layer

exceeds the critical value (0.25 over the land54). We extracted the values of the

heat exchange coefficients (Kh) before partitioning into local and non-local

components in the convective boundary layer. Therefore, the values of Kh

are representative of all turbulent mixing. Note that, above the boundary layer,

there is no non-local component; thus, all turbulent mixing is by eddy diffusion.

In WRF-Chem, the gas-phase reactions were simulated with the Model of

Ozone and Related Chemical Tracers (MOZART) module.55 The four-bin

sectional Model for Simulating Aerosol Interactions and Chemistry (MOSAIC)
aerosol module56 was adopted and the aerosol optical properties were simu-

lated with core-shell Mie theory.57

The simulation domain was set as 3 3 3 horizontal grids with a 4-km grid

size. We adopted 60 vertical eta layers from the surface to 200 hPa

(�12 km) with 16 layers below 1 km. Each simulation started from 20:00 (Bei-

jing local time, coordinated universal time [UTC + 8]) 1 day before the target

day. The initial condition of the soil was extracted from a nested three-dimen-

sional (3D) WRF model simulation derived from the NCEP FNL Operational

Global Analysis data.58 The vertical profile of atmospheric conditions was

initialized by the sounding data (http://weather.uwyo.edu/upperair/sounding.

html). Periodic boundary conditions in the horizontal direction were used.

InWRF columnmodel simulations, the effects of light absorption of BC aero-

sols were reflected/accounted for by the aerosol optical thickness and SSA, as

well as asymmetry factor in each model layer. In the base case, we increased

AOD from 0.0 to 6.0 with an increment of 0.1 and varied the SSA from 1.0 (pure

scattering, no BC) to 0.6 (strongly absorbing), which covers most of the cases

according to a series of observations (Figure S1C). The SSA was set as 0.85 in

Figure 1A, representing the average fraction of absorbing aerosols in Beijing

and the North China Plain, which varies from 0.80 to 0.90 (Figure S1C). The

asymmetry factor was set to be 0.65 in the WRF scenarios.

In the WRF simulations, the influence of aerosols on PBL development was

achieved by different scenarios of prescribed aerosol layers. However, in

WRF-Chem, the vertical distributions of aerosols were calculated rather than

prescribed as in the case of WRF simulations, which allows us to see the rela-

tive changes in both PBL structure and surface PM2.5 concentration.

Long-term statistical analyses were performed to obtain the response of

PBL development on aerosol loading in winter Beijing based on observational

data. As detailed in Su et al.,59 the daytime PBL height is derived from ground-

based micropulse lidar (MPL) measurements in Beijing (39.99�N, 116.31�E),
and AOD data are version 3, level 1.5 product from the AERONET site (40�N,
116.38�E). The winter season data include observations in December,

January, and February from December 2016 to February 2018. For a better

statistic, we used daytime lidar observations from 12:00 to 16:00 (local time)

to derive the daytime PBL height,59 and Figure 2A shows a similar pattern

compared with the results when only data from 13:00 to 15:00 were used

(Figure S12).

Base cases

The base case was conducted for Beijing (39.9�N, 116.4�E) on January 11,

2013, a typical stagnant weather condition in wintertime in Beijing.2,60 Without

perturbation from aerosols, i.e., AOD = 0, the model-simulated maximum PBL

height (Hmax) on this day was�600m, which is an average level of dailyHmax in

Beijing reported by Zhang and Cao.61

To investigate the impact of aerosols on the PBL development, aerosols

were considered to be uniformly distributed below 460mbased on lidar obser-

vation at 20:00 on the day before January 11, 201362 (Figures S1A and S1B).
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Figure 5. Mapping of mitigation measures in Beijing, to reduce AOD

or reduce BC to increase SSA and threshold AOD

(A) The 3D representation of the response of maximum PBL height to the

changes of AOD and SSA. The black dot is an exemplary case in winter Beijing

(base case) with strongly suppressed PBL in the decoupled regime. The open

circles indicate the restored PBL after implementingmitigationmeasures. Path

1 represents the reduction of total AOD at a constant SSA. Path 2 represents

the reduction of BC aerosols only. The cross section of path 2 is not perpen-

dicular to the x axis of AOD, because reducing BC will lead to changes in both

AOD and SSA. The corresponding change of SSA and AOD to the reduction of

BC is mapped according to an offline optical Mie model calculation with the

assumption of externally mixed BC particles (see section ‘‘experimental pro-

cedures’’).

(B) The same as in (A), but with 2D representation. Compared with path 1, path

2 requires less change of AOD because of the corresponding enhancement of

SSA and increase of the threshold AOD when reducing BC particles.
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The aerosol SSA was set as 0.85, representing the average fraction of

absorbing aerosols in Beijing and the North China Plain, which varies from

0.80 to 0.9063 (Figure S1C). While the asymmetry factor was set to be 0.65

in the WRF scenarios,64 its value depends on aerosol species and

concentration.

To study the effect of aerosol loading and absorbing BC particles on aero-

sol-PBL interactions, we performed a series of model simulations as follows.

In the WRF simulations, we increased AOD from 0.0 to 6.0 with an increment

of 0.1 and varied the SSA from 1.0 (pure scattering) to 0.6 (strongly absorbing)

(Figures 1, 3, 5, and S2). In Figure 4, the corresponding change of SSA and

AOD to the reduction of BC in path 2 is mapped according to an offline optical

Mie model calculation.57 In the optical calculation, the size distribution and

speciation of aerosol particles was the same as in the WRF-Chem simulations
6 One Earth 6, 1–9, June 16, 2023
(see below). To estimate the amount of BC that is needed to be reduced in path

2, we adopted two mixing assumptions of BC particles (i.e., external mixture

and core-shell mixture).59 For the core-shell mixture, we adopted a diameter

ratio of particle to BC core of 1.5–2, according to single-particle soot photom-

etrymeasurements conducted in the North China Plain.65 As a result, a�60%–

70% reduction of BC (�7%–10% reduction of AOD) would be needed, corre-

sponding to an increase of SSA from 0.85 to 0.94 and an increase of threshold

AOD from 1.2 (path 1) to 1.8 (path 2).

In the WRF-Chem simulations, we scaled the initial aerosol profile with

different factors, which corresponds to a surface PM2.5 concentration from

0 to 700 mg m�3 in increments of 10 mg m�3 (Figures S3A, 3E, and S16). Initial

aerosol speciation was set to SO4
2�:OM:NO3

�:NH4
+ = 3:3:2:1 in mass con-

centration (here, OM is organic matter). The initial size distribution of aerosol

particles was set to be 1:2:2:0 in four bins in mass concentration. For the in-

fluence of absorbing aerosols, we increased the SSA from 0.60 to 1.00 at

wavelength of 533 nm in increments of 0.01 in WRF simulations (Figures 1

and S2). Angstrom exponent was set to be 1.2.66 In the WRF-Chem simula-

tions, SSA was calculated from aerosol composition by Mie theory.57 The BC

mass fractions were set to be 0 to 0.20 with an interval of 0.01, covering

most the range of BC fractions in real situations. The corresponding SSA

varies from 1 to 0.63. Emissions of aerosols were set to zero in the WRF-

Chem base case simulations but were included in the extended cases

(see below).

Extended cases

To complement the results from the base case simulations, we studied a series

of extended cases with different meteorological conditions, aerosol properties

(concentration, SSA, and vertical distribution), emissions, and extra sensible

heat, as well as a different boundary layer scheme.

Solar zenith angles

Incoming solar radiation can influence the PBL development. Different

incoming solar radiation was tested by changing solar zenith angles. As shown

in Figure S3B, 62.9�, 57.8�, 48.1�, 36.2�, 25.3�, 18.1�, and 17.0� were adopted

in different cases, representing the solar zenith angle of the first day of January

to July in Beijing.

Aerosol vertical distribution

In the WRF simulations, we designed the following scenarios to study the ef-

fects of different vertical profiles of aerosols, including three scenarios of uni-

formly distributed aerosols within the lower 230, 340, 460, and 520 m (Fig-

ure S4); a scenario of non-uniformly distributed aerosols (profile shown in

Figure S3H); and a scenario of one elevated aerosol layer at �2,000 m,

mimicking a light-absorbing plume (Figure S2F).

Emissions

In theWRF-Chem simulations, we studied the effects of emission intensities by

increasing the emission rate of PM2.5 from 0 to 21 t km�2 year�1 (i.e., 0, 0.42,

1.05, 2.1, 4.2, 10.5, and 21 t km�2 year�1) (Figure S3C), covering the emission

intensity of primary PM2.5 in Beijing-Tianjin-Hebei region (1.2 to 17.5 t km�2

year�1).67 The PM2.5 was set to be emitted to the surface layer with a constant

rate (i.e., 0, 0.96, 2.4, 4.8, 9.6, 24, and 48 mgm�3 hour�1 PM2.5 in surface layer).

Meteorological conditions

Besides the case of January 11, 2013 in Beijing, we have also performed sim-

ulations for other days and locations with corresponding initial meteorological

conditions based on sounding data. There are 75 cases corresponding to

target days from January 1 to January 25, 2013 and cities of Beijing, Zhengz-

hou (34.8�N, 113.7�E), and Nanjing (32.1�N, 118.8�E). Besides, to compare

with multi-year observations of PBL height response to AOD, we have also

performed simulations in Beijing for the winter season (December, January,

and February) from December 2016 to February 2018. Consistent with the

base case, we first simulated Hmax at AOD = 0 under different meteorological

conditions and then set the aerosol layer height as 75% of the simulated Hmax

(Figure S3A). For all 75 cases, SSA was set to be 0.85.

Note that, in the base case, the initial condition of soil for Beijing was ex-

tracted from the inner domain (9-km horizontal resolution) of the nested 3D

WRF model simulation, which did not cover Zhengzhou and Nanjing. To

compare the three cities here, we extracted the initial conditions of soil from

the outer domain (81-km horizontal resolution), which covered all three loca-

tions. Therefore, the threshold AOD calculated for Beijing on January 11,

2013, in the extended case is slightly different than that in the base case.
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Extra sensible heat

Based on the base case of AOD = 1.3 and SSA = 0.85, the sensible heat flux

was set to be 1.5 times that of the sensible heat flux calculated by the model

at each time step to test the influence of extra sensible heat on the PBL

evolution.

Boundary layer scheme

Besides ACM2, we also tested our base case (SSA = 0.85) with the Yonsei Uni-

versity (YSU) PBL scheme68 (Figures S7B) and the Mellor-Yamada-Janjic

(MYJ) PBL scheme69 (Figures S7C). The MYJ PBL scheme uses 1.5-order tur-

bulence closure. The PBL heights in the MYJ scheme depend on the buoy-

ancy, shear of the driving flow, and the turbulent kinetic energy (TKE).
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