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42 Abstract: This study proposes a method for estimating meridional and vertical air-mass
43  transport in the stratosphere based on the mass conservation equation. The method does not
44 require calculation of the velocity and flux, and avoids the uncertainty in vertical velocity
45  estimates. Using satellite observations of hydrogen cyanide (HCN) concentrations in summer
46 (June—September), the relative contributions of air mass originating from the troposphere and
47  transporting into the deep stratosphere via the tropical tropopause and South Asia High (SAH)
48  were estimated as 7.72% and 14.55%, while those of HCN were 7.17% and 15.72%,
49  respectively. These results indicate that the air-mass contributions of the SAH are greater than
50 those of the tropical troposphere, and that the SAH is the most important air-mass transport
51  pathway from the troposphere to the deep stratosphere in summer. This suggests that the
52 impact of pollutants from Asia on the stratosphere is greater than that reported by previous
53  studies.
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72 Introduction
73 The South Asia High (SAH) is a dominant anticyclone of the upper troposphere and lower
74  stratosphere (UTLS) that occurs in summer. Also known as the Asian summer monsoon
75  anticyclone, it covers large areas of Asia, Africa and Europe. It is an important pathway for
76  air-mass transport from the troposphere to the stratosphere, through which pollutants in the
77  boundary layer can quickly enter the stratosphere (Cong et al., 2002; Gettelman et al., 2004;
78  Li et al., 2005; Fu et al., 2006; Randel & Park, 2006; Randel et al., 2010). Transport of
79  pollutants from the boundary layer to the SAH by convective activities is responsible for the
80  peak pollutant concentrations observed in the SAH (Randel & Park, 2006; Park et al., 2007)
81  and typically lasts from June to September (Liu et al., 2003; Randel et al., 2010). Sequentially,
82  the air mass of the SAH can enter the deep stratosphere (Randel et al., 2010; Garny & Randel,
83  2016), which is the region of stratosphere above the tropical tropopause layer (TTL).
84 The TTL ranges from 150 hPa to 70 hPa, or from 14 km to 20 km above sea level
85  (Bergman et al., 2012). Air masses originating from the troposphere need to penetrate the TTL
86  before they enter the rising branch of the Brewer-Dobson circulation (BDC), and eventually
87  take part in mass circulation in the deep stratosphere. The effects of different vertical
88  velocities on transport through the TTL have been investigated by trajectory models. Some of
89  the major features of this transport system, such as its time scale, route and diffusion, have
90 been identified to depend primarily on vertical velocity (Ploeger et al., 2010). It was also
91  found that differences in the transport of boundary layer air into the SAH estimated using
92  different reanalysis datasets are mainly due to differences in vertical velocity (Bergman et al.,
93  2013). In general, two methods are usually employed to estimate vertical velocity in the
94  UTLS: the diabatic method and the kinematic method. In the diabatic method, vertical
95  velocity is calculated as the motion across the isentropic surface based on using a diabatic
96 heating rate in an isentropic coordinate system. In the kinematic method, the vertical velocity
97 is estimated by solving the continuity equation in the vertical pressure coordinate. Under
98  conditions of no phase change, the diabatic method is often a better choice than the kinematic
99  method because of its smaller deviations (Wohltmann & Rex, 2008; Ploeger et al., 2010). In
100  addition, vertical velocity can also be obtained from the ascending speeds of tracers tracked

101 by satellites (Mote et al., 1998; Niwano et al., 2003).
3



https://doi.org/10.5194/acp-2020-990 Atmospheric
Preprint. Discussion started: 3 November 2020 Chemistry
(© Author(s) 2020. CC BY 4.0 License. and Physics

Discussions
By

102 It has been shown that, based on differences in vertical velocities, 31% (based on
103 reanalysis datasets) or 48% (based on the diabatic heating rate) of the SAH air mass on the
104 360 K isentropic surface can reach the stratosphere if the trajectories are used as an indicator
105  (Garny & Randel, 2016). This highlights the importance of vertical velocity in quantifying the
106 air-mass portion that is transported from the SAH into the stratosphere. However, this task
107  often proves difficult due to uncertainties in vertical velocity estimation. There is evidence
108  that water vapor transported from the SAH to the stratosphere in summer accounts for about
109  75% of the total water flux from the troposphere to the stratosphere (Gettelman et al., 2004).
110 It is suggested that about 20% of the air in the tropical lower stratosphere originates from
111 atmospheric boundary layers in Asian areas (Orbe et al., 2015). Since all of these results are
112 based on models or reanalysis datasets, large uncertainties exist. Therefore, further
113 investigation of the amount of air mass that is transported through the SAH to the deep
114  stratosphere is warranted.

115 In this work, we propose a new method for estimating the amount of air-mass transport
116  through the SAH into the deep stratosphere. The advantage of this method is that it does not
117 require the calculation of vertical velocities, and uses wind field data. The contribution of
118  air-mass transport through the SAH into the deep stratosphere is calculated by
119  satellite-observed tracer data. This method avoids the uncertainty in basing estimates on
120  vertical velocities.

121

122 Methods and Datasets

123 The mass conservation equation is:

ac ac
+V5+W£— Q (1)

ac ac
6_+ u—

124 C ™

125  where C is the tracer concentration, and u, v, and w are wind speeds in the zonal (x),
126 meridional (y), and vertical (z) directions, respectively. Q represents the tracer production or
127  depletion. In general, when transport in the meridional plane is investigated, the concepts of
128  mean flow and eddies are applied. However, the partitioning between mean flow and eddies
129  depends critically on the type of averaging processes used, such as conventional Eulerian
130  zonal mean, transform Eulerian mean, and generalized Lagrangian mean (Andrews et al.,

131 1987). These methods calculate the mean flow and parameterize the eddies to investigate
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132 tracer distribution and variation. However, these methods have difficulty in clearly
133 distinguishing between meridional and vertical transport. In order to avoid the problem, Eq.

134 (1) is directly averaged in the zonal direction, which becomes:

ac . —ac ac_ =
135 E+Va—y+WE—Q (2)
136 If the wind field is constant in the zonal direction, the velocity components can be outside

137  the average sign. In a similar way, equivalent wind speeds are defined as follows:

ac
Voy
138 ve(c) = /36
ay
ac
_Va
139 we(c) = /@
0z
140 Equation (2) becomes:
ac ac ac _ =
141 E+ve(c)a—y+we(c)5 = Q (3)

142 where Vv, (c) and w, (c) depend on the distribution of trace constituents. Generally, the

143 transform Eulerian mean transport equation (Andrews et al., 1987) is:

aC _—aC , —aC __ — _ =
144 E+Vta_y+WtE=Qt+p 17 (pK- V) “)
- k k
145 K=" yz]
[kyz Kz

146 where K is a "diffusion tensor”, (vy,wy) is the effective transport velocity (Plumb and
147  Mahlman, 1987; Andrews et al., 1987), and p is the air density. Comparing Eq. (4) with Eq.
148  (3), itis found that:

— 4@ ac ac ac
149 ve(0) =Ve—p7! (0_y (p (kyYa_y +ky, Z))) a_;

— 4o ac ac ac
150 We(c) =Wt—p ! (E <p (kzzz + l(yz O_y))> 3z
151 Therefore, Eq. (3) is correct.

152 When averaged over a few weeks, the tendency term becomes small (Andrews et al.,
153 1987). In this work, the averaging period is from June to September, so Eq. (3) is simplified
154  as:
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aC aC _ —
Ve oy + We 9z Q (5)
In the tropical lower stratosphere, the meridional and vertical transports are both inputs
of a tracer originating from the troposphere, such as hydrogen cyanide (HCN). Equation (5)

can be transformed into a discrete form:

ax (Cry — Ciy) +b X (Ciy — Ciy—1) = Qi (6)

Ve

Ay

We

Az

where k and j are the grid indices in the y and z directions, respectively; and a and b are

coefficients.

In the tropical UTLS, it is necessary to add a negative sign before coefficient a, because

V is the northerly wind. We obtain Eq. (7) by re-arranging Eq. (6):

N a —
Ck,] _Ck+1,] +

b —— Qi
= atb Ck,]—l + =L (7)

a+b
The first two terms on the right-hand side of Eq. (7) are the contributions to tracer
concentration, C_k] from the meridional and vertical transports, respectively. The third term

represents chemical production or depletion.

Hydrogen cyanide (HCN) has a chemical life cycle of about four years (Park et al.,
2013). Therefore, when HCN is used as the tracer, its Q is low in the low stratosphere, such

that the third term can be omitted. Equation (7) then becomes:

Ciy = 75 Gy + 75 G2 )

We now define F = —2—; thus, — = 1 — F. Equation (9) can then be derived:
a+b a+b

_ C—k,j_ Ck,]—l

©)

Ck+1,] - Ck,]—l

Analyses of the relationships between tracer concentration terms indicate that F represents
the ratio of meridional air-mass transport, and 1 — F represents the proportion of vertical
air-mass transport. The detailed analyses are as follows. Equation (8) becomes:

Ciy = FCi1,y + (1 = F)Ciy1 (10)

The first term (F Tyq,,) on the right-hand side is the contribution of meridional transport
to the tracer concentration (Cy;). F Ciyy /C_k] is the contribution ratio of meridional transport
to the tracer concentration. F Ck+1,j/¢,j X (Ckj PK;) is the contribution of meridional
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transport to the tracer mass concentration (Cyjpk;) - Px; IS air density.
F Cr1/Ckj X (Ckj Pij)/Cka1; 1S the contribution of meridional transport to the air mass.
F Cr1j/Cij X (Cij Pij)/Cka1y /Pij IS the contribution ratio of meridional transport to the
air-mass, which is equal to F. Hence, F represents the contribution ratio of meridional
transport to the air mass. Similarly, 1 — F is the contribution ratio of vertical transport to the

air mass.

Based on Equation (9), the contribution ratio of the air-mass meridional transport from the
northern hemisphere subtropics (NHS, 20=40°N) to the tropical lower stratosphere can be

obtained.

In the NHS low stratosphere where vertical transport is the only input, Eq. (5) is
transformed into another discrete form, and Q is omitted:

—d X (Cs1y — Cigy) + € X (Crs1y — Cigry—1) = 0 (11)
Ve
=2
= We
T Az

where d and e are coefficients. Rearranging Eq. (11) easily yields Eq. (12):

d —
Cr1y = 23 Cker g1 — 55 Cy (12)

The first term on the right-hand side represents the input, while the second term is the

output. After defining G = —; thus, ﬁ = G — 1, and Eq. (13) follows:

_ Ck+1,] _Cik,] (13)
Ck+1,]—1_c—k,]

G should be greater than 1. Therefore, Cy,q, must be higher than Cy,,_;. This property
can explain the formations of two high centers of HCN in the SAH and the rising branch of
the Brewer-Dobson circulation (see Fig. 1). It also provides verification of this method.

In this study, HCN was used as a tracer. HCN is produced by the burning of terrestrial
biomass, but is removed over the tropical oceans because of its solubility in water. Its
chemical lifecycle is about four years (Park et al., 2013). HCN often serves as a tracer of
tropospheric pollutants that enter the stratosphere through the SAH (Randel et al., 2010; Park
et al., 2013). The data analyzed in this study were obtained from the ACE-FTS satellite
product (Bernath et al., 2005) and were processed following the method of Park et al. (2013),
then interpolated to a 5°(latitude) > 10°(longitude) grid. The tropopause height in Fig. 1 and
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212 winds in Fig. 2 are ERA-interim reanalysis data (2.5°% 2.5 from the European Centre for
213 Medium-Range Weather Forecasts (ECMWF).

214

215  Results

216  Figure 1 depicts the mean vertical distribution of HCN from June to September 2004-2010.
217  Clearly, the tropical troposphere is an area of low HCN concentration, while high
218  concentrations of HCN occur in the NHS. These high HCN concentrations in the NHS can be
219  transported into the deep stratosphere by entering the rising branch of the BDC and merge
220 into the mass circulation in the deep stratosphere. At the same time, in the lower stratosphere
221 (16-20 km), HCN is transported meridionally from the NHS to the Southern Hemisphere and
222 descends in the region south of 20°S. This is consistent with the results of Randel et al.
223 (2010). In addition, there are two centers of high HCN: one at 14-16 km in the SAH and
224  another at 21-25 km in the tropics.

225 The solid white line in Fig. 1 is the thermal tropopause height calculated from
226  ERA-interim reanalysis data. It can be seen that the tropopause height in the 20°N-40°N
227  region is between 15-16 km, but is close to 16 km in the tropics (20°S-20°N). It is well
228  known that an upwelling motion prevails in the tropical stratosphere. Figure 1 demonstrates
229  that high HCN concentrations are transported from the NHS (20°N-40°N) to the tropics.
230  Therefore, the air mass in the tropical lower stratosphere has two inputs: upward transport
231 from the troposphere and meridional transport from the NHS. High vertical resolution in the
232 ACE-FTS data allows a detailed estimate of the contribution from the NHS at multiple levels
233 inthe TTL. Based on Eq. (9), the coefficient F is calculated at each level in the TTL. A budget
234 analysis of the air mass and HCN at 14.5-17.5 km in the tropics is listed in Table 1, including
235  the mean HCN concentrations in the NHS and tropics, coefficient F and 1 — F, and the
236  aggregated air-mass and HCN contributions from the NHS at 14.5 km to each level. In the
237 upper troposphere, the air-mass contributions of the NHS at 14.5 km and 15.5 km are 3.8%
238 and 7.14%, respectively. Evidently, the greatest air-mass contributions from the NHS occur at
239 16.5 kmand 17.5 km, accounting for 22.25% and 26.98%, respectively.

240 As can be seen from Table 1, the contribution of meridional transport from the NHS to

241  the air mass increases with height: from 3.8% at 14.5 km to 26.98% at 17.5 km. Meanwhile,
8
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242 the contribution of vertical transport to the air mass gradually decreases from 96.2% at 14.5
243  km to 73.02% at 17.5 km. Although the contribution of the vertical transport is about
244  three-fold greater than that of meridional transport at 17.5 km, the aggregated contribution of
245  meridional transportation from the NHS to the air mass is 49.25% at 17.5 km, which is close
246  to the contribution of vertical transport from the tropical troposphere. Like its contribution to
247  the air mass, the contribution of meridional transport to HCN gradually increased from 4.74%
248  at 14.5 kmto 29.77% at 17.5 km, while the aggregate contribution to HCN reached 55.64% at
249 175 km, thereby exceeding the contribution of vertical transport from the tropical

250  troposphere.

251

252 HCN ppbv
253 :
254
255
256
257
258
259
260
261
262
263  Figure 1. Time- and zonal-averaged mixing ratio (ppbv) of HCN in summer (June to
264  September) derived from ACE-FTS satellite measurements. The white line denotes the
265  tropopause height.

Height

0.1 0.16 0.19 0.22 0.25 0.28 0.31 0.34

266
267  Table 1. Contributions of meridional transport from the NHS1 to air masses and HCN
268 concentrations in the tropics at heights of 18.5 km to 20.5 km
Height NHS HCN Tropical HCN | F (%) | (1 —F) | Aggregate air Aggregate
(km) concentration | concentration (%) mass from HCN from
(ppbv) (ppbv) NHS (%) NHS
(%)
135 0.2417 0.1946
145 0.2449 0.1965 3.80 96.2 3.80 4.74
155 0.2559 0.2007 7.14 | 92.86 10.67 13.41
16.5 0.2601 0.2139 22.25 | 771.75 30.55 36.84
175 0.2454 0.2224 26.98 | 73.02 49.29 55.64
269 Notes: Coefficient F represents the contribution of meridional transport from the NHS. Coefficient 1
270 — F represents the contribution of vertical transport from below. Column 6 shows the aggregate
271 contributions of air mass from the NHS at 14.5 km to each layer. Column 7 shows the aggregate

272 contributions of HCN from the NHS at 14.5 km to each layer.
9
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273 Figure 2 shows the horizontal distributions of HCN concentrations and wind fields at six
274  heights from 16.5 km to 21.5 km. It can be seen from their changes with the height that the
275  influence of the SAH gradually decreases with the height up to 20.5 km. Figure 1 shows that
276 from 18.5 km to 20.5 km, the tropical upward vertical transport channel (at 10°S to 10°N)
277  narrows. Moreover, the budget analysis also illustrates that the tropical upward channel
278  becomes narrow. Table 2 lists the mean HCN concentrations, coefficient F, and 1 — F in the
279  tropics (10°S-10 N) from 18.5 km to 20.5 km, as well as the aggregate contribution of
280  meridional transport from the subtropical Northern Hemisphere (NHS1, 10°N-40°N) to air
281  mass and HCN concentrations. Table 2 shows that the contributions of meridional transport to
282  air mass are 16.67% at 18.5 km, 69.81% at 19.5 km, and 39.47% at 20.5 km. The aggregate
283  contributions of meridional transport to air mass and HCN at 20.5 km are 92.28% and 92.83%,
284  respectively. So, only 7.72% of the air mass and 7.17% of the HCN concentration come from
285 the tropical troposphere.

286 In order to determine the contribution of meridional transport originating from the SAH
287  to the tropical air mass and HCN, air mass and HCN inputs and outputs in the NHS from 14.5
288  kmto 17.5 km were analyzed (Table 3). Table 3 shows that the HCN concentrations gradually
289  increased from 0.2417 ppbv at 13.5 km to 0.2601 ppbv at 16.5 km. The distributions of HCN
290 from 14.5 km to 16.5 km are in accordance with Eq. (12). According to Eq. (13), coefficient
291 G is 107.08% at 14.5 km, 124.89% at 15.5 km, and 110.0% at 16.5 km. These results indicate
292 that the air mass and HCN inputs to the NHS all originate from vertical transport.

293 The horizontal distributions of HCN at 16.5 km height (Fig. 2) show that a high center of
294  HCN largely overlaps the SAH (20°N-40°N, 30°E-120°E) and high HCN concentrations
295  are transported to surrounding areas as far as the Southern Hemisphere via the tropics. The
296  horizontal wind fields were obtained from ERA-interim reanalysis data. From 14.5 km to 16.5
297  km, the HCN concentrations in the NHS are higher than in both the tropics and the
298  mid-to-high latitudes of the Northern Hemisphere. The inputs of these levels in the NHS are
299  entirely from upward vertical transport. As mentioned above, the SAH is the primary upward
300 vertical transport pathway in the NHS. It is plausible that the HCN in the NHS originates
301  from the SAH before being further transported to the tropics (Randel et al., 2010).

302
10
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Figure 2. 2004-2010 averaged mixing ratio (ppbv)] of HCN at heights of 16.5 km (a), 17.5
km (b), 18.5 km (c), 19.5 km (d), 20.5 km (e), and 21.5 km (f) in summer (June-September),
as derived from ACE-FTS observations.

At 17.5 km, the HCN concentration in the NHS is 0.2454 ppbv, which is lower than that
at 16.5 km (0.2601 ppbv). The distribution of HCN concentrations is in accordance with Eq.
(8). HCN has two inputs: vertical transport, and meridional transport from the mid-latitudes of
the Northern Hemisphere (40°N-60°N), where the concentration of HCN is 0.2173 ppbv.
According to Eq. (9), coefficient F is 34.35% and 1 — F is 65.65%. This illustrates that the
contributions of vertical transport to the air mass and HCN were 65.65% and 69.58%,
respectively. These are also the contributions originating from the SAH.

From 18.5 km to 20.5 km, because the tropical upward vertical transport channel occurs

from 10°S to 10°N, the Northern Hemisphere subtropical area was also adjusted to 10°N-40°

11
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343  N. The mid-latitudes of the northern hemisphere are still between 40°N-60°N. A budget
344  analysis of the air mass and HCN concentrations in the Northern Hemisphere subtropics is
345  shown in Table 4. Like the situation at 17.5 km, based on Eq. (9), the coefficient F is 49.09%
346  at 185 km, 61.57% at 19.5 km, and 60.29% at 20.5 km. The contributions to air mass
347  originating from the SAH are 33.42% at 18.5 km, 12.84% at 19.5 km, and 5.10% at 20.5 km.
348  Similarly, the HCN contributions originating from the SAH are 35.42% at 18.5 km, 13.61% at

349 19.5 km, and 5.40% at 20.5 km.

350
351  Table 2. Contributions of meridional transport from the NHS1 to air masses and HCN
352 concentrations in the tropics at heights of 18.5 km to 20.5 km
353
Height NHS1 mean Tropical mean | F (%) | (1-F) | Aggregate Aggregate
(km) HCN HCN (%) air mass HCN from
(ppbv) (ppbv) from NHS NHS (%)
(10240<N) (1095-109N) (%)
17.5 0.2415 0.2211
185 0.2253 0.2218 16.67 | 83.33 57.74 63.15
19.5 0.2112 0.2144 69.81 | 30.19 87.24 88.50
20.5 0.2030 0.2099 39.47 | 60.53 92.28 92.83

354  Notes: Coefficient F represents the contribution of meridional transport from the NHS1. Coefficient 1 —
355 F represents the contribution of vertical transport from below. Column 6 shows the aggregate

356  contributions of air mass from the NHS1 at 14.5 km to each layer. Column 7 shows the aggregate

357  contributions of HCN from the NHS1 at 14.5 km to each layer.

358
359  Table 3. Contributions of vertical transport from the SAH to air masses and HCN
360 concentrations in the NHS at heights of 14.5 km to 17.5 km
361
Height NHS Tropical G (%) (G-1) | HCNin F 1-F Contributi
(km) HCN HCN in (%) NML (%) (%) on of HCN
(ppbv) (ppbv) from SAH
135 0.2417 | 0.1946
145 0.2449 | 0.1965 107.08 7.08
155 0.2559 | 0.2007 124.89 24.89
16.5 0.2601 | 0.2139 110.0 10.0
175 0.2454 | 0.2224 0.2173 | 34.35 65.65 69.58
362 Notes: Coefficient G represents the contribution of vertical transport from the SAH. G — 1 represents
363 the output of meridional transport. Column 6 shows mean HCN concentrations in mid-latitudes of
364 the Northern Hemisphere (NML). Coefficient F represents the contribution of meridional transport

365 from the NML. Coefficient 1 — F represents the contribution of vertical transport from the SAH.

12
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Column 9 shows the contribution of HCN from vertical transport from the SAH.

The contributions of the SAH to tropical air mass and HCN concentrations can be further
analyzed after obtaining 1) the contributions of tropical vertical and meridional transport and
2) the SAH’s contributions to air mass and HCN in the Northern Hemisphere subtropics.
Table 5 shows the contributions originating from the SAH to the tropical air mass and HCN.
The second column shows the contribution of meridional transport from the NHS to the
tropical air mass, with the maximum of 69.81% occurring at 19.5 km. The third column
shows the contributions of vertical transport from the SAH to the NHS air mass, which are
100% at 14.5-16.5 km, then gradually decrease from 65.65% at 17.5 km to 5.10% at 20.5 km.
The fourth column shows the contributions of the SAH to the tropical air mass via meridional
transport, with the maximum of 22.25% occurring at 16.5 km and the minimum of 2.1%
occurring at 20.5 km. The fifth column shows the aggregate contributions of SAH air from
14.5 km to the current height to the tropical air mass, which peaks at 40.02% at 17.5 km. The
aggregate contribution gradually decreases between heights of 17.5 km and 20.5 km, where it
reaches 14.55%. The sixth column shows the aggregate contribution of HCN from the SAH to
the tropics, which peaks at 45.40% at 17.5 km. Similar to the aggregate contributions to air
mass, the aggregate contribution of HCN gradually decreases between 17.5 km and 20.5 km,
where it is 15.72%. The seventh column shows the air mass contribution of the tropical
troposphere, which constantly decreases with height and reaches 7.72% at 20.5 km. Similarly,
the eighth column shows the contribution of HCN from the tropical troposphere, which
gradually decreases with height and is 7.17% at 20.5 km.

Figure 1 shows a HCN high center in the tropics from 21.5 km to 25.5 km. The HCN
distributions are in accordance with Eq. (12) at 21.5 km and 22.5 km, whose coefficient G
values are 257.89% and 235.08% based on Eq. (13), respectively. This illustrates that the air
mass and HCN inputs all come from vertical transport. The tropical upward channel links the
rising branch of the Brewer-Dobson circulation. As can be seen from Table 5, the contribution
of the SAH to the air mass of the rising branch of BDC is 14.55%, and the contribution
originating from the tropical troposphere is 7.72%. Therefore, the contribution of the SAH is

1.88 times that of the tropical troposphere. The contributions of the SAH and tropical
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troposphere to HCN concentrations are 15.72%, and 7.17%, respectively. The contribution of

the SAH to HCN concentration is 2.19 times that of the tropical troposphere. This indicates

that the amounts of air mass and HCN originating from the troposphere and transporting

through the SAH into the deep stratosphere in summer exceeds those coming from the

tropical troposphere. Therefore, the SAH is the most important pathway of air-mass transport

from the troposphere to the deep stratosphere in summer.

Table 4. Contributions of vertical transport from the SAH to air masses and HCN
concentrations in the NHS1 at heights of 18.5 km to 20.5 km

Height | HCNinNHS1 | HCN in NML F 1 —F | Contributi Contribution of
(km) (ppbv) (ppbv) (%) (%) on of air HCN from SAH
(10<40°N) (40960°N) mass from
SAH
175 0.2415 0.2173
18.5 0.2253 0.2085 49.09 | 50.91 33.42 35.42
19.5 0.2112 0.2024 61.57 | 38.42 12.84 13.61
20.5 0.2030 0.1976 60.29 | 39.71 5.10 5.40

Table 5. Contributions of transport from the SAH to air masses and HCN
concentrations in the tropics

Height Air mass Vertical Meridional | Aggregate Aggregate Contribution Contribution HCN
(km) contribution transport of transport of air mass HCN from of vertical of air mass contribution
from NHSto | air mass from air mass from SAH SAH to transport of from tropical | from tropical
tropics (%) SAH to NHS from SAH to tropics tropics air mass to troposphere to troposphere
(%) to tropics (%) (%) tropics tropics to tropics
(%)
135
145 3.80 100.0 3.80 3.80 4,74 96.2 96.2 95.26
155 7.14 100.0 7.14 10.67 13.41 92.86 89.33 86.59
16.5 22.25 100.0 22.25 30.55 36.84 77.75 69.45 63.16
175 26.98 65.65 17.71 40.02 45.40 73.02 50.71 44.36
18.5 16.67 33.42 5.57 38.92 43.35 83.33 42.26 36.85
19.5 69.81 12.84 8.96 20.71 22.35 30.19 12.76 11.50
20.5 39.47 5.10 2.01 14.55 15.72 60.53 7.72 7.17
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414  Discussion and Conclusion

415  The results show that there are two main transport channels from the troposphere to the
416  stratosphere in summer: one in the tropics and one in the SAH. Air originating from the
417  troposphere needs to pass through the TTL before it can enter the deep stratosphere and take
418  part in mass circulation there. The contribution of air originating from the tropical troposphere
419  to the air mass of the rising branch of the BDC is 7.72%, and that coming from the SAH is
420  14.55%. Hence, the contribution of air from the SAH is 1.88 times that originating from the
421  tropics. This is somewhat different to conventional knowledge. The contribution of air
422  originating from the tropical troposphere has been gradually reduced, although vertical
423 transport takes the main role in the TTL except at 19.5 km; however, meridional transport
424  continuously dilutes the air originating from the tropical troposphere. The maximum
425  contribution of air from the SAH to the tropical air mass is 22.25% at 16.5 km, and the
426 maximum aggregate contribution is 40.02% at 17.5 km. The aggregate contribution of air
427  from the SAH gradually decreases from 18.5 km to 20.5 km, but some air from the SAH is
428  contributed via meridional transport, so the decrease in air contributed by the SAH is more
429  gradual than that originating from the tropical troposphere. Specifically, the aggregate
430  contributions from the SAH at heights of 14.5-18.5 km to the deep stratosphere are 7.11% for
431  air mass and 8.43% for HCN, while the contributions of the SAH at heights of 19.5-20.5 km
432 are 7.44% for air mass and 7.29% for HCN. Therefore, the contributions from the two layers
433 are comparable. The aggregate contribution of the air from the SAH to the air mass of the
434 rising branch of the DBC finally exceeds that of the tropical troposphere. Hence, the SAH is
435  the most important pathway of air-mass transport from the troposphere to the deep
436  stratosphere in summer. This suggests that the impact of pollutants from Asia on the
437  stratosphere is greater than that reported by previous researches.

438 The present results contrast with those of Ploeger et al. (2017), who showed that air mass
439  from the SAH hardly enters the deep stratosphere at all in summer. The difference between
440  these results is due to differences in the observed HCN data used by the present study and the
441  estimates of the CLaMS model used by Ploeger et al. (2017). Transports to the Southern
442  Hemisphere and deep stratosphere based on observed HCN data are greater than those based

443 on modelled estimates. The present study reports stronger transport to the deep stratosphere,
15
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and that about 14% of the summer deep stratosphere air mass comes from the SAH.

The contribution of air mass to the deep stratosphere via the SAH also can be estimated
using wind field data to calculate the flux, or by the trajectory method; however, there are
some uncertainties in these methods due to error in vertical velocity estimates. My new
method does not require the calculation of vertical velocity and can estimate the contributions
of meridional and vertical transport based on the distribution of trace components. However,
it cannot derive speed and flux values. The new method explains the formation of a high HCN
center in the SAH and DBC, which also indicates that it is credible.

There are two sources of error in my method: error due to approximation and error in
HCN concentration data. Approximation error involves two factors; one is caused by
overlooking the time tendency term. The time tendency term becomes small when averaged
over a few weeks (Andrews et al., 1987) . Work of Rendel et al.(2010) depicted HCN
latitude-time variation from 2004 to 2009 for low stratosphere (16-23 km) (Figure 3, Rendel
et al., 2010). The results shown that HCN variation from June to September is relatively small
and air-mass from the 40° N along meridional direction is quickly transported to 20°S. This
also illustrate that HCN tendency term from June to September is much less than the
meridional transport term. Because my study period was four months, this error is small. The
second factor is caused by omitting the production and depletion term; however, because the
chemical lifetime of HCN is four years (Park et al., 2013), this error should be very small. If
production and depletion are considered, then because HCN only undergoes depletion, the
estimated contribution of air from the SAH will be higher. Errors in the satellite observation
of HCN concentrations may also cause errors in my estimates. However, between 14.5 km
and 20.5 km, such errors are less than 10%, suggesting that my estimates should be

reasonable.
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Table Caption List

Table 1. Contributions of meridional transport from the NHS to air masses and HCN
concentrations in the tropics at heights of 14.5 km to 17.5 km

Table 2. Contributions of meridional transport from the NHS1 to air masses and HCN
concentrations in the tropics at heights of 18.5 km to 20.5 km

Table 3. Contributions of vertical transport from the SAH to air masses and HCN
concentrations in the NHS at heights of 14.5 km to 17.5 km

Table 4. Contributions of vertical transport from the SAH to air masses and HCN
concentrations in the NHS1 at heights of 18.5 km to 20.5 km

Table 5. Contributions of transport from the SAH to air masses and HCN
concentrations in the tropics
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Figure 1. Time and zonal averaged mixing ratio (ppbv) of HCN in summer (June to
September) derived from ACE-FTS satellite measurements. The white line denotes

the tropopause height.

Figure 2. 2004-2010 averaged mixing ratio (ppbv)] of HCN at 16.5 (a), 17.5 (b), 18.5
(c), 19.5 (d), 20.5 (e) and 21.5 km (f) in summer (June to September) derived from

ACE-FTS observations.
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