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Abstract
A possible transport mechanism from the tropical troposphere 

to the lower stratosphere (LS) across the tropical tropopause layer 
(TTL) is through convective overshooting clouds (COV) that 
inject air with tropospheric characteristics (high carbon monoxide 
(CO) and low ozone (O3) concentrations) into the LS over a few 
days. Evidence of such convective intrusions was observed at the 
end of January 2010, associated with increased convective activity 
over the southern African continent following the onset of a 
sudden stratospheric warming (SSW) in the northern hemisphere, 
lasting approximately two weeks. The modulation of tropical 
stratospheric upwelling by SSW appears to have forced stronger 
and deeper tropical convection, particularly in the Southern Hemi-
sphere tropics. The tropospheric (CO-rich, O3-poor) air injected 
into the TTL by COV then gradually moved upward via the 
tropical stratospheric upwelling strengthened by SSW. Meanwhile 
the O3 decrease started in the middle stratosphere and descended 
gradually to the TTL, indicating that the effect of stratospheric 
upwelling reached the TTL. The present results suggest that the 
direct and indirect (strengthened convective clouds) effects of 
stratospheric upwelling modulated by SSW can have a large 
impact on the trace gas fields in the TTL and LS.

(Citation: Eguchi, N., K. Kodera, B. M. Funatsu, H. Taka-
shima, and R. Ueyama, 2016: Rapid convective transport of tro-
pospheric air into the tropical lower stratosphere during the 2010 
sudden stratospheric warming. SOLA, 12A, 13−17, doi:10.2151/
sola.12A-003.)

1. Introduction

Tropical stratospheric upwelling has been shown to vary on 
seasonal and interannual timescales, the latter driven by well-
known phenomena such as the Quasi-Biennial Oscillation (QBO), 
which impacts the lower stratospheric temperature (Collimore 
et al. 2003; Ueyama et al. 2013) and concentrations of trace gases, 
such as carbon monoxide (CO) and ozone (O3) (Abalos et al. 
2012, hereafter A12). Additionally, sporadic events such as sudden 
stratospheric warming (SSW) enhance the tropical stratospheric 
upwelling, which in turn affects temperature perturbations in the 
tropical lower stratosphere (LS) and Tropical Tropopause Layer 
(TTL) (Kodera 2006; Eguchi and Kodera 2010).

The stratospheric circulation changes associated with SSW not 
only modulate the temperature in the TTL but also increase both 
cirrus cloud amounts and tropical convective activity, and modify 
the general circulation in the troposphere (e.g., Eguchi and Kodera 

2007, 2010; Kodera et al. 2011; Eguchi et al. 2015 (hereafter 
E15); Kodera et al. 2015 (hereafter K15); Evan et al. 2015). E15 
found that SSW-induced stratospheric upwelling increases deep 
convective activity by decreasing the stability in the TTL.

A12 showed that the upwelling rate (more precisely, residual 
vertical velocity) in the tropical LS correlates well with CO and O3 
on seasonal and sub-seasonal scales. Many studies have focused 
on the Asian and North American monsoons in boreal summer, 
and found that monsoon circulation and the deep convective trans-
port across the upper troposphere (UT)/LS play an important role 
in the CO distribution in LS, (e.g., Park et al. 2007; Randel et al. 
2015). However, few studies have focused on the intra-seasonal  
variations of trace gases in the tropical UT/LS during boreal 
winter (BW) (e.g., Wang et al. 2014).

Figure 1 shows time series of 30-day running means of CO at 
68 hPa and vertical velocity (w) converted from pressure velocity 
at 100 hPa averaged over the tropics from 2008 to 2012. The sea-
sonal cycle of CO in LS has its maximum in BW and minimum 
in boreal fall (A12; Minschwaner et al. 2016). Both variables 
increased nearly simultaneously in the 2010 BW when the 
lowest tropical LS temperature and the strongest upward velocity 
recorded by the Earth Observing System (EOS) Microwave Limb 
Sounder (MLS) in the period 2004−2015 were observed. Note 
that the CO and stratospheric upwelling were well correlated in 
2010 but not as well in other years; tropospheric CO distribution 
is fairly constant from year to year. These inter-annual variations 
are discussed in Section 4.

In addition to the influence of stratospheric upwelling, changes 
in tropical general circulation and convective activity have the 
potential to affect the concentration of various tracers in the UT/
LS. Air with tropospheric characteristics (CO-rich and O3-poor) 
may be injected into LS by convective overshooting clouds (COV) 
within a few days. The increase in CO at the end of January 2010, 
concurrent with the increase in stratospheric upwelling (Fig. 1), 
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Fig. 1. Time series of 30-day running means of zonal mean CO [ppbv] at 
68 hPa averaged between 17.5°S and 17.5°N (top), and vertical velocity (w) 
[mm s−1] at 100 hPa averaged between 15°S and 15°N (bottom). The w is 
converted from pressure velocoty [Pa s−1] of ERA-Interim reanalysis and 
the CO data are from the Earth Observing System (EOS) Microwave Limb 
Sounder (MLS).
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may have been influenced by the SSW-induced changes in trop-
ical convection and tropospheric circulation. We therefore focus 
on this two-week period around the SSW when the influences of 
stratospheric upwelling and tropical convection on CO and O3 
fields in the LS are clearly observed.

2. Analysis data

We use CO, O3, ice water content (IWC) and water vapor (WV) 
data measured by the EOS/MLS (Level−2, ver.4.2x) (Livesey 
et al. 2015) at pressure levels between 215 and 68 hPa in the UT/
LS. Daily data on 2.5° latitude × 2.5° longitude grid were derived 
from the orbital data. CO and O3 are treated as tropospheric and 
stratospheric tracers, respectively. Analyzing the variations of 
both species clearly illustrates the stratosphere-troposphere air 
exchange. Note that the current version (ver.4.2x) of the CO data 
reduced the artifacts induced by cloud compared to the previous 
version (ver.3.3x), and the cloud screening was taken based on 
Livesey et al. (2015).

To isolate the deep convective effect on the trace gases, we 
use deep convective cloud (DC) and COV are that detected using 
the Microwave Humidity Sensor (MHS) channels 3 to 5, on the 
basis of the brightness temperature depression due to ice particles 
in precipitating clouds. The details of the DC and COV detection 
method are found in Hong et al. (2005) and Funatsu et al. (2012). 
We use MHS data from NOAA18 and MetOp-A; the equatorial 
crossing time for these platforms was approximately 14:00 local 
time (LT) for NOAA18 (in 2010), and 21:30 LT for MetOp-A. 
The original, irregularly sampled data were first regridded on 
a 0.25° latitude × 0.25° longitude grid. Next, the DC and COV 
occurrences were resampled to a grid of 2.25° latitude × 2.25° 
longitude for plotting purposes.

Cloud fraction [%] data are derived from the Cloud Layer 
Product (Level−2, ver.3.01) of the Cloud-Aerosol LIdar with 
Orthogonal Polarization (CALIOP) (Winker et al. 2007). Daily 
meteorological parameters, such as temperature, meridional and 
vertical wind fields, were obtained from the ERA-Interim reanal-
ysis (Dee et al. 2011). We use data on pressure levels between 
1000 hPa and 30 hPa (levels in the TTL and LS are 150, 125, 100 
and 70 hPa) with a horizontal resolution of 1.5° latitude × 1.5° 
longitude.

3. Results

Figures 2a and 2b show the daily time series of the zonal mean 
heat flux (v´T´) at 100 hPa averaged over the northern middle 
latitudes (45°N−75°N) and the tendencies of temperature (∂ T/∂ t) 
at 100 hPa averaged over the southern tropical region (20°S−0°) 
from 10 January to 10 February, 2010. The v´T´ at 100 hPa 
indicates planetary waves propagating from the troposphere to the 
stratosphere in the middle latitudes. The ∂ T/∂ t at 100 hPa is well 
correlated with the changes in w at 100 hPa (E15; K15); these 
parameters represent the strength of the stratospheric meridional 
circulation. The v´T´ increased in mid January (Fig. 2a), which 
led to a cooling in the tropics (Fig. 2b) and warming in the polar 
region (Fig. 1 of E15). The lowest ∂ T/∂ t at 100 hPa appeared 
around 25 January coincident with the maximum of v´T´.

Figures 2c and 2d show the time series of the tendencies of 
O3 (∂ O3/∂ t) and CO (∂ CO/∂ t) at 100 hPa. The ∂ O3/∂ t decreased 
gradually after 20 January, following the enhanced upwelling at 
100 hPa as seen in ∂ T/∂ t. In particular, after 25 January, the area 
of negative ∂ O3/∂ t spread below 100 hPa, and reached 177 hPa 
around 1 February (Fig. 2e). Vertical velocity varied similarly 
(Fig. 2g). Below 100 hPa, the area of negative ∂ O3/∂ t ascended 
between 20 and 25 January. These features suggest that there are 
both tropospheric and stratospheric effects of SSW on the O3 field.

On the other hand, ∂ CO/∂ t at 100 hPa peaked around 25 
January when the v´T´ was at its maximum and ∂ T/∂ t was the 
lowest, and ∂ CO/∂ t peaked again on 2 February (Figs. 2d and 
2f ), reflecting the change in tropospheric upwelling (Fig. 2g). The 

Fig. 2. Time series from 10 January to 10 February, 2010 of (a) zonal mean 
eddy heat flux (v´T´) [K m s−1] at 100 hPa averaged between 45°N and 
75°N and (b, c and d) zonal mean temperature, and O3 and CO tendencies 
per day (∂ T/∂ t, ∂ O3/∂ t, ∂ CO/∂ t) at 100 hPa averaged between 20°S and  
0°. (e, f and g) Time-pressure sections of 3-day running means of zonal 
mean O3 and CO tendencies (∂ O3/∂ t and ∂ CO/∂ t) [ppbv day−1] and ver-
tical velocity [m s−1] averaged between 20°S and 0°. The 3-day running 
mean was applied at each pressure level. The pressure range is between 
215 hPa and 31 hPa for (e and f ) and between 1000 hPa and 10 hPa for (g). 
The vertical velocity was normalized by the average from 10 January to 
10 February at each level. The horizontal line in (e, f and g) corresponds to 
the 100 hPa pressure level. The vertical dashed lines of all panels indicate 
25 January 2010, the key-date.
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∂ T/∂ t became negative around 20 January, after which upward 
velocity in the southern tropics strengthened in the troposphere 
and stratosphere (Fig. 2g). The upward motion in the stratosphere 
continued until the beginning of February, and strengthened in the 
troposphere around 25 January and 1 February. This suggests that 
the enhancement of tropical stratospheric upwelling following the 
SSW destabilized the TTL (E15 and K15) and enhanced convec-
tion (Fig. 2g, where w is used as a proxy for convective updraft), 
as shown in E15 and K15.

The peaks in ∂ CO/∂ t at 100 hPa were evident throughout the 
UT (at 215 and 146 hPa) around 25 and 30 January (Fig. 2f ) and 
the CO increase occurred at the same time as the enhancement 
in w (Fig. 2g). The rapid vertical transport of CO into the TTL 
shown in Fig. 2f is observed chiefly over the African sector where 
the main source of CO due to biomass burning is located, and 
where COV activity was enhanced after the SSW event. In the 
present study, 25 January is defined as the key-date when the CO 
at 100 hPa began to increase.

The positive ∂ CO/∂ t propagated upward gradually from the 

TTL to the LS after the key-date. The upward speed in the LS 
based on CO was approximately −10 hPa/day (~0.8 cm/sec) aver-
aged between 100 and 50 hPa in the southern tropics (20°S−0°), 
which is approximately three to six times faster than the maximum 
vertical velocity of the residual circulation (w*) in the southern 
tropics at the end of January 2010 (0.25 (0.13) cm/sec at 100 (70) 
hPa levels; M. Abalos, personal communication). The difference 
in speed could be due to horizontal mixing and/or some distur-
bance (e.g., convection) on the sub-grid scale, coarse vertical 
resolution of MLS observation and vertical diffusion. On the other 
hand, the negative ∂ O3/∂ t feature propagated downward from the 
middle stratosphere (MS) to the TTL at a speed consistent with 
the w* distribution (not shown). The enhancement of tropical 
stratospheric upwelling associated with SSW began in the MS and 
descended gradually to lower levels, and both ∂ O3/∂ t and ∂ CO/∂ t  
in the LS were strongly affected by the enhanced tropical strato-
spheric upwelling.

Figure 3 shows the differences between the averages over 
eight days before and after the key-date (25 January–1 February 
minus 17−24 January). The CO at 100 hPa (Fig. 3b) increased 
over Africa, the eastern Indian Ocean and the central Pacific, 
whereas O3 at 100 hPa (Fig. 3c) decreased throughout the tropics, 
with strong minima seen notably over the central southern Pacific 
and northwest Australia in particular. The IWC difference distribu-
tion at 100 hPa (Fig. 3d) shows that regions of high occurrence of 
ice cloud were seen over southeastern Africa, South America, the 
central Pacific, and northern Australia. This distribution is closer 
to that of the CO difference at 68 hPa than that at 100 hPa, sug-
gesting that the CO at 68 hPa, O3 at 100 hPa, and IWC at 100 hPa 
are closely related with the stratospheric upwelling distribution, 
which distributed them zonally. In contrast, the CO distribution 
at 100 hPa retained the tropospheric zonal asymmetry of the bio-
mass burning source regions. The WV field at 100 (146) hPa (not 
shown) exhibits dry (wet) regions in the presence of ice clouds, 
which means that UT was hydrated by deep convection (Fig. 3e) 
whereas the cooling associated with stratospheric upwelling dehy-
drated the region with TTL cirrus.

Figure 4 focuses on the changes in COV and CO around the 
key-date over southern Africa, because Africa is the main source 
of CO and variation of zonal mean CO field at LS were found. 
The CO was enhanced over the central Pacific, off the west coast 
of Australia and west coast of South America, but the direct effect 

Fig. 3. Maps of differences in CO [ppbv] between 17−24 January and 25 
January–1 February at (a) 68 and (b) 100 hPa, (c) O3 [ppmv], and (d) ice 
water content (IWC) [g m−3] at 100 hPa. (e) The longitude-pressure section 
of normalized vertical pressure velocity [Pa s−1] averaged between 25.5°S 
and 10.5°S, 21 and 28 January, 2010. The normalization is with respect to 
the standard deviation at each pressure level. The horizotal dashed lines 
indicate 100 and 70 hPa.

Fig. 4. (top: a and b) Latitude-height sections of cloud fraction [%] over 
Africa (0°E−45°E). (middle: c and d) Maps of COV [counts] over south-
ern Africa. Left panel is 17−24 January and right panel is 25 January−1 
February, 2010. (bottom: e and f ) Difference maps of COV and CO [ppbv] 
at 68 hPa between the periods 17−24 January and 25 January−1 February.
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by COV, such as the rapid transport from the lower troposphere 
(LT) to the TTL, was seen only over Africa. Over southern Africa, 
the cloud frequency above 17 km increased significantly after the 
key-date (Figs. 4a and 4b). The cloud top height also increased, 
with the most frequent altitude increasing from 14 to 16 km. In 
Figs. 4c and 4d, the COV became relatively more widespread and 
enhanced around 20°E just south of the equator, and around the 
southeastern coast of Africa and the west coast of Madagascar 
(30°E−40°E, 25°S−20°S) (Fig. 4e). In other words, the COV 
became active over southern Africa. It is argued that the effects 
of stratospheric upwelling located towards the Southern Hemi-
sphere, were twofold: (i) cooling of the tropical UT/LS, and (ii) 
decrease in static stability causing deep convection to reach higher 
altitudes. The CO at 68 hPa increased over southern Africa and its 
vicinity (20°W−50°E) where the COV were also enhanced (Figs. 
4f and 4e), suggesting that CO-rich air was transported vertically 
from LT via COV and then ascended via the stratospheric upwell-
ing within one week.

Figure 5 shows maps of CO differences over three periods –
the first period of which shown for reference– from the end of 
January to the beginning of February at 68, 100, and 215 hPa, 
corresponding to the LS, TTL, and UT, respectively. In the second 
period when the convection began to strengthen over Africa (Figs. 
4d and 4e), the CO increased at 215 hPa mainly around the equa-
tor and increased at 100 hPa around the Mozambique Channel as 
well as over the equatorial region. In the third period, the CO at 
215 hPa decreased, while that at 68 hPa increased especially over 
southeastern Africa and Madagascar. The CO at 100 hPa increased 
slightly. These features show that the CO-rich air was transported 
vertically over a period of a few weeks, except for the rapid 
transport into the TTL and LS via COV around the Mozambique 
Channel.

4. Summary and discussions

The present study examined the impact of stratospheric 
circulation change on trace gas fields (CO and O3) in the TTL and 

LS during a SSW period. Trace gases in the TTL and LS were 
affected by both direct and indirect effects of stratospheric upwell-
ing; SSW-induced upwelling (direct effect) and deep convection 
(indirect effect), the latter associated with the cooling and increase 
of instability in the TTL (E15). Our results suggest that in the 
short term, the enhancement of COV can have a large impact on 
the zonally averaged tracer fields in the tropical LS as shown in 
Fig. 1 and Fig. 2.

The main source of CO is in the LT especially over the equa-
torial Africa due to biomass burning during BW (Kopacz et al. 
2010). The modeling study of Ott et al. (2011) showed that deep 
convection affects the CO distribution in the UT not only over 
regions of high CO concentration but also globally. The present 
results show an enhancement of CO at 68 and 100 hPa over south-
eastern Africa, which means that deep convection enhanced by 
the stratospheric upwelling transports CO-rich air from LT to TTL 
rapidly and directly regardless of the CO distribution in the LT.

Although there is downward motion around COV at the cloud 
top altitude, the total effect of COV on the transport of air mass is 
upward, which only lasts for about a day (e.g. Chaboureau et al. 
2007). Our results show that, once the CO-rich air is injected by 
COV into TTL, the air propagates upward with the speed of w* 
modulated by SSW, which can be faster than the climatological 
mean upward velocity; approximately 0.04 cm/sec at 18 km (e.g., 
Schoeberl et al. 2008). The enhanced stratospheric upwelling then 
keeps the CO-rich tropospheric air ascending during the SSW 
period.

The O3 field was also affected by both mechanisms; the 
tropospheric injection of O3-poor air and stratospheric upwelling 
modulated by the SSW. The enhanced upwelling throughout the 
SSW period appeared to have forced the negative ∂ O3/∂ t region 
to ascend in the UT (driven by convection) before the key-date, 
and the area of negative tendency to spread downward from MS 
to TTL. The O3 variations were opposite to those of CO in LS/
UT (50−215 hPa) after the key-date (Figs. 2c, 2d, 2e, and 2f ). The 
lack of the relationship between CO and O3 near 30 hPa is likely 
due to a source of CO in the upper stratosphere, which leads to a 
change in the gradient of CO in MS. The stratospheric upwelling 

Fig. 5. Maps of CO differences at 68, 100 and 215 hPa for three periods: between 18−21 January and 22−25 January (left panels), between 22−25 January 
and 26−29 January (middle panels) and between 26−29 January and 30 January−2 February (right panels).
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above 100 hPa increased and propagated downward from MS, 
modulating the negative O3 gradient in regions with steep vertical 
gradient of O3, such as TTL, and thus produced a dominant signa-
ture on the O3  field in UT/LS.

As mentioned in Section 1, we discuss here the inter-annual 
variation of CO in LS. The time series of tropical (15°S−15°N) 
CO at 68 hPa (2004−2015) derived by EOS/MLS shows that high 
CO concentrations were recorded in BW (December to February) 
in 2005, 2006, 2010, and 2013 (e.g., Minschwaner et al. 2016). 
Figure 1 showed that the CO in the LS and stratospheric upwell-
ing are well correlated in the 2010 BW. However, despite a major 
SSW in 2009, a high CO concentration was not recorded in the 
LS because the strength of the upward motion in the TTL and the 
location of deep convection were different (not over CO source 
region) from those in 2010 (not shown). We showed that the 
timing (related to the SSW occurrence) and location of enhanced 
convection and the relationship between convection and source 
region of the tracer (e.g., Africa for CO) are mutually important 
for the CO variation at LS (Fig. 1).

The inter-annual variation of CO in the LS is caused by 
influences from both the troposphere and stratosphere, such as the 
Madden-Julian Oscillation, the El Nino Southern Oscillation, and 
the QBO. It is suggested from the case study of 2010 SSW that 
the strength and location of the deep convection and the strato-
spheric upward motion in the tropics play an important role in the 
inter-annual variations of CO in TTL and LS, though a further 
investigation of this matter is beyond the scope of this paper.
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