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Algorithm 1: Selection of Calm Episodes

Input: Time series of wind speed {WS;}L,, cumulative northerly {CNWS,;}L ; and
southerly wind speed {CSWS;}L |, cumulative precipitation {R;}Z, and
concentration of PMy 5 {PM2.5,}L .

Output: Sets of starting time S and ending time £ of the selected calm episodes.

Initialize: § =& = @.

Select the ending times of strong northerly processes

A = {t,|CNWS, _; > 10.8m/s and CNWS, = 0} and the candidate set for starting
times of episodes
C = {t|WS; < 5.4m/s, max{PM2.5; 1, PM2.5,} < 35ug/m3 R;_; = R; = 0}.

for t, € A do
L. By, = [ty —8,t, + 8] N (max{t:t € {0} UE}, L] NC, ty = arg mingep, PM2.5,.

2. if ty < t, and max{R|t, <t < t,} =0 then

L k=1,

else if t, > t,, then

| k=t

3. while R, =0, CNWS,, < 3.3m/s and CSWS), < 13.8m/s do
LE=Fk+1.

4. te=k—1.

5. if t,—t, > 3 then
| S=SU{t;}and £E=EU{t.}.
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X-3
selected covariates for Model (4.1) observed within 7;; hours for episode j. The following
assumptions are needed for the statistical inference.

Assumption 1. For differenti or j, {(AM;},, €1, - - AMUT  €ij1,;5 Ciy) |} are mutually
independent.

Assumption 2. Fort=1,--- ,T;;, E(e;;|X;;) = 0 and Var(e;;s| Xi;) is finite.
Assumption 3. (i) For each i, Ty; is finite and n;" > Var(3 14, Xijt€ijr) — S as
’ZtT:ﬁ Xz‘thijt

(i) B(| Xi;e X 5|) is finite for any i, 3, and t. For each i, n; - PR tT  E(X X 5,) — H

n; — oo; and for all € > 0, n; ! > Efl ZtT;Jl Xijr€iji]|*1 {

‘ > én;ﬂ} — 0.

for a positive definite H; and n; > > ity Var( Xzthm) — 0 as n; — 0.

Assumption 4. (i) For all the calm episodes whose length is equal to I, the distributions

of (UU17 o ,UJZ)T are identical. (i1) For a season and a site cluster in year i, i — P
as n; = 00, and s — <Pl — o(n; V%) for any 1 <t <1< T, where {pu}iy are a

set of positive probability weights summing to one.

Assumption 5. Asn; > o0,i=1,---, A, Za o —K; >0 wherez 1 RKa = L.
Assumption 1 assumes the data in different episodes are independent. The strict exo-

geneity of X;; in Assumption 2 implies €;;; is uncorrelated with the explanatory variables

of episode j observed at all hours. Assumption 3 (i) gives the Lindeberg condition for

establishing the asymptotic normal distribution of the OLS estimator, and Assumption 3

T Xijt X5, Assumption 4 (i) assumes the

(ii) guarantees the consistency of n; ' >
episodes with the same length share the same meteorological distribution. Assumption 4
(ii) and Assumption 5 avoid the extremely small number of episodes with length [ relative

to n; in year ¢ and the extremely small sample size in some years of a certain season in a

site cluster, respectively.
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Text S3.

The following theorem establishes the asymptotic normality of the OLS estimator 6;.
Theorem 1. Under Assumptions 1-3, éz 15 unbiased and consistent for @ with the asymp-
totic normality

Vil —0,) % N (o ( , AVar(é; ))

where AVar(6;) = H'QH; .

Proof. Note that 6;—0; = (n;" > Xije X)) it > ngl Xiji€ijr. By Assump-
tions 1 and 2, ]E(@Az —0;) =0, thus QAZ is unbiased.
T

: -1 g
Base on Assumption 3, n;" > 271, > " 9 X XL ;¢ 18 consistent for H;. Furthermore,

n; > S0 X 4N (0,9;) follows from the Lindeberg-Feller theorem.

ng zg g U
7 —122}3 -1 71/2222:
vV nz(ez Xz]t Ut ijtemt

j=1 t=1 j=1 t=1
ng 1]
1 —1/22 :j :

= H XZ]tel]t + Op 1)

j=1 t=1

Therefore, HAZ —0; £ 0 and the estimator él — 0, is asymptotic normal with mean zero and
the asymptotic variance H; 'Q;H; . O
Note that Q; = n; ! 2?21(23:]1 Xijtéijt)(ZtTfl Xijt€ije) ! is an estimate for ; by con-

vergence conditions for €2; in Assumption 3, thus we can construct a robust variance

estimator
n; T n;  Tij T ni  Tij
1 ~ ~
Var(0 Y Xin X5 DO Xijein) O Xijéign) '] Y XinX[)"
jltl j=1 t=1 t=1 jltl
Text S4.

In this section, we provide the asymptotic properties and variance estimation of /i;. By

the law of total expectation, E(Usje) = (32,5, Pat) ™" D in PatlB(Uaji|Taj = 1). Let E(Xo.) =
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X-5
(E(Uajt) T, I7) " be the expectation of covariates at hour ¢ for all calm episodes in year a,

E(X,) = % S 4 E(X,.) be the expectation under the baseline meteorological distribution

with density f.,

Xt = Zz; o ZS:TaSZt Xast be the average meteorological conditions
at hour ¢ during episodes in year a and X; = %Zle Xas. Then, n% Doty —t AMag,
n%z > 1.1 Cas; X, and X} are consistent estimators of E(AMyj|T,; = 1), E(Cyj|T,; =

1), E(X,.) and E(X,), respectively, according to the law of large numbers. Since
i — i =X~ E(X) 10, = [X7 —E(X)] 6+ X[ (6~ 6)),

iy, is also a consistent estimator of p;. The following theorem gives the asymptotic
normality of /i;.
Theorem 2. Under Assumptions 1 -5, foranyi=1,--- ,/Aandt=1,--- ,minj<,<4 T,,
as MiNj<q< A Ng —> 00,

Vi — i) 4 N (07 Uz'Q,t) )

where Ui2,t = E(Xt)THi_lﬁiHi_le(Xt) A2 Za 1 Zl>t Fa( leal > Var(X [0, T = 1).

1>¢ Pal) ast

By the plug-in principle that replaces the expectations and the variance by the corre-
sponding estimates, a consistent estimator of Ui2,t is

62, =X; AVar(6,)X; + Azzz Zmnaz D (Kt =gt D Xaa) 10

a=1 l>t St Tas 1 St TaS !
where A/Vg“(él) = nz\//a\r(él) Thus, an estimator for the variance of i, is
X7l D - 2
Xp Var(0:)X, Z D ma) D D (N =t Y Xaw) O
a=1 [>t 1>t s:Ths—g 8T gs—1

Proof. By Assumption 4 and Assumption 5, we have

Vi (B(X o) - Zmﬁ Zifpal]wmms =) =0,(1). (1)
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From the CLT, we have

- o Nal NiNg —1/2
i Xa~ —-E Xa~ = Xas as Tas =
Vi (X —E(Xar) = > ot Vet D ‘= 1 Dl

1>t let §:Tne=l
Pal K 1/2
= Xast — a5t|Tas = )] +o (1)
; ZIZt Pal /fapal STE;_Z P
KiPal
0, Var(Xose|Tos = 1) | - (2)
( ZZ; (i Par)?

Thus, by adding equation (1) and equation (2) we obtain

Vi (Xt~ E(Xa) = vii(Kat — E(Xer)) + 0,(1) (3)
d KiPal _
— N (0, ; m Var (X Tus = l)) )

Using the consistency of X} for E(X;) and equation (3), we decompose V(i — ) by
V(s = i) =E(X) T8 — 6) + il X — E(X)]T6: + (X7 — E(X)]T V(6 — 6))
=E(X;)"v/mi(0; — 6:) +
=E(X,) V(6 — 6;) +

i

il Xy — E(X0)] "0+ 0,(1)

[Xat = E(Xar)]"0; + 0p(1)

BN |

\/—
=E(X:) " vi(0; — 6:) + \/_z[ at = E(Xat)]"0; + 0p(1)

=0 + o) + oY + op<1>

BN |

IIM& HMD>

where
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As for the first term, we have

n;

T n;
(I)Et) —E Xt Tl_l Z Z let z]t - _1/2 Z Z XZ]tE’L]t

j=1 t=1 j=1 t=1
n; 1Lij
—E(X,)TH; 'n 1/222Xm6m+0p (1).
7j=1 t=1

From equation (2) we have

g ’LJ

(I)z(tl) + (I)§t2) :]E( TH 1 1/2 Z Z ngtez]t

7j=1 t=1

1 il
LS P S (X B (X T = 1]+ 0y(1)

A 'l
>t ZZZt Pt s:Tha=1

Tis
I z g Xise — E(Xi| T = D)0+ B TH 072 Y Xigern
1>t sTis=l 1>t Pit t=1
T
+ Z IE(*th)—r . _1/QZX’th€Z]t + Op(l)
7:Ti< t=1

Note that for s such that T;, = [,
Cov(Xjsp€isers Xist — BE(Xist|Tis = 1)) = 0 for any ¢ and t'.

Let ; = E(X,) TH; "QH; 'E(X,) + 45 D st WV&M( X,L,0:|T;s =1). Then,

Tis
>y Var{ 1 Z P [Xie — (Xt T = D]70; + B(X) TH ' 2D Xisveiot}
1>t s:Tio=l 1>t Pil =1
+ Z Var Xt TH_ 1/2 ZXithijt] — G as n; — Q.
JTii<l t=1

By the Lindeberg-Feller Theorem and the Slutsky’s Theorem, as n; — oo,
d
o) + 0% LN (0,6).

The independence of episode data in different years results in

<I>§§’> iu\/( ZZ Zzpalp oE Var(X, 0| Tos = l)) :
>t Fa

a#i 1>t
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@Ef’) is independent of (IDS) AL

it » therefore,

\/n_z(ﬂ:t — ) i) N (07 Uzz,t) )

where o7, = E(Xo) TH "QHTE(X0) + 5 Yoy s el Var(X 0| Tus = 1)
Note that
n;ll Z ast Z Xast ast Z Xast _> Var( ast‘Tas = l)7
8 Tgs—1 8:Ths—1 STaS I
NNl KiPal

P = ~ P = A\ P e _
X = E(Xy), 0; — 0;, AVar(6;) — H, 1QZ-Hi la — .
! ' (Zl>t Nt )? “a(let Pal)?

Hence, we obtain the consistency of 67, for o7,. ]
Text S5.

In order to test whether there are significant changes in the growth of air pollutants
at a hour t between two years i and i/, the following theorem provides the asymptotic
distribution of i}, — [}, for two different years ¢ and 7.

Theorem 3. Under Assumptions 1 — 5, for i # 1, as minj<,<ang, — 00,

\/ﬁz[ﬂ:t — fljy — (N;(t - N;t)] _> N (07 ‘7@ K ) where

o2y, =E(X,)" AVar(0,)E(X,) + ﬁfE(Xt)T AVar(6;)E(X,)

K

KRiPal T
Var (X, (0; — 0:)|Tos = 1).
Z Z Zz>tpal) !

a=1 >t

A consistent estimator of 02, , is

620 =X;T[AVar(d;) + —AVar ()] X;

ny

AZZZ o 2 (e = il 37 Xa) (0= 0L

a=1 [>t s Tys—1 8 Ths—1
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Therefore, an estimator for the variance of [, — ji}, is

52, =X;" [Var(éi) + Var(6:)) X

(Znal>_2z Z [(Xast Z Xast é éi/)]Q.

a=1 [>t 1>t s:Tys—; 8T gs=1

Proof. Similarly, /(i — i — (i, — 1)) = U3 + U + W 4 0,(1), where
- R 1 - _
Wy =E(X) T Vi(0: = 0:) + v/ [Xir = B(Xi)) (01 = 0)

T ; L .
W = = BTV = 8) + /i (Ko~ E(X)]T (6~ )
1 — _
9 =i D (Ko = B(Xo)] (0 — 0).

a1’

These three terms are independent and their asymptotic distributions are normal, with

the proof mirroring the one used for Theorem 2.

o LA 0,E(X,)T AVar(6,)E
' 2; Zl>tpzl)

T 1 N 1 iPi’
v® 4 a0, BE(X]) AVar(6)E(X,) + == Z P Nay(X (0 — 00| Ty, = z>>

Var(X,L,(0; — 0:)|Tis = l))

Ky (Zl>t pz’l)
d KiPal
Y P Z Z P NTE Var(X,,(0; — 0,)| T,y = l)) .

aFi,i! 1>t 1>t pal)

*

Hence, fif — [} is asymptotic normal A (0 ( , 07 l, t) And by the same argument as used
to prove the consistency of 6Zt in the proof of Theorem 2, we can verify the consistency
of 67, , for a7 ,.

O

To compare the grow rate of pollutants uj,/7 in the first 7' hours of the episodes
in different years, it is essential to compare pj, over different years. For testing the
yearly difference hypotheses Hy : pjy = pip versus Hy @ iy > php( or ply < php) at a

significance level o, we use the test statistic V;  r = \/n;|fiiy — fiip] /640 7, and reject the
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null hypothesis, if the p-value 1 — ®(|V, /. r|) < a, where ® is the cumulative distribution

function of the standard normal distribution.
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Figure S1: The northern portion of the NCP that encompasses Beijing, Baoding and Tangshan
and the locations of air-quality monitoring sites in the four clusters.

Cluster Location Air-quality monitoring sites CMA station
1 Beijng SE  Southeast of the central Beijing Dongsi, Nongzhanguan and Tiantan Chaoyang
2 Beijng NW Northwest of the central Beijing Aotizhongxin, Guanyuan and Wanliu Haidian
3 Tangshan Tangshan Leidazhan, Shierzhong and Wuziju Tangshan
4 Baoding Baoding Huadianerqu, Jiancezhan and Youyongguan  Baoding

Table S1: Information for the four site-clusters in Beijing, Baoding and Tangshan.
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Figure S2: PMys (ug/m?) versus the cumulated wind speed (CWS, m/s) under the five wind
directions in the four site clusters from March 2015 to February 2016 with locally weighted
scatterplot smoothing curves (solid lines) for spring (red), summer (green), autumn (blue) and
winter (purple). The plots for other years were similar.
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Figure S3: Pair-wise seasonal Spearman’s rank correlation coefficients between the three pollu-
tants (PMys, SOy and NO,, ug/m?®) and the cumulative northerly and southerly wind speeds
(m/s) in 2015 for the four site clusters: (a) Beijng SE, (b) Beijng NW, (¢) Tangshan and (d)
Baoding. The number of * indicates the level of significance in the association (*: p-value<0.05;
K p-value < 0.01; ***: p-value < 0.001).
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Figure S4: The histograms of the differences t; —t,, (hours) between the ending time ¢, of strong
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Figure S5: The distributions of five wind directions (via angle widths) and the average wind
speed (via radius) for three periods (4 hours before min{ts, t, }, between ¢, and t,, and 4 hours
after max{ts,t,}) of selected calm episodes in the spring of Beijing SE: (a) the episode starts
before the end of northerly cleaning, ¢, < ¢, (b) the starting time of the episode equals to the

end of northerly cleaning, t; = t,, and (c) the episode starts after the end of northerly cleaning
ts > t,. The percentages of the three situations are given in the parentheses.

October 21, 2020, 10:47pm



4

BLH 30 DEWP
2000 Four hours before E The first four hours Four hours before i The first four hours
the calm episode | inthe calm episode 20+ the calm episode | in the calm episode
1 |
1
\"_—/
15001 ! 10 |
) :
1000 ; 0 J
: —_—
500 101 l
1 |
' L —
. : : : | : : : — =201, : : : | , : : :
4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4
HUMI TEMP
T 40 1 T
Four hours before ' The first four hours Four hours before ! The first four hours
60 - the calm episode | inthe calm episode 30 the calm episode | in the calm episode
! ]
_’,/—_l\
1 |
S |
' 20 I
40 o 1 ——\I\
1 |
1 10 4 1
*] b;’é: :
|
|
20 7 : 0 7 :
4 -3 -2 -1 0 1 2 3 4 4 3 -2 -1 0 1 2 3 4
CNWS CSws
Four hours before i The first four hours Four hours before i The first four hours
90 the calm episode | inthe calm episode | 7.5 the calm episode | in the calm episode
: l
60+ i 5.0 :
1 1
: |
304 - 2.5 ;
\'\ ,
1 1
0L, . . . : 0.0 }
4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3

Figure S6: The average boundary layer height (BLH), dew point (DEWP), relative humid-
ity (HUMI), temperature (TEMP), cumulative northerly wind speed (CNWS), and cumulative
southerly wind speed (CSWS) in the four hours before and after the start of the calm episodes in-
dicated by the dashed vertical line at zero in Beijing SE in spring (green), summer (red), autumn
(purple) and winter (blue) with the 95% confidence intervals indicated by the colored areas.
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Figure S7: The average boundary layer height (BLH), dew point (DEWP), relative humid-
ity (HUMI), temperature (TEMP), cumulative northerly wind speed (CNWS), and cumulative
southerly wind speed (CSWS) in the four hours before and after the start of the calm episodes
indicated by the dashed vertical line at zero in Tangshan in spring (green), summer (red), autumn
(purple) and winter (blue) with the 95% confidence intervals indicated by the colored areas.
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Figure S8: The average boundary layer height (BLH), dew point (DEWP), relative humid-
ity (HUMI), temperature (TEMP), cumulative northerly wind speed (CNWS), and cumulative
southerly wind speed (CSWS) in the four hours before and after the start of the calm episodes
indicated by the dashed vertical line at zero in Baoding in spring (green), summer (red), autumn
(purple) and winter (blue) with the 95% confidence intervals indicated by the colored areas.
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Figure S9: The boxplots of concentrations (ug/m?) for (a) PMys, (b) NOy and (¢) SO, in the
first six hours during the episodes in spring of cluster Beijing NW with the start point of episodes
(hour 0 on the horizontal axis) in the day (6 am-6 pm, yellow) and night (7 pm-5 am, blue).
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Figure S10: The estimates for coefficients of selected variables in models for PMs 5 in the first
six hours of calm episodes for cluster (a) Beijing SE, (b) Beijing NW, (c¢) Tangshan, (d) Baoding

in spring (red), summer (green), autumn (blue) and winter (purple) of six seasonal years with
significant and non-significant effects shown by points in the shape of triangle and circular,

respectively. The dotted line represents zero.



X-21

(a) Beijing SE

SNWS

MCNWS

A(TEMP)

A(PRES)

A(LogHUMI)

A(LogBLH)

A(DEWP)

A(Csws)

A(CNWS)

(b) Beijing NW

=
=
I
=3
o
=
=

A(LogBLH)

(c) Tangshan

SNWS

MCNWS

A(TEMP)

A(PRES)

A(LogHUMI)

A(LogBLH)

A(DEWP)

A(Csws)

d) Baoding

(

SNWS

MCNWS

A(TEMP)

A(PRES)

A(LogHUMI)

A(LogBLH)

A(DEWP)

A(Csws)

A(CNWS)

hours of calm episodes for cluster (a) Beijing SE, (b) Beijing NW, (c¢) Tangshan, (d) Baoding

in spring (red), summer (green), autumn (blue) and winter (purple) of six seasonal years with
significant and non-significant effects shown by points in the shape of triangle and circular,
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Figure S13: The adjusted (blue) and original (red) average growth (ug/m?) of PMy 5 in the first
six hours of the calm episode for cluster Beijing SE in (a) spring (b) summer (c¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of PMy 5 are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S14: The adjusted (blue) and original (red) average growth (ug/m?) of PMy 5 in the first
six hours of the calm episode for cluster in Tangshan in (a) spring (b) summer (c¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of PMy 5 are
indicated by shading. And the adjusted average growth rates (ug/m® per hour) in the first six
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Figure S15: The adjusted (blue) and original (red) average growth (ug/m?) of PMy 5 in the first
six hours of the calm episode for cluster in Baoding in (a) spring (b) summer (c) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of PMy 5 are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S16: The adjusted (blue) and original (red) average growth (ug/m?) of NO, in the first
six hours of the calm episode for cluster Beijing SE in (a) spring (b) summer (c¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of NO; are
indicated by shading. And the adjusted average growth rates (ug/m?® per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S17: The adjusted (blue) and original (red) average growth (ug/m?) of NO; in the first
six hours of the calm episode for cluster Beijing NW in (a) spring (b) summer (c¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of NO, are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S18: The adjusted (blue) and original (red) average growth (ug/m?) of NO; in the first
six hours of the calm episode for cluster in Tangshan in (a) spring (b) summer (c¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of NO; are
indicated by shading. And the adjusted average growth rates (ug/m?® per hour) in the first six
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Figure S19: The adjusted (blue) and original (red) average growth (ug/m?) of NO; in the first
six hours of the calm episode for cluster in Baoding in (a) spring (b) summer (c) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of NO, are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S20: The adjusted (blue) and original (red) average growth (ug/m?®) of SOy in the first
six hours of the calm episode for cluster Beijing SE in (a) spring (b) summer (c¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of SO, are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S21: The adjusted (blue) and original (red) average growth (ug/m?) of SOy in the first
six hours of the calm episode for cluster Beijing NW in (a) spring (b) summer (¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of SOy are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S22: The adjusted (blue) and original (red) average growth (ug/m?) of SOy in the first
six hours of the calm episode for cluster in Tangshan in (a) spring (b) summer (c¢) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of SO, are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S23: The adjusted (blue) and original (red) average growth (ug/m?®) of SOy in the first
six hours of the calm episode for cluster in Baoding in (a) spring (b) summer (c) autumn and
(d) winter of six years. The 95% confidence intervals of adjusted averaged change of SOy are
indicated by shading. And the adjusted average growth rates (ug/m? per hour) in the first six
hours of the episodes with the standard errors are marked in the parentheses.
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Figure S24: The (a) total energy consumption, (b) composition of energy consumption from 2012
to 2017, (c) nitrogen oxides emissions and (d) SOq emissions from 2013 to 2018 in Beijing.
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Figure S25: (a) Outputs of main industrial products from 2013 to 2016 and (b) coal consumptions
from 2013 to 2018 in Baoding.
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Figure 526: (a) Outputs of main heavy industrial products from 2013 to 2018, (b) SO emissions
and (c) nitrogen oxides emissions from 2014 to 2018 in Tangshan.
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Figure S27: The number of civil motor vehicles from 2013 to 2018 in Baoding (red), Beijing
(green) and Tangshan (blue).
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Pollutant  Season Cluster Adjusted average growth rate(SE, pg/m? per hour) and its relative increase (%)
2013 2014 2015 2016 2017 2018
Beijing SE 5.3(1),0  7.7(11), 458  4(04),-24.2  3.1(0.4),-41  2.9(0.3), -45.7 1.8(0.5), -66.4
Spring  Biing NW 5. 8(0.9), 0 4.2(0.9),-26.7 3.1(0.4), -45.5 2.6(0.3), -54.8 3.2(0. 7) -45.3 2.1(0.4), -64.2
Tangshan  6.9(0.8),0  6.7(0.5), 2.7  6.7(0.7),-1.9  5(0.8), 275  4.8(0.4),-29.4 5.2(0.3), -24.6
Baoding  8.1(1.5),0 7(0.7),-135  5.5(0.7), -32.5 55(0 4), -31.8 5().4),-38.5 2.5(0.8), -68.9
Beijing SE 5.5(0.6), 0 3.1(0.5), -43.9 52(0.7), 4.2 238(0.2), 481 3(0.4), 444 1.9(0.2), -64.8
Suommer BOIE NW 46(0.4). 0 3.4(0.3).-262 39(0.5).-155  28(0.2).-385  2.6(0.4), 44 1.7(0.2), -63.4
Tangshan  3.8(0.8), 0 6.4(0.9), 655  4.1(0.7), 6.7  3.1(0.2), -20.2 1.4(0.4),-63.7 3.3(0.6), -14
AL Baoding  11.7(1.9), 0 4.5(0.5), -61.7 3.2(0.3), -72.9 3.5(0.4), -70.3 3.4(0.3), -70.6 2.5(0.2), -78.3
' Beijing SE 7(0.4), 0 4(0.5), 434  6.1(0.6), -12.6  4.6(0.7), -33.9 3.3(0.2), -52.5 3.3(0.4), -52.9
Aty POUE NW55(05),0 4.2(0.6), 231 58(0.7), 5.2 69(15), 255 3(04), 464 24(0.2), -56.9
Tangshan  11.3(0.9), 0 8.5(0.7), - 5(00.4), -56.2  6.6(0.6), -41.8 3.7(0.2), -67.4 4.3(0.3), -62.3
Baoding  11.7(1.2), 0 12.3(1. 9> 58  6(0.6),-48.3  6(L1),-484  4(0.4),-65.8 3.5(0.5), -69.8
Beijing SE 8.1(0.7), 0 11.2(1),382  9.1(0.9), 129  9.4(1.4), 159 5.4(0.5), -33.5 6.8(0.6), -16.1
Wintey BUng NW7.7(0.6). 0 102(1.3), 316 03(1.2),209  9.1(12),182  3.6(0.5), 54 5.3(0. 4), -31.9
Tangshan  10.3(0.7), 0 10.3(0.9),-0.2  9.9(0.8), -3.4  8(0.6), -22.4  5.3(0.3), -48.3 4.9(0.4), -
Baoding  13.8(1.1), 0 13.6(1.7),-1.5 7.7(15), -44.6 11.1(1.3), -19.6 5.2(0.5), -62.3 4.1(0. 5), -70.2
Beijing SE  5.1(0.8), 0 7.2(0.7), 41.3 6.9(0.7),36.4 7.2(04), 415  52(0.6),3.3 3.2(0.2),-37.9
Spring DS NW 6.1(06), 0 650.7), 59 7.6(07), 2 6.7(04), 9.2 7.1(0.8),16.2 3.8(0.6), -38.8
Tangshan ~ 6.6(0.7), 0 7.4(0.6), 121  8.4(0.8), 27 7(1.1),6.5  9.2(1.1), 388  9.2(0.6), 39
Baoding 2.3(0.6), 0 6. 6(1 2), 190.7  6(0.7), 164.3 6.4(0.5), 182  4.8(0.7), 109.7 2(1.3), -10.8
Beijing SE 5.9(0.5), 0 8.5(0.7), 44  4.3(0.5), 272 5.7(0.6), 28  5.3(0.7), 9.4 4.1(0.4), -30.7
Summer BOE NW 78(05).0 63(0.6),-189  5.6(0.4),-283  5.9(0.6). 242 55(0.7), 285 3.7(0.3), -51.9
Tangshan  3.3(0.7), 0 4.1(0.6), 26.5  4.8(0.7), 47  3.9(0.7), 17.8  4.2(1.2), 28.1 3.8(0.5), 16.6
O, Baoding  3.4(0.7),0 1.8(0.3),-46.8  4.3(0.5),26  2.6(0.4),-24.3 3.8(0.5), 11.7 4.4(0.5), 28.4
Beijing SE 6.9(0.5), 0 6.2(0.4), -10.1  6.5(0.5), -5.1  5.2(0.5), 245  5(0.4), 26.8 5.1(0.4), -26.4
Aty BEIIE NW 72(0.4),0 8(05),103  75(06),45  84(0.8).166  7.9(05),98 6.5(0.4),-10.1
Tangshan  7.3(0.4), 0 6.1(0.5),-15.3 6.1(0.5), -15.4  7.5(0.7), 3.2 6.9(0.4), 45  8(0.3), 10
Baoding  6.5(0.6), 0 5.5(0.9),-15.3 8.5(0.8), 20.1 7(0.8), 7 45(0.4), 32 5(0.3), -22.9
Beijing SE 5.9(0.4), 0 7(0.5), 183  5.9(0.5),-0.3  6.4(0.5), 7.3  3.5(0.5), -41.7 5.2(0.3), -11.5
Winter  BeUE NW 7.3(0.4), 0 76(05).5.1  66(0.5). 9.3 71(0.4), L8  5.2(0.6),-27.8 6.6(0.4),-0.3
Tangshan  6.3(0.3), 0 7(0.5), 104  6.2(0.4),-2.9  7.5(0.5), 17.6  7.3(0.4), 14.7  6.7(0.3), 5.9
Baoding  6.8(1.1),0 4.5(0.7),-33.2 5.7(04),-15.8  11(0.5), 63  5.8(0.4), -14.9 5(0.3), -26.6
Beijing SE 2(0.4), 0 2.3(0.3), 15.2  1.1(0.1), -43.8 0.6(0.1), -68.7 0.8(0.1), -60.7 0.6(0.3), -70.5
Spring  Beiing NW 25(0.3),0  2(0.5),-19.4  0.8(0.2),-694  0.5(0.2),-82  0.6(0.1), -74.6 0.5(0.2), -81.9
Tangshan  5.9(1.6), 0  4.6(0.8),-22  3.7(0.4),-37.1  7.1(1.9), 20.6  3.1(0.2), -46.7 3.6(0.4), -39
Baoding  7.3(1.7),0 11.8(42),61.1 7.9(1.3), 7.7  4.8(0.8),-345 6.2(1.4), -14.9 1.4(0.8), -80.9
Beijing SE 1(0.2), 0 0.6(0.2), 36.6 0.3(0.1), -71.5  0.1(0), -86.7  0.3(0.1), -75.1 0.4(0), -65.1
Summer BUNE NW 08(0:2).0 08(0.3), 1 05(0.2), 374 -0.2(0.3), -13L5 0.3(0.1), -38.7 0.2(0.1), -77.5
Tangshan  2.8(0.8), 0  2.6(0.4),-6.8  3.3(0.7), 19.9  2.4(0.6), -14.9 1.6(0.6), 415 1(0.4), -63.3
50, Baoding  2.2(0.5),0  24(0.6), 9.5 3.6(0.9),60.2  2.3(0.2),27  2.7(1.2),21 1.1(0.2), -52.1
Beijing SE 2.3(0.3),0 1.2(0.2),-45.6  1(0.1), -56.3  0.8(0.2), -63.1 0.7(0.1), -67.8 0.6(0.1), -71.5
Aty POUmE NW 210040 11(0.2), 444 1.2(02),-437  13(0.2),-86.1  0.7(0.1), 68 0.3(0.1), 87.1
Tangshan  4(0.7),0  1.5(0.6),-63.2 2.1(0.2), -48.2 2.8(0.3),-30.8  2(0.2),-50.5 2.9(0.5), -27.8
Baoding  4.5(1.5),0  5.4(1.9),20  2.2(0.4), -50.6  5.1(0.8), 13.6  3.3(1.1), -27.1 2.9(0.5), -34.7
Beijing SE  3.4(0.3), 0 4.3(0.5), 27.6  2.4(0.2), -28.4  2.1(0.4),-36.1 1.1(0.2), -67.4 1(0.1), -71.1
Winter BOUnE NW 8.8(0.4), 0 4.7(0.6), 228 2.7(0.2), 283 24(02),-358  12(0.2), 68.3 0.8(0.1), -80.1
Tangshan  10.6(0.7), 0 7.4(0.7),-30  5(0.4), -52.7  6.6(0.6), -37.7 3.4(0.3), -67.5 2.6(0.3), -75.1
Baoding  23.5(3.3), 0 16.9(3.2), -28.1 10.3(1.5), -56.1 10.2(1.2), -56.6  9.6(1.6), -59  3.3(1), -85.9

Table S2: Seasonal and annual adjusted average growth rates (ug/m? per hour), their standard
errors (SEs) and the corresponding relative increase (%) of adjusted average growth rates based
on the level of those in 2013 for PMsy 5, NOy and SO, in the first six hours of the calm episodes
for each cluster.
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Pollutant ~ Season Cluster Adjusted average growth rate in the first six hours

Change point Reduction Year Largest reduction Average (relative) reduction

Beijing SE 2016 22(1) 2018 3.5(L.1) 1.4(26.3%)
Gopin,  Belling NW 2015 26(1) 2018 3.7(1) 2.7(47.3%)
ring
prine Tangshan 2016 1.9(1.1) 2017 2(0.9) 1.2(17.2%)
Baoding 2016 2.6(15) 2018 5.6(1.7) 3(37%)
Beijing SE 2014 2.4(0.7) 2018 3.5(0.6) 2.2(41.1%)
Beijing NW 2014 1.2(0.5) 2018 2.9(0.5) 1.7(37.5%)
Summer
Tangshan 2017 2.4(0.9) 2017 2.4(0.9) 0.2(5.1%)
- Baoding 2014 7.2(2) 2018 9.2(1.9) 8.3(70.8%)
= Beijing SE 2014 3(0.6) 2018 3.7(0.6) 2.7(39%)
Beijing NW 2014 1.300.7) 2018 3.1(0.6) 1.1(19.1%)
Autumn
Tangshan 2014 2.8(1.2) 2017 7.6(1) 5.7(50.5%)
Baoding 2015 5.6(1.3) 2018 8.1(1.2) 5.3(45.3%)
Beijing SE 2017 27(0.9) 2017 2.7(0.9) 20.3(-3.5%)
Wine Beiling NW 2017 42(0.8) 2017 4.2(0.8) 0.2(3%)
inter
Tangshan 2016 2.3(1) 2018 5.4(0.8) 2.6(25.4%)
Baoding 2015 6.2(1.9) 2018 9.7(1.2) 5.5(39.6%)
Beijing SE 2018 1.9(0.8) 2018 1.9(0.8) -0.9(-16.9%)
_ Beijing NW 2018 2.4(0.8) 2018 2.4(0.8) -0.2(-3.3%)
Spring
Tangshan — — — — -1.6(-24.7%)
Baoding 2018 0.2(1.5) 2.9(-127.2%)
Beijing SE 2015 16(0.7) 2018 1.8(0.6) 0.3(5.2%)
Beijing NW 2014 1.5(0.7) 2018 4(0.6) 2.4(30.4%)
Summer
Tangshan — — — — -0.9(-27.2%)
- Baoding 2014 1.6(0.7) 2014 1.6(0.7) 0(1%)
: Beijing SE 2016 17(0.7) 2017 1.8(0.7) 1.3(18.5%)
Beijing NW - — 2018 0.7(0.5) -0.4(-6.2%)
Autumn
Tangshan 2014 1.1(0.7) 2015 1.1(0.7) 0.3(4.4%)
Baoding 2017 21(0.8) 2017 2.1(0.8) 0.4(6.8%)
Beijing SE 2017 25(07) 2017 2.5(0.7) 0.3(5.6%)
, Beijing NW 2017 20.7) 2017 2(0.7) 0.6(8.6%)
Winter
Tangshan — — 2015 0.2(0.5) -0.6(-9.1%)
Baoding — — 2014 2.2(1.3) 0.4(5.5%)
Beijing SE 2015 0.9(0.4) 2018 1.4(0.5) 0.9(45.7%)
Gopip,  Belling NW 2015 1.8(0.4) 2016 2.1(0.4) 1.7(65.4%)
rin
prime Tangshan 2017 2.7(1.6) 2017 2.7(1.6) 1.5(24.8%)
Baoding 2018 59(1.9) 2018 5.9(1.9) 0.9(12.3%)
Beijing SE 2015 0.7(0.2) 2016 0.9(0.2) 0.7(67%)
Beijing NW 2016 10.4) 2016 1(0.4) 0.5(60.8%)
Summer
Tangshan 2018 1.8(0.9) 2018 1.8(0.9) 0.6(21.3%)
o Baoding 2018 1.2(0.6) 2018 1.2(0.6) -0.2(-8.3%)
: Beijing SE 2014 10.4) 2018 1.6(0.4) 1.4(60.9%)
Beijing NW 2014 0.9(0.5) 2018 1.8(0.4) 1.2(55.9%)
Autumn
Tangshan 2014 25(0.9) 2014 2.5(0.9) 1.8(44.1%)
Baoding — — 2015 2.3(1.6) 0.7(15.8%)
Beijing SE 2015 10.4) 2018 2.4(0.4) 1.2(35.1%)
Winge Beiiing NW 2015 1.1(0.4) 2018 3(0.4) 1.4(37.9%)
inter
Tangshan 2014 3.2(1) 2018 8(0.7) 5.6(52.6%)
Baoding 2015 13.2(3.6) 2018 20.2(3.4) 13.4(57.2%)

Table S3: Years when significant (at 5%) reduction in the adjusted average growth rates as com-
pared to those in 2013 happened and after which the significant increase in the adjusted average
growth rate did not happen in subsequent years, together with the amount of the reductions
(ug/m? per hour) and their standard errors (SEs) at the years; Years with the largest reduc-
tion in growth rates occurred and the amount (SEs), and the average (relative) reduction from
2014-2018. ’-’ indicates no significant reduction happened.
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