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 58 
Text S1. Time series of the number of particles staying in the stratosphere from each 59 
injection altitude. 60 

As shown in Figure S2.a, the number of particles in the stratosphere increases until a 61 
steady state is achieved when particles are injected at a constant rate in the tropics from 2000-62 
2009. It takes more time for the number of particles to reach a steady state if the injection 63 
altitude is higher, and at the steady state, there are more particles (i.e., larger particle burden) 64 
in the stratosphere for the higher altitude injections, confirming prior results that that particle 65 
lifetime increases with increasing injection altitude. After the injections stop in 2010, the total 66 
number of particles in the stratosphere decreases since particles could reach the tropopause 67 
and exit the stratosphere. The decreasing trend follows the exponential decay function 68 𝑁ሺ𝑡ሻ = 𝑁ሺ0ሻ ∙ 𝑒ିఛ௧ , where 𝑡 is the number of days after injection stops on Jan 1, 2010, 𝑁 is the 69 
number of particles in the stratosphere, 𝜏 is the mean particle lifetime in the stratosphere 70 
(shown in Figure S2.a). 71  72  73 
Text S2. Kernel density distribution of seasonally particle lifetime for each injection 74 
altitude. 75 

In global climate models, particle lifetime is indirectly calculated by using injection 76 
rate to divide the steady-state particle number. In contrast, we directly calculate each particle’s 77 
lifetime in the stratosphere with the Lagrangian trajectory model by tracking the time lapse 78 
from its injection to exit at the tropopause. The maximum particle lifetime is 10 years, which 79 
means that the injected particle has not reached the tropopause in the whole 10-year 80 
simulation. This is not necessarily meaningful for any individual trajectory, but the distribution 81 
of lifetimes for a large number of trajectories can inform us of how particles are transported in 82 
the stratosphere. Figure S2.b shows the kernel density distribution of particles' stratospheric 83 
lifetime for different injection altitudes. We can also see that particles injected at a higher 84 
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altitude tend to have a longer lifetime in the stratosphere. The particle lifetime distribution 85 
from the lower stratospheric injection (<20 km) is more concentrated, while particles injected 86 
higher in the stratosphere (≥20 km) have a larger value range of stratospheric lifetimes. We 87 
also notice that there are overlapping areas between different lines, which suggests that 88 
choosing injection locations and time at a lower altitude can achieve a similar particle lifetime 89 
to the uniform injection at a higher altitude. For example, 20% of the area under the purple 90 
line (19 km) has a particle lifetime larger than 2.0 years, which is the mean particle lifetime 91 
from the uniform injection at 20 km. 92 

 93 
 94 

Text S3. Linear Programming (LP) solver for the Balanced injection strategy. 95 
As shown in Figure 1, for a given injection altitude and season, the particle injected at 96 

location (i, j) will have a lifetime 𝐿ሺ𝑖, 𝑗ሻ in the stratosphere, where i=1, 2, …, Nx represents the 97 
index of injection longitude, j=1, 2, …, Ny represents the index of injection latitude. This 98 
lifetime 𝐿ሺ𝑖, 𝑗ሻ can be divided into two parts: the particle’s lifetime in the NH (𝐿_𝑁𝐻ሺ𝑖, 𝑗ሻ) and 99 
in the SH (𝐿_𝑆𝐻ሺ𝑖, 𝑗ሻ). Thus: 100 𝐿ሺ𝑖, 𝑗ሻ = 𝐿_𝑁𝐻ሺ𝑖, 𝑗ሻ +  𝐿_𝑆𝐻ሺ𝑖, 𝑗ሻ       (1) 101 
If we let 𝑃ሺ𝑖, 𝑗ሻ refer to the injection percent at location (i, j) for each injection altitude and 102 
season. The sum of injection percent from all injection locations should be 100% for each 103 
injection altitude and season: 104 ∑ ∑ 𝑃ሺ𝑥, 𝑦ሻே௫௜௫ୀଵே௬௜௬ୀଵ = 100%        (2) 105 

The total particle lifetime for each injection altitude and season, which we want to maximize, 106 
is:  107 𝐿௧௢௧௔௟ =  ∑ ∑ 𝐿ሺ𝑖, 𝑗ሻ × 𝑃ሺ𝑖, 𝑗ሻே௫௜ୀଵே௬௝ୀଵ         (3) 108 

Similarly, the particle lifetime in NH and SH are: 109 𝐿ேு =  ∑ ∑ 𝐿_𝑁𝐻ሺ𝑖, 𝑗ሻ × 𝑃ሺ𝑖, 𝑗ሻே௫௜ୀଵே௬௝ୀଵ        (4) 110 𝐿ௌு =  ∑ ∑ 𝐿_𝑆𝐻ሺ𝑖, 𝑗ሻ × 𝑃ሺ𝑖, 𝑗ሻே௫௜ே௬௝        (5) 111 

The percentage difference of particle lifetime between NH and SH is defined as: 112 

 𝑃𝐷 =  |௅ಿಹ ି ௅ೄಹ|௅೟೚೟ೌ೗ × 100%        (6) 113 

PD has a value range between [0,100%]. 𝑃𝐷 = 0 means the particle lifetime in the NH is the 114 
same as that in the SH, which represents the perfect interhemispheric balance of particle 115 
lifetime. 𝑃𝐷 = 100% means all particles always stay in one hemisphere, which shows a most 116 
interhemispheric imbalance of particle lifetime. In this study, we assume the interhemispheric 117 
balance of particle lifetime between NH and SH when: 𝑃𝐷 < 1%. 118 

In summary, the LP solver can calculate the injection percent 𝑃ሺ𝑖, 𝑗ሻ to maximize the 119 
total particle lifetime (𝐿௧௢௧௔௟) subject to the interhemispheric balance of the particle lifetime 120 
(𝑃𝐷 < 1%). Figure S6 shows an example of the distribution of injection percent calculated by 121 
the LP solver. 122 
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 123 
Figure S1. Mean stratospheric lifetime of particles injected at different injection altitudes for 124 
different particle radii (i.e., 0.05, 0.2, 0.376 um) under the Uniform strategy. 125 

 126 
 127 

  128 

 129 
Figure S2. (a) Time series of the number of particles staying in the stratosphere from each 130 
injection altitude. τ is the mean particle lifetime in the stratosphere. Each injection altitude has 131 
the same injection rate (see Method section). (b) KDE (kernel density estimation) density 132 
distribution of seasonally particle lifetime (from 𝑁௫ × 𝑁௬ = 504 horizontal injection locations, 133 
see Method section) for each injection altitude. 134 
 135 
 136 
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 137 
Figure S3. Particle lifetime distribution as a function of initial injection longitudes and 138 
latitudes. This shows the mean particle lifetime over all injections from 2000 to 2009 at 16, 19, 139 
21, 22, 24 km (like Figure 1). 140 
 141 
 142 
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  143 

 144 
Figure S4. Zonal mean particle lifetime vs. injection latitude at 18, 20, and 22 km in four 145 
seasons (like Figure 2a). 146 
 147 
 148 

 149 
Figure S5. An example of the transport of particles injected at different longitude at 18 km on 150 
Jan 1st, 2003. 151 
 152 
 153 
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 154 
Figure S6. An example of the injection percent for different injection strategies based on the 155 
particle lifetime distribution (Figure 1a) at 18 km (injection altitude) in DJF (injection time). 156 
 157 
 158 
 159 

 160 
Figure S7. (a) Mean stratospheric lifetime of particles injected at different injection altitudes 161 
for different injection strategies (same as Figure 4). The dashed lines represent the bilinear 162 
regression fit for the data points. (b) Vertical increasing rate of particle lifetime. 163 
 164 
 165 
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166 

 167 
Figure S8. Mean stratospheric lifetime of particles injected at different injection altitudes for 168 
different injection strategies for (a) the annual-repeating seasonal cycle (the selected location 169 
only changes with different seasons, same as Figure 4) and (b) including interannual 170 
variabilities (the selected location changes with both seasons and years. 171 
 172 
 173 
 174 
 175 
 176 
 177 
 178 
 179 
 180 
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Table S1. Three metrics from different injection strategies for particles with different radii (i.e., 181 
0.05, 0.2, 0.376 um) injected at 20 km in 2000. 182 

Radius Injection Strategies Mean Lifetime1 
Interhemispheric 
Difference of Lifetime2 

Percentage 
Difference3 

0.05 um 

Uniform 2.85 years 0.12 years 4% 

Latitude 3.85 years 0.75 years 19% 

Lat-lon 4.68 years 1.20 years 26% 

Balanced 4.61 years 0.04 years 1% 

0.2 um 

Uniform 2.12 years 0.10 years 5% 

Latitude 2.89 year 0.51 years 18% 

Lat-lon 3.58 years 0.98 years 27% 

Balanced 3.50 years 0.04 years 1% 

0.376 um 

Uniform 1.35 years 0.02 years 1% 

Latitude 1.83 years 0.55 years 30% 

Lat-lon 2.30 years 0.55 years 24% 

Balanced 2.23 years 0.03 years 1% 
Note:  183 
1 Mean lifetime: the mean lifetime of particles from all injection locations and injection time at 184 
20 km. 185 
2 Interhemispheric difference of lifetime: the difference of the mean particle lifetime between 186 
NH and SH. 187 
3 Percentage difference: interhemispheric difference of lifetime divided by the mean lifetime. 188 
 189 


