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Introduction

In this supporting information, Figure S1 shows the average temperature over Beijing at
80~100km.

Table S1 listed the relevant ion-molecule reactions of Ca [1,2] . These reactions were used
to calculate the first-order-neutralization rates of Ca* by dissociative recombination and direct
(radiative) recombination (Referring to the method of Wu et al. [3] , Qiu et al. [4] , Jiao et al.
[5], and Plane [6]).
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Figure S1. Annual variation of 80~100km mean temperature over Beijing with time (temperature data
from WACCM)

Table S1. Ca Ion-Molecule Reactions and Rate Coefficients:

NO. Reaction Rate Coefficient

1 Ca+ 0} > Ca* + 0, 1.8x107°




2 Ca+ NO* - Ca* + NO 4.0x%x107°
3 Ca* + 05 -» Ca0" + 0, 3.9x 10710
4 CaO* +0 - Ca* + 0, 42 x 10711
-2.37
5 Cat + 0,(+M) — Ca03 4.2 x 10~29 (_>
200
6 Ca0f + 0 - Ca0* + 0, 1.0 x 10710
—-2.49
7 Cat+N,+M->Ca-Nf+M 2.3><10‘3°<—>
200
T -3.09
8 Ca* + CO,(+M) - Ca* - CO, 43 % 10-29 (_)
200
9 Ca* + H,0(+M) - Ca* - H,0 1.2 x 10728(T/200) %12
10 Ca-Nj 4+ 0, - Ca0O + N, 3 x 10710
11 Ca* - CO, + 0, - Ca0% + CO, 1.2 x 10710
12 Ca* - CO, + H,0 > Ca* - H,0 + CO, 13x107°
13 Ca* - H,0+ 0, - CaOf + H,0 4.0 x 10710
14 CaX* +e” - Ca+X (X = 0,0,,N,,C0,,H,0) 3 x 10~7(T/295)"z
15 Cat+e” > Ca+hv 3.8 X 10712(T/200)7°°

the first-order rate coefficient k(Ca*—Ca) for the neutralization of Ca* was calculated as
follows:
k(Cat - Ca) = k3[05] X Pr(Ca0* - Ca) + ks[0,][M] x Pr(Ca0F - Ca)
+k,[N,][M] X Pr(CaN; - Ca) + kg[CO,][M] X Pr(Ca*C0O, - Ca)
+ko[H,0][M] X Pr(Ca*H,0 — Ca)

where Pr() denotes the branching probability:
kisle”] >
1.k3[05] X Pr(Ca0* — Ca) = k3[0 <—
3[ 3] ) 3[ 3] k14[6_]+k4[0]
2.ks[0,][M] x Pr (CaO3 — Ca) = ks[0,][M] x {Pr(CaO3 — Ca direct) + Pr(Ca05F —
Ca0%) X Pr(Ca0* - Ca))

+ _ . kisle™] kelO] . kqiale™]
ks10][M] x Pr(Ca0; — Ca) = ks[0,]M] {k14[e-]+k6[01 t ale-+ko[0] k14[e‘]+k4[0]}

3.k,;[N,]1[M] x Pr(CaNf - Ca) = k,[N,][M] X {Pr (CaN; — Ca direct) + Pr (CaN; — Ca03)
X Pr (Ca0F - Ca)}



kiale”] k10[0] . { kiale”]
kisle"1+k10[02]  KqaleT]+kq0[0,] kqsle~]+kg[0]

k7[N,]1[M] x Pr(CaN; — Ca) = k;[N,][M] X{

ke[O] . kiale”] }
kisle]+ke[0] KkqialeT]+k4[0]

4. kg[CO,][M] X Pr(Ca*C0O, » Ca) = kg[CO,][M] X {Pr(Ca*CO, — Ca direct) +
Pr(Ca*C0, - Ca0¥) x Pr(CaO; - Ca) +
Pr(Ca*C0, - Ca*H,0) X Pr(Ca*H,0 - Ca)}

kiqle™] k11[0,]
kiale"1+k11[02]+k12[H20]  kqale™]+k11[05]+k12[H,0]

kg[CO,][M] X Pr(Ca*CO, — Ca) = kg[co,][M] X {

k12[H,0] . kisle”]

+
Pr(Ca0; = Ca) + kisle~]+k11[02]+k12[H,0]  “kisle~]+kq3[0;]

kq3[0;] +
kisle~]+kq3[0;] X Pr(Ca0; = Ca)}}

+ _ kiale”] k11[0,] .
ke [COZ] [M] x Pr(Ca €0, = Ca) = ks [COZ][M] X {k14[e‘]+k11[02]+k12[HZO] kisle]+k11[02]+k12[H,0]
{ kisle”] ke[0] . kisle”] }
kisle]+ke[0] * kqsle~]+ke[0] kisle~]+k4[0]

k12[H,0] . kqisle™] k13(0,]

kisle"]+k11[02]+k12[H,0]  “kiale~]+k13[02]  kiale™]+k13[0;]

( kisle”] ke[0] . kisle”] )}}
kisle]+ke[0]  kisleT]+ke[0] kisle™]+k4[0]

5.ko[H,0][M] X Pr (Ca™H,0 — Ca) = kq[H,0][M]) X {Pr (CatH,0 — Ca direct) +
Pr(Ca*H,0 - Ca03) x (Pr(Ca0f - Ca)}

kiale™] kq3[0;] .
kisle"]+k13[02] * kqale~]+kq3[0;]

ko[H,0][M] X Pr (Ca*H,0 — Ca) = ko[H,0][M] x {

{ kisle”] ke[0] . kisle™] N
kisle"]+ke[0] * kqale]+ke[0] kiale]+k4[0]

As [COz] is three orders of magnitude smaller than [O:], k5 and k8 are one order of
magnitude smaller, [H20] is five orders of magnitude smaller than [Oz], and k9 is only one
order of magnitude larger than k5, ignore terms 4 and 5 [3].
So:
k(Cat - Ca) = k3[05] x Pr(Ca0* - Ca)+ks[0,][M] x Pr(Ca0 — Ca) +

k,[N,][M] x Pr(CaN; — Ca)

_ . kisle™] . kiale™] kelO]
= k3l0s] (k14[e-]+k4[01)+k5[02][M] {k14[e-]+k6[01 ky4le=1+ke[0]

kiqle”] . kiale”] k10[0] .
k14[9_]+k4[0]} + k7 [NZ] [M] {k14[e_]+k10[02] + kisle~]+kq0[0,]

{ kiqle”] ke[O] . kisle™] }
kisle"]+ke[0] * kqale]+ke[0] Kkiale]+k4[0]

k10[0,]

kiq4le” — 10wa
= ks105] - (2 Sign) + (ks[021IM] + ke [N, [M] - 2008

kisle]+ks



kiale™] kelO] . kiale™] . kisle™]
{k14[e—1+k6[01+k14[e—1+k6[01 k14[e—]+k4[01}+k7[N2][M] kaqle1+k10[02]
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