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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]). 

 
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 + Oଶା → Caା + Oଶ 1.8 × 10ିଽ 



2 Ca + NOା → Caା + NO 4.0 × 10ିଽ 

3 Caା + Oଷ → CaOା + Oଶ 3.9 × 10ିଵ଴ 

4 CaOା + O → Caା + Oଶ 4.2 × 10ିଵଵ 

5 𝖢𝖺ା + 𝖮ଶሺ+𝖬ሻ → 𝖢𝖺𝖮ଶା 4.2 × 10ିଶଽ  ൬ 𝑇200൰ିଶ.ଷ଻  
6 CaOଶା + O → CaOା + Oଶ 1.0 × 10ିଵ଴ 

7 Caା + Nଶ + M → Ca ⋅ Nଶା + M 2.3 × 10ିଷ଴ ൬ 𝑇200൰ିଶ.ସଽ
 

8 Caା + COଶሺ+Mሻ → Caା ⋅ COଶ 4.3 × 10ିଶଽ ൬ 𝑇200൰ିଷ.଴ଽ
 

9 Caା + HଶOሺ+Mሻ → Caା ⋅ HଶO 1.2 × 10ିଶ଼ሺ𝑇/200ሻିଶ.ଵଶ 

10 Ca ⋅ Nଶା + Oଶ → CaOଶା + Nଶ 3 × 10ିଵ଴ 

11 Caା ⋅ COଶ + Oଶ → CaOଶା + COଶ 1.2 × 10ିଵ଴ 

12 Caା ⋅ COଶ + HଶO → Caା ⋅ HଶO + COଶ 1.3 × 10ିଽ 

13 Caା ⋅ HଶO + Oଶ → CaOଶା + HଶO 4.0 × 10ିଵ଴ 

14 Ca𝑋ା + 𝑒ି → Ca + 𝑋 ሺ𝑋 ൌ O, Oଶ, Nଶ, COଶ, HଶOሻ 3 × 10ି଻ሺ𝑇/295ሻିଵଶ 

15 Caା + 𝑒ି → Ca + ℎ𝜈 3.8 × 10ିଵଶሺ𝑇/200ሻି଴.ଽ 

  
the first-order rate coefficient k(Ca+→Ca) for the neutralization of Ca+ was calculated as 
follows: 𝑘ሺ𝐶𝑎ା → 𝐶𝑎ሻ ൌ 𝑘ଷ[𝑂ଷ] × Prሺ𝐶𝑎𝑂ା → 𝐶𝑎ሻ + 𝑘ହ[𝑂ଶ][𝑀] × Prሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻ+𝑘଻[𝑁ଶ][𝑀] × Prሺ𝐶𝑎𝑁ଶା → 𝐶𝑎ሻ + 𝑘଼[𝐶𝑂ଶ][𝑀] × Prሺ𝐶𝑎ା𝐶𝑂ଶ → 𝐶𝑎ሻ+𝑘ଽ[𝐻ଶ𝑂][𝑀] × Prሺ𝐶𝑎ା𝐻ଶ𝑂 → 𝐶𝑎ሻ   

   
where Pr() denotes the branching probability: 1. 𝑘ଷ[𝑂ଷ] × Prሺ𝐶𝑎𝑂ା → 𝐶𝑎ሻ ൌ 𝑘ଷ[𝑂ଷ] ⋅ ቆ 𝑘ଵସ[𝑒ି]𝑘ଵସ[𝑒ି] + 𝑘ସ[𝑂]ቇ 

 2. 𝑘ହ[𝑂ଶ][𝑀] × Pr ሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻ ൌ 𝑘ହ[𝑂ଶ][𝑀] × ሼPrሺ𝐶𝑎𝑂ଶା → 𝐶𝑎 𝑑𝑖𝑟𝑒𝑐𝑡ሻ + Prሺ𝐶𝑎𝑂ଶା →                                                                                            𝐶𝑎𝑂ାሻ × Prሺ𝐶𝑎𝑂ା → 𝐶𝑎ሻሻ  𝑘ହ[𝑂ଶ][𝑀] × Prሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻ ൌ 𝑘ହ[𝑂ଶ][𝑀] ⋅ ቄ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] + ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቅ  

 3. 𝑘଻[𝑁ଶ][𝑀] × 𝑃𝑟ሺ𝐶𝑎𝑁ଶା → 𝐶𝑎ሻ ൌ 𝑘଻[𝑁ଶ][𝑀] × ሼPr ሺ𝐶𝑎𝑁ଶା → 𝐶𝑎  𝑑𝑖𝑟𝑒𝑐𝑡ሻ + Pr ሺ𝐶𝑎𝑁ଶା → 𝐶𝑎𝑂ଶାሻ                                      × Pr ሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻሽ  



𝑘଻[𝑁ଶ][𝑀] × 𝑃𝑟ሺ𝐶𝑎𝑁ଶା → 𝐶𝑎ሻ ൌ 𝑘଻[𝑁ଶ][𝑀] × ቊ ௞భర[௘ష]௞భర[௘ష]ା௞భబ[ைమ] + ௞భబ[ைమ]௞భర[௘ష]ା௞భబ[ைమ] ⋅ ቄ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] +
                                                                                                                              ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቅቋ  

 
4. 𝑘଼[𝐶𝑂ଶ][𝑀] × 𝑃𝑟ሺ𝐶𝑎ା𝐶𝑂ଶ → 𝐶𝑎ሻ ൌ 𝑘଼[𝐶𝑂ଶ][𝑀] × ሼ𝑃𝑟ሺ𝐶𝑎ା𝐶𝑂ଶ → 𝐶𝑎 𝑑𝑖𝑟𝑒𝑐𝑡ሻ  + 
              𝑃𝑟ሺ𝐶𝑎ା𝐶𝑂ଶ → 𝐶𝑎𝑂ଶାሻ × Prሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻ +                                             𝑃𝑟ሺ𝐶𝑎ା𝐶𝑂ଶ → 𝐶𝑎ା𝐻ଶ𝑂ሻ × 𝑃𝑟ሺ𝐶𝑎ା𝐻ଶ𝑂 → 𝐶𝑎ሻሽ 
 𝑘଼[𝐶𝑂ଶ][𝑀] × 𝑃𝑟ሺ𝐶𝑎ା𝐶𝑂ଶ → 𝐶𝑎ሻ ൌ 𝑘଼[𝑐𝑜ଶ][𝑀] × ሼ ௞భర[௘ష]௞భర[௘ష]ା௞భభ[ைమ]ା௞భమ[ுమை] + ௞భభ[ைమ]௞భర[௘ష]ା௞భభ[ைమ]ା௞భమ[ுమை] ×                                                                                                                                                                               Pr ሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻ + ௞భమ[ுమை]௞భర[௘ష]ା௞భభ[ைమ]ା௞భమ[ுమை]  ⋅ ሼ ௞భర[௘ష]௞భర[௘ష]ା௞భయ[ைమ]  +                                                                                                                                                                         ௞భయ[ைమ]௞భర[௘ష]ା௞భయ[ைమ] × Pr ሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻሽሽ                                                                               

  

     𝑘଼[𝐶𝑂ଶ][𝑀] × 𝑃𝑟ሺ𝐶𝑎ା𝐶𝑂ଶ → 𝐶𝑎ሻ ൌ 𝑘଼[𝑐𝑜ଶ][𝑀] × ሼ ௞భర[௘ష]௞భర[௘ష]ା௞భభ[ைమ]ା௞భమ[ுమை] + ௞భభ[ைమ]௞భర[௘ష]ା௞భభ[ைమ]ା௞భమ[ுమை] ⋅                                                                                                                                                                                           ቄ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] + ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቅ +                                                                                                                          ௞భమ[ுమை]௞భర[௘ష]ା௞భభ[ைమ]ା௞భమ[ுమை] ⋅ ሼ ௞భర[௘ష]௞భర[௘ష]ା௞భయ[ைమ] + ௞భయ[ைమ]௞భర[௘ష]ା௞భయ[ைమ] ⋅                                                                                ሺ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] + ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ሻሽሽ
  

 5. 𝑘ଽ[𝐻ଶ𝑂][𝑀] × Pr ሺ𝐶𝑎ା𝐻ଶ𝑂 → 𝐶𝑎ሻ ൌ 𝑘ଽ[𝐻ଶ𝑂][𝑀]ሻ × ሼPr ሺ𝐶𝑎ା𝐻ଶ𝑂 → 𝐶𝑎 𝑑𝑖𝑟𝑒𝑐𝑡ሻ +                                                                   𝑃𝑟ሺ𝐶𝑎ା𝐻ଶ𝑂 → 𝐶𝑎𝑂ଶାሻ × ሺ𝑃𝑟ሺ𝐶𝑎𝑂ଶା → 𝐶𝑎ሻሽ   

   𝑘ଽ[𝐻ଶ𝑂][𝑀] × Pr ሺ𝐶𝑎ା𝐻ଶ𝑂 → 𝐶𝑎ሻ ൌ 𝑘ଽ[𝐻ଶ𝑂][𝑀] × ሼ ௞భర[௘ష]௞భర[௘ష]ା௞భయ[ைమ] + ௞భయ[ைమ]௞భర[௘ష]ା௞భయ[ைమ] ⋅
                                                                                  ሼ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] + ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]}} 
 
As [CO2] is three orders of magnitude smaller than [O2], k5 and k8 are one order of 
magnitude smaller, [H2O] is five orders of magnitude smaller than [O2], and k9 is only one 
order of magnitude larger than k5, ignore terms 4 and 5 [3]. 
So: 𝑘ሺ𝐶𝑎ା → 𝐶𝑎ሻ ൌ 𝑘3[𝑂3] × 𝑃𝑟ሺ𝐶𝑎𝑂+ → 𝐶𝑎ሻ+𝑘5[𝑂2][𝑀] × 𝑃𝑟ሺ𝐶𝑎𝑂2+ → 𝐶𝑎ሻ +                                    𝑘7[𝑁2][𝑀] × 𝑃𝑟ሺ𝐶𝑎𝑁2+ → 𝐶𝑎ሻ                                 ൌ  𝑘ଷ[𝑂ଷ] ⋅ ቀ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቁ + 𝑘ହ[𝑂ଶ][𝑀] ⋅ ቄ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] + ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅
                                                 ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቅ + 𝑘଻[𝑁ଶ][𝑀] ⋅ ቊ ௞భర[௘ష]௞భర[௘ష]ା௞భబ[ைమ] + ௞భబ[ைమ]௞భర[௘ష]ା௞భబ[ைమ] ⋅
                                                                                 ቄ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] + ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቅቋ  

                             ൌ 𝑘ଷ[𝑂ଷ] ⋅ ቀ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቁ + ሺ𝑘ହ[𝑂ଶ][𝑀] + 𝑘଻[𝑁ଶ][𝑀] ⋅ ௞భబ[ைమ]௞భర[௘ష]ା௞భబ[ைమ]ሻ ⋅



                            ቄ ௞భర[௘ష]௞భర[௘ష]ା௞ల[ை] + ௞ల[ை]௞భర[௘ష]ା௞ల[ை] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞ర[ை]ቅ + 𝑘଻[𝑁ଶ][𝑀] ⋅ ௞భర[௘ష]௞భర[௘ష]ା௞భబ[ைమ]  
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