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ABStrAct

The space-time variations in water vapor in the upper troposphere and lower stratosphere (UTLS) over the Asian summer 
monsoon (ASM) regions are investigated using six years of observations from the Aura-MLS to understand the ASM role 
in transporting water vapor to the tropical stratosphere. While some previous studies indicated that the ASM plays a role in 
dehydrating the lower stratosphere, the present investigations revealed that the ASM region plays an active role in hydrating 
rather than dehydrating the tropical lower stratosphere. The analysis also shows that only during the month of August (ASM) 
is moist air pumped into the lower stratosphere over the two key geographical locations (India and Western Pacific). The air 
parcel from the tropical tropopause takes approximately 10 - 12 months to reach the mid-stratosphere with an ascent rate of 
2.8 × 10-4 m s-1. Thus it is envisaged that the present results will have important implications in understanding the exchange 
processes across the tropopause and its role in stratosphere chemistry.
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1. INtrOductION

It has been known over the last few decades that water 
vapor is a key greenhouse gas in the upper troposphere and 
lower stratosphere (UTLS) region and plays a crucial role in 
the radiative, chemical and dynamical properties of the at-
mosphere. It is a major source of the hydroxyl (OH) radical, 
the primary oxidant in the atmosphere, which is important 
for ozone chemistry. Its distribution is strongly influenced 
by both large-scale circulation and localized convection. 
There has been renewed scientific attention towards water 
vapor transport and the factors that control its transport from 
the troposphere into the stratosphere and vice-versa (e.g., 
Danielson 1982; Sherwood and Dessler 2000, 2001; Wang 
et al. 2011 and references therein; Randel et al. 2012). 

Water vapor mixing ratio observations in the lower 
stratosphere have played a critical role in understanding 
how, when and where air enters from the troposphere into 

the stratosphere. Many observations in the past reported 
a dry tropical stratosphere in contrast to the wet tropical 
stratosphere given the large quantities of water vapor in the 
tropical troposphere and its transport to the lower strato-
sphere. Brewer (1949) provided the first hypothesis for 
tropical stratosphere dryness, which is limited to the trop-
ics where the tropopause is cold enough to freeze dry the 
air. However, Newell and Gould-Stewart (1981) (hereafter 
NG81) pointed out that occurring in preferential seasons 
and regions over the Bay of Bengal (BoB) during the Bo-
real-summer and western Pacific during the Boreal-winter. 
Holton et al. (1995) proposed that the transport of moist air 
from the troposphere to the stratosphere generally occurs in 
a two-step process, viz. (i) rapid convective motion and (ii) 
slow diabatic ascent. Extensive studies were carried out on 
the transport processes, viz. direct injection of overshooting 
convection (e.g., Danielson 1982; Sherwood and Dessler 
2000, 2001) and the advection of slow ascending air cross-
ing the cold tropical tropopause, (Holton and Gettelman 
2001; Fueglistaler et al. 2005). Recent studies have brought 
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attention to water vapor in the UTLS region (Mote et al. 
1996; Gettelman et al. 2002; Gulstad et al. 2007). Consid-
erable effort has been made to understand in detail, how 
the air entering the stratosphere gets dehydrated. However, 
the issue is still debated. This issue is very important as the 
stratospheric water vapor also plays a major role in ozone 
depletion and the radiative balance of the stratosphere. An-
other factor which needs to be understood in this context is 
the time scale required for such transport. 

The water vapor in the UTLS region is difficult to de-
tect due to its large variability and smaller magnitude. It is 
also difficult to accurately determine its concentration at 
that height region. The global water vapor coverage is pos-
sible only through space borne measurements [e.g., Aura- 
Microwave Limb Sounder (MLS)], though the temporal 
resolution is poor but provides a better opportunity for si-
multaneous global water vapor measurements in the UTLS 
region. At this juncture, these observations can be very 
useful in exploring the stratosphere-troposphere exchange 
(STE) processes and also in identifying the mechanisms re-
sponsible for stratospheric dehydration. In this regard, we 
have tried to provide observational evidence and the time 
scales involved in the exchange processes, with an emphasis 
on the role of the Asian summer monsoon (ASM) in hydrat-
ing/dehydrating the tropical lower stratosphere. The main 
intent of this communication is to examine the water vapor 
profiles in the UTLS region over two selected regions and 
to discuss the exchange processes taking place between the 
troposphere and stratosphere in light of the present under-
standing of such processes. It is envisaged that the present 
analysis will shed light on the complicated process involved 
in the transport mechanism across the tropopause and sub-
sequent dehydration/hydration of the stratosphere. 

2. AurA-MLS

The microwave limb sounder on board the Aura sat-
ellite provides simultaneous global measurements of vari-
ous chemical species including water vapour in the lower 
and middle atmosphere. The Aura-MLS observes thermal 
microwave - far infrared emissions from the Earth’s atmo-
sphere in 5-spectral regions. The water vapor measurement 
described in this study is from Version 3.3 - Level 2 retrieved 
from 183 GHz H2O rotational line spectrum measurements 
(Livesey et al. 2011). MLS observations are available at dif-
ferent pressure levels and the data are useful from 316 to 
0.002 hPa. The vertical resolution for H2O is in the 2.0 -  
3.7 km range from 316 - 0.22 hPa and degrades to 6 - 11 km  
for pressures lower than 0.22 hPa. The along track hori-
zontal resolution is 210 - 360 km for pressures greater than  
4.6 hPa, and degrades to 400 - 740 km at lower pressures. 
The horizontal cross-track resolution is the 7 km full width 
half maximum of the MLS 190-GHz field-of-view for all 
pressures. and ~200 - 300 km along track (Lambert et al. 

2007; Read et al. 2007). The data span of the present study 
is from August 2004 to December 2011. More details about 
the instrument, algorithms and science products can be 
found in Waters et al. (2006) and also in the website http://
mls.jpl.nasa.gov. For water vapor, typical single profile pre-
cisions are 0.9, 0.7, 0.5, and 0.3 ppmv at 215, 147, 100 hPa,  
lower stratosphere, respectively (Livesey et al. 2011). The 
typical estimated precision of the temperature measurement 
is ~1 K at 100 hPa (Froidevaux et al. 2006). We have also 
utilized interpolated daily mean Outgoing Long wave Ra-
diation (OLR) from NCEP/NCAR reanalysis (Kalnay et al. 
1996), which are available at a grid resolution of 2.5° lati-
tude × 2.5° longitude. 

3. OBSErVAtIONAL rESuLtS 

Figure 1a shows the latitude-longitude OLR contour 
map over the ASM for the months of January (left panel) and 
August (right panel) averaged from 2004 - 2011. The OLR 
is considered to be the proxy for the intensity of conviction. 
The inner and outer closed contours indicate the OLR <  
200 and 220 watts m-2, respectively. During January, low 
OLR < 220 watts m-2 is observed over East Equatorial In-
dian Ocean (EEIO), as shown in Fig. 1a (right panel). But 
in the month of August, an ASM season, low value of OLR 
< 220 watts m-2 is observed over the entire Bay of Bengal 
and as well as over the EEIO. However, strong convective 
zone (OLR < 200 watts m-2) is observed over the North Bay 
of Bengal (NBoB). Newell and Gould-Stewart (1981) and 
Gettelman et al. (2002) also pointed out that over the trop-
ics, deep convection occurs over these two regions (NBoB 
and EEIO) in addition to the western Pacific. Thus, for the 
present study, we considered these two regions with a spa-
tial coverage of 5 degree × 5 degree: (i) NBoB between 15 
- 20°N and 87.5 - 92.5°E, and (ii) EEIO between 5 - 0°S and 
92.5 - 97.5°E as indicated by the rectangle in Fig. 1a.

In order to verify the seasonal convection characteris-
tics, a time-series of the monthly mean OLR is plotted for 
the NBoB and EEIO from 2004 - 2011, as shown in Fig. 1b. 
The vertical bars indicate the standard error. From Fig. 1b 
(left panel) it is evident that low OLR values (< 220 W m-2)  
were observed over the NBoB region during only June- 
September, whereas over the EEIO region, low OLR val-
ues (< 220 W m-2) were observed throughout the year be-
cause the ascending branch of the Hadley cell is situated 
in the EEIO vicinity. The OLR magnitudes < 180 W m-2 
are also observed, which clearly shows the persistence of 
deep convective clouds to a very large vertical extent over 
the above regions. During the low OLR seasons deep con-
vective clouds with a large vertical extent will be formed, 
which will cause a huge amount of rainfall. Hence, when-
ever there is a deep convection, it is envisaged that a sub-
stantial amount of water vapor must be pumped up to and 
above the tropopause.

http://mls.jpl.nasa.gov
http://mls.jpl.nasa.gov
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Figure 2a shows the monthly mean height distribution 
of water vapor mixing ratio derived from the Aura-MLS for 
the NBoB (left panel) and EEIO (right panel). The water 
vapor mixing ratio is plotted separately for the lower-tropo-
pause layer (260 - 140 hPa) and UTLS (120 - 30 hPa). The 
standard water vapor error showed in Fig. 2b shows that the 
present results are significant. From these figures observed 
during the month of June - September, the water vapor con-
centration is greater in the mid troposphere as well as in 
the UTLS region for NBoB. This is because during these 
months, the Indian sub-continent and surrounding oceanic 
regions, experience the ASM. On the other hand, over the 
EEIO the water vapor concentration is high throughout the 
year in the lower troposphere. This is expected as the as-
cending branch of the Hadley cell is situated in the EEIO 
vicinity as discussed above and indicated by the low OLR 
value. One of the common interesting features observed at 

both NBoB and EEIO, is that the water vapour concentra-
tion in the lower stratosphere i.e., above the tropopause  
(> 100 hPa) remains the same irrespective of the availability 
of water vapour in the troposphere. Both regions show the 
water vapor penetration in the month of August to Septem-
ber, which will be discussed in the upcoming section.

To provide further insight, we also plotted the monthly 
mean spatial water vapor mixing ratio distribution (Lat-Lon) 
at different pressure levels (viz., 215, 100 and 68 hPa) for 
January, August, and October averaged from 2005 - 2011, 
shown in Fig. 3. The inner and outer closed contours indi-
cate the OLR < 200 and 220 watts m-2, respectively. It is 
observed that during the month of January, over the EEIO, 
where low OLR is observed throughout the seasons, the wa-
ter vapour at 215 hPa is found to be > 200 ppmv, but on the 
other hand, the water vapour at 100 hPa, is found to be very 
low (< 3 ppmv). In the month of August, the water vapor 

Fig. 2. (a) Monthly mean water vapor mixing ratio height distribution derived from Aura-MLS for NBoB and EEIO from 2004 - 2011. (b) Monthly 
mean height distribution of standard errors in the UTLS region.

(a)

(b)
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concentration shifted over the NBoB and northern part of 
the Indian region, found to be > 250 ppmv. At 100 hPa, rela-
tively higher water vapor concentration (6 - 7 ppmv) over 
the NBoB and northern part of the Indian region. Interest-
ingly, a homogeneous water vapor distribution (2 - 3 ppmv)  
is found over the entire ASM region at 68 hPa. In the month 
of October the water vapor mixing ratio is confined to 
the EEIO at 215 hPa. It is noteworthy that the water va-
por concentrations at 100 hPa over the EEIO are much less  
(< 3 ppmv) although the water vapor availability is very 
high in the lower troposphere. Over the northern part of 
the Indian region there is relatively more water vapor (5 - 
6 ppmv) than in the EEIO region at 100 and 68 hPa. The 
ASM actively participates in hydrating the stratosphere 
compared to the EEIO, where the water vapor concentra-
tion is found to exist throughout the year. This indicates that 
the water vapor penetration and distribution in the middle 
stratosphere depends on the availability of water vapour in 
the troposphere and also on some other factors that need to 
be accounted for.

4. dIScuSSION

Atmospheric tracers in a transport model and trajectory 
models show that the transport from the boundary layer into 
the tropical tropopause layer (TTL) occurs in the regions 
prone to active convection (Levine et al. 2007). This is evi-
dent from Figs. 2 and 3 that the water vapor concentration 
is 6 - 7 ppmv in the vicinity of the tropopause (VOT) during 
the ASM. Relatively dry tropopause can be observed dur-
ing the winter over both of these regions. Thus, the onset 
of the ASM in June and its subsequent progress over the 
Indian subcontinent during July - September is responsible 
for the relatively large amount of water vapor in the VOT. 
During the ASM period ~6 - 7 ppmv of water vapor is ob-
served in the VOT and around 5 - 6 ppmv is observed in the 
lower stratosphere. The water vapor transport through ob-
servations (e.g., Newell and Gould-Stewart 1981; Park et al. 
2007), modeling (e.g., Bannister et al. 2004; Lelieveld et al. 
2007) and the Lagrangian analyses (e.g., Fueglistaler et al. 
2005; Wright et al. 2011) are well-documented. Gettelman 
et al. (2002) observed through simulations that convection 
over the southern hemisphere moistens the TTL significantly 
throughout the depth and in deep convection the water vapor 
concentration may also increase in the stratosphere. Ran-
del et al. (2012) showed the variability in water vapor and 
deuterated water vapor using the Fourier Transform Spec-
trometer on board the Atmospheric chemistry Experiment 
(ACE) mission. The profiles during the month of February, 
April, August and October were utilized to understand the 
structure and variability of water vapor. They also observed 
the well-known Tape-Recorder behavior as observed by 
Mote et al. (1996) but not in deuterated water vapor. They 
also observed the differential isotopic effects of convection 

in different locations. Wang et al. (2011) showed that mid-
latitude convective storms also inject water vapor and ice 
particles into the stratosphere using models. They attributed 
this to the storm top gravity wave breaking and turbulent 
mixing induced instability. Wang et al. (2009) showed that 
over Denver, jumping cirrus and overshooting top plumes 
inject water vapor into the stratosphere during the STEPS 
2000 Colorado thunderstorm experiment. Schoeberl et al. 
(2012) observed that the dehydration mechanism takes 
place in both the South American and East Asian regions 
using three different models. Their model also reproduced 
the tape recorder signal of stratospheric water vapor. All of 
the above studies provided evidence that deep convection 
transports water vapor from the troposphere into the strato-
sphere. In this analysis we focused mainly on two important 
key geographical locations, viz., NBoB and EEIO, where 
the deep convection is strongest (NG81). This study also 
accounts for the differences in the stratospheric water vapor 
observed over these two key geographical locations. This 
study also provides insight into the other factors that control 
water vapor transport into the stratosphere. These factors 
will be explained further.

 In the lower stratosphere (< 100 hPa) there is a rel-
atively low water vapor concentration (4 - 8 ppmv) com-
pared to the magnitudes observed at and below the VOT. 
The present observations of water vapor concentration in 
the lower stratosphere are in accordance with earlier studies 
carried out by Smith et al. (2000) and Randel et al. (2001) 
using HALOE water vapour measurements. Most of the ear-
lier studies attributed this decrease in water vapor due to 
the dehydration of air while crossing the cold point tropo-
pause (NG81; Sherwood and Dessler 2000; Jain et al. 2006; 
Jain et al. 2010). From Fig. 2 it is evident that the water 
vapor concentration just above the tropopause was maxi-
mum in the month of August consistently during all study 
years (2004 - 2011). This observation suggests that moist 
air crossed the tropopause during the month of August and 
was slowly lifted up by the large-scale ascent in the strato-
sphere. The tilt in the observed water vapor maxima in the 
stratosphere confirms this large-scale lifting of air from 
the tropopause. One should also note that the parcel mov-
ing through the tropopause retains its identity throughout 
the journey without getting dithered until it reaches up to 
~30 hPa. During the winter when the tropopause is coldest 
over the Indian sub-continent (Randel et al. 2000; Das et al. 
2010), the air crossing the tropopause will be dehydrated 
and thus minimum water vapor is observed during this sea-
son, as shown in Fig. 2. At the same time the available water 
vapor during winter at the VOT is also low compared to 
the ASM season. During the ASM, even though the water 
vapor is available in the VOT during June-September over 
the NBoB, the moist air enters the lower stratosphere only 
during the month of August. Over the EEIO where the deep 
convection prevails throughout the year, one should expect 
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the pumping of moist air throughout the year. However, the 
entry of moist air takes place only in the month of August. 
This phenomenon needs to be investigated further.

In order to explore this aspect we analyzed the tem-
perature derived from the Aura-MLS in the UTLS region 
for both the NBoB and EEIO, as shown in Fig. 4a. The 
minimum temperature in each profile is found at 100 hPa 
and this is considered the cold point tropopause (Selkirk 
1993). In the present analysis we consider the temperature at  
100 hPa (T100). Figure 4b shows the monthly mean OLR, 
water vapour mixing ratio at 82 hPa and temperature at  
100 hPa over the NBoB and EEIO. The vertical bars indi-
cate the standard errors. The time series of monthly mean 
water vapour mixing ratio at 82 hPa is found to increase or 
decrease with respect to T100. As discussed above, the OLR 
< 200 watts m-2 is observed during the month of August 
and enhanced water vapour at 82 hPa is also observed over 
the NBoB. Whereas over the EEIO, throughout the year 
the OLR < 220 watts m-2 but the enhanced water vapour at  
82 hPa is only observed during the month of August, as dis-
cussed above. It is clearly evident that during the month of 
August the T100 shown in Fig. 4b is warmer (T100 > 191 K) 
for both geographical regions. Note from Fig. 4b that there 
is a time lag of 2 - 3 months between the maximum wa-
ter vapour and the maximum temperature. Figure 5 shows 
a scattered plot of the water vapor mixing ratio at 82 hPa 
and temperature at 100 hPa over the NBoB (Fig. 5a) and 
EEIO (Fig. 5b). This correlation was done for the data from 
August 2004 to December 2011. The correlation coefficient 
(R) is found to be 71.5 and 70% for the NBoB and EEIO, 
respectively. This aspect suggests that the overshooting 
convective air parcel with relatively large water vapor (6 -  
8 ppmv) can cross the tropopause only during the month of 
August, when the T100 is warmer. Newell and Gould-Stewart 
(1981) explained that air enters the stratosphere only where 
the tropopause temperature is coldest. Earlier observations 
also showed that a cold tropopause temperature is observed 
over Bay of Bengal and the Indian tropical region during the 
pre-monsoon (March - May) and monsoon (June - August)  
months suggesting that the Indian tropical region may be 
participating in the stratospheric dehydration (Newell and 
Gould-Stewart 1981; Bannister et al. 2004; Jain et al. 2006, 
2010). Highwood and Hoskins (1998) also observed that 
during June - August the ASM region plays a role in the 
stratospheric dehydration. Sherwood and Dessler (2001) 
showed that the dry air would have entered the stratosphere 
by overshooting convection, and thereafter gets freeze dried 
as it encounters the cold temperatures at the tropopause. 

This study shows a different perspective, that if the 
tropopause temperature is warmer, then significant moist 
air enters the stratosphere thereby hydrating it. This occurs 
during the month of August, which is predominantly a mon-
soon season, hence showing that the ASM region also hy-
drates the stratosphere. However, episodic overshooting of 

convection and subsequent dehydration of the lower strato-
sphere is not ruled out during the ASM. On the monthly 
time-scales these episodic intrusions seem to be insignifi-
cant, as revealed by Fig. 2. From Fig. 2 (right panel) it is 
observed that even though the water vapor is available at 
around 120 hPa throughout the year, it is not getting re-
flected in the lower stratosphere as mentioned earlier. Thus 
the above conditions, i.e., first the availability of moist air 
around TTL and second the warmer tropopause are simulta-
neously required for hydrating the lower stratosphere. Dur-
ing the winter season the air crossing the tropopause is dehy-
drated due to the extreme cold tropopause with temperatures 
around < 191 K. However, during winter, if water vapor is 
available at the tropopause, it still cannot enter the lower 
stratosphere as it is restricted by the cold tropopause by de-
hydrating it. On the other hand, during the month of August 
as the T100 is around 194 - 197 K, thereby allowing moist 
air into the stratosphere without dehydrating as discussed 
above. However, the moistening of the stratosphere depends 
on availability of water vapor in the VOT. This implies that 
even though the tropopause is warmer there should be water 
vapor in the VOT. This is where the role of the ASM is em-
phasized, which is responsible for transferring the moist air 
up to the VOT. Once the air parcel reaches the tropopause 
it is then taken aloft by large-scale vertical motions prevail-
ing in the stratosphere (Potter and Holton 1995). Figure 2 
shows that the air parcel takes 10 - 12 months to reach the 
mid stratosphere over all of these regions. The estimated 
average ascent rate from the slope of the pressure - month 
section is around 2.8 × 10-4 m s-1 and on the convection rap-
idly transports the air parcel from the lower troposphere to  
200 hPa. Newell et al. (1969) and Kley et al. (1979) estimat-
ed that the zonally averaged time-mean upwelling velocities 
in the tropics through in-situ observations and found it to be 
2 × 10-4 m s-1. The present estimation is comparable with 
earlier results. Gettelman et al. (2002) showed that the con-
vection has to reach the level of zero radiative forcing for 
air transport from the troposphere to the stratosphere. This 
clearly shows that the exchange between the troposphere 
and stratosphere is a two-step process (i) overshooting con-
vection and (ii) slow ascent into the stratosphere. Sherwood 
and Dessler (2000) and Rao et al. (2008) also showed that 
the air transport from the boundary layer to the stratosphere 
is a two-step process with different time scales. However, 
these two step processes depend strongly on the tropopause 
temperature as saturated water vapor is strongly coupled 
with temperature. The moist air enters the stratosphere only 
during August, when the warm tropopause is observed over 
the tropics. This is clearly revealed for the first time in this 
study.

To provide further insight we showed the latitude-
height water vapor mixing ratio distribution in the UTLS 
region averaging between 67.5 - 97.5°E during the month 
of January, August and October in Fig. 6. These months 
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are representative of seasons viz., the Northern hemispher-
ic-winter, monsoon and post-monsoon. The closed red 
contours in Fig. 6 indicates the water vapor mixing ration  
< 3.5 ppmv. Note that during January a band of dry air is 
observed just above the tropopause, as it gets dehydrated 
due to the extreme cold tropopause. This dry band shifts up-
ward, centered around 50 hPa during the month of August 
as it ascends with time due to large-scale vertical motions 
in the stratosphere. One can also notice the moist air im-
mediately above the tropopause during the month of Au-
gust as the moist air overshoots above the tropopause due 
to the prevailing warmth in the tropopause. The dry air that 
entered in the lower stratosphere in the month of January 
shifts to higher heights during the month of October. Hence 
the above results indicate that during the month of August, 
more moist air is pumped into the tropical stratosphere due 
to the prevailing deep convection with the warmer tropo-
pause temperature, whereas during the other months it gets 
dehydrated as it encounters the cold tropopause tempera-
ture. Thus, the present results suggest that the ASM region 
takes part in tropical stratosphere hydration. However, the 
possibility of dehydration in the tropical stratosphere during 
the ASM in discrete episodes is not ruled out. It is envis-
aged that this study will have important implications as the 
water vapor distribution in the UTLS regions influences the 
balance of planetary radiation and also in the UTLS chem-
istry.

5. cONcLudINg rEMArkS

The Aura-MLS water vapor observations were ana-
lyzed over two important geographical locations viz. the 
North Bay of Bengal and East Equatorial Indian Ocean. 
This study clearly showed that during June - September 
deep convection prevails over these regions due to the Asian 

Fig. 5. Scatter plot of water vapor mixing ratio (WVMR) at 82 hPa and temperature at 100 hPa over NBoB (a) and EEIO (b). The letters R, SD and 
N indicate the correlation coefficient, standard deviation and number of points, respectively. Data considered for the present analysis from August 
2004 to December 2011.

Fig. 6. Water vapor mixing ratio latitude-height distribution for Janu-
ary, August, and October averaged from 2005 - 2011. The closed red 
contour indicates the water vapour mixing ratio less than 3.5 ppmv.

(a) (b)
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Summer monsoon, which pumps the water vapor from the 
lower troposphere into the tropopause. The overshooting 
air parcel above 100 - 82 hPa moves with an ascent rate of 
2.8 × 10-4 m s-1 and takes around 10 - 12 months to reach 
30 hPa. It is clearly observed that this air parcel retains its 
identity until it reaches 30 hPa. The latitude height section 
of water vapour also revealed that the moist air is pumped 
into the stratosphere only during the month of August. The 
analyses showed that hydration of the stratosphere is due to 
the warmer tropopause prevailing during the month of Au-
gust, which creates a pathway for the entry of more moist air 
into the stratosphere. The availability of water vapor in the 
VOT, which is contributed by the Asian Summer monsoon 
is the critical water vapor contributor. This study therefore 
provides observational evidence for the role of tropopause 
temperature and the Asian Summer monsoon in hydrating 
the tropical stratosphere, rather than dehydrating it as re-
ported earlier. These results will have important implica-
tions in understanding the exchange processes between the 
troposphere and stratosphere. 
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