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Abstract. This paper addresses various characteristic fea100.0-261.0 hPa; however it is relatively weaker for levels
tures associated with the hydration of the tropical upper> 177.8 hPa.
troposphere and lower stratosphere (UTLS) in assouatlorkeywords_ Atmospheric

with the boreal monsoonal convective activity occurring Over(troposphere-composition and chemistry) — Meteorology

thrge different .troplcal regions viz. Asian region, Ame.n.can and atmospheric dynamics (convective processes; synoptic-
region and African region. Analysis of water vapor mixing scale meteorology)

ratio (WVMR) data obtained from AURA MLS (v3.3), IS-
CCP D1 cloud top pressure data and outgoing long-wave
radiation data (OLR) from NOAA reanalysis has brought
out two significant results. Firstly, high altitude clouds and 1 Introduction
high WVMR regions are mostly associated with the low
OLR region. Convection over Asian region is very deep Water vapour is an important greenhouse gas which traps
and spread over a large geographical area as compared tge infrared outgoing long-wave radiation (OLR) and raises
African or American region. Magnitude of WVMR in the the temperature of the troposphere. It also exhibits cool-
pressure range of 261.0-146.8 hPa is observed to be highd?d effect which leads to the extremely low temperatures
over the Asian region, whereas, close to the tropopause levéit lower stratospheric heights (Foster and Shine, 1999) and,
(~ 100 hPa) it is comparable or more over the American re-hence, affects the balance between radiative heating and adi-
gion as compared to Asian and African regions. Secondlyabatic cooling occurring in the upper troposphere and lower
the vertical ascent rate of water vapour obtained from AURAStratosphere (UTLS). Stratospheric water vapour concentra-
MLS data suggest that convection associated transport mighton acts as a planetary source of f@nd initiates en-
have dominated up to 146.8—-121.2 hPa in addition to slowhanced ozone depletion (Solomon et al., 1986). Therefore,
large scale diabatic transport, which appears to be prominer‘r'f‘e sources which lead to the availability of water vapour in
above the pressure range of 100-82.5 hPa. Within the pregropical lower stratosphere and hydration of UTLS needs to
sure levels of 121.2 to 82.5 hPa, the influence of convectivé®® €xamined in order to better understand and predict the fu-
transport appears to be gradually decreasing. However, therére global climatic conditions. »n
are other possible processes like ice sublimation or cirrus Most of the stratospheric-tropospheric exchange and entry @
jumping which could contribute to the hydration of the tropi- ©f water vapour from the upper troposphere to lower strato-
cal lower stratosphere. Present analysis has, thus, brought o8Phere occurs through tropical tropopause layer (Brewer, .
the significance of convection in water vapour transport andl949; Holton et al., 1995; Highwood and Hoskins, 1998;
distribution in the tropical UTLS. Fueglistaler et al., 2009). Major processes which control the
Another interesting feature which is observed is theconcentration of water vapour in the UTLS region are (1) A
anomalous increase in temperature during boreal winter$ast convective transport due to convection via an upward
(November—April) over all three convective regions. Such Pranch of the Hadley circulation (Sherwood and Dessler,

phenomenon is only observed within the pressure range of001; Gettelman et al., 2002) (2) Slow diabatic ascent of
water vapour which is associated with the ascending branch
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968 S. Jain et al.: Role of convection in hydration of tropical UTLS

of the Brewer-Dobson circulation (Holton and Gettelman, three independent tropical convective zones. Long term high
2001; Fueglistaler et al., 2005). resolution water vapor mixing ratio (WVMR) and temper-
Other mechanisms which may participate in the hydra-ature data obtained from EOS AURA MLS (August 2004—
tion of the tropical lower stratosphere (TLS) are (1) a non-December 2010) are used here in addition to wind data from
hydrostatic process which includes the injection of ice crys-ERA-Interim reanalysis, OLR data from NOAA and ISCCP
tals in the TLS by land convective overshooting followed by D1 cloud top pressure data. In this paper, an attempt has been
their sublimation (Nielsen et al., 2007; Corti et al., 2008; De made to better understand the hydration of TLS and associ-
Reus et al., 2008; Khaykin et al., 2009). Sublimation of in- ated troposphere—stratosphere exchange processes. Follow-
situ ice crystals formed in the UTLS region due to low tem- ing are the main objectives of this study:
perature may also occur under favorable conditions (2) Cir-
rus jumping due to gravity wave breaking as discussed by
Wang (2003, 2004, 2007) and Wang et al. (2009) and ice
crystals carried by the same are also likely to undergo subli-
mation and (3) production of #D via methane oxidisation. — Study of the various characteristic features of WWMR
In addition, horizontal transport can also play a significant and temperature distribution in UTLS.
role in redistribution of water vapour in this region.
Convection plays an important role in the transport of wa-
ter vapour from sea surface level to tropospheric heights. It
was suggested that a large amount of water vapour is trans-
ported vertically or quasi-vertically by convection up to a
barrier height (Folkins et al., 1999) and around 99 % of the2 Database and methodology
water vapour detrainment occurs neafl2—-14 km which is
much below the tropopause level (L6 km). These studies Convective regions are determined by using OLR data. In-
have revealed that only around 1 % of convective mass fluxerpolated OLR data from NOAA is used for the period
penetrates the tropical tropopause layer and largely affectef 13 August 2004 (start of MLS) to 31 December 2010.
the stratospheric properties (Gettelman et al., 2002; DessleMonthly mean OLR (W m?2) data is binned into.Bx 2.5 de-
2002; Dessler and Sherwood, 2004). These short-term, ovegree latitude-longitude grid over the tropical regier4Q to
shooting convective events are found to be occurring duringd0® N, —180 to 180 E) for June to September 2007. Gaps
the Asian summer and monsoon period when the moist aiin OLR data from NCAR archives are filled with spatial and
is introduced in the lower stratosphere via monsoon’s uppetemporal interpolation. Description of the interpolation tech-
level anticyclone (Bannister et al., 2004; James et al., 2008)nique and the complete OLR dataset is given by Liebmann
Therefore, the water vapour abundance in the UTLS regiorand Smith (1996) in details. Occurrence of strong convective
must be examined during the boreal monsoon season in ordevents is identified over three regions, namely the Asian re-
to determine the influence of convection related transport ingion (5 S—30 N, 70-150 E), the African region (0—15N,
the UTLS. 0-30C E) and American region (520, 70-110 W) of the
Occurrence of lower temperatures near tropical tropopausé&opical region. The presence of convective clouds and en-
(Jain et al., 2006, 2010, 2011) strongly influences the watehanced water vapour over identified convective regions is
vapour transport in the TLS and plays a key role in control- studied using ISCCP D1 and EOS AURA MLS spacecraft
ling the amount of water vapour ascending diabatically. An-data, respectively.
nual cycles of temperature close to the tropopause level and International Satellite Cloud Climatology Project (ISCCP)
water vapour in TLS were found to be closely related (Mote, Stage D1 3-Hourly Cloud Product data is analysed for the pe-
1995; Mote et al., 1996). Recently, a long term data analysigsiod of June—September 2007 over the tropical region. ISCCP
of temperature and water vapour in UTLS zone is carried outD1 data provide the cloud top pressure binned over an equal-
over the Bay of Bengal and Indonesian-Australian West Pa-area grid with 280 km resolution along latitude and longitude
cific region (IAWPR) by Panwar et al. (2012). These authorsat every 3 h interval. Most of the deep penetrating convective
have identified the convective regions using OLR data andactivity over the tropical region occurs during the daytime
suggested that the time period for which OLR is minimum, (Gettelman et al., 2002). Therefore, monthly mean cloud top
the water vapour is maximum (upte147 hPa) over the Bay pressure (equivalent to cloud top height) of deep convective
of Bengal region. They have shown the influence of convec-cloud is plotted using local daytime data. Local daytime (so-
tion in water vapour transport over Asian region. However, lar zenith angle< 78.5°) and deep convective clouds (cloud
the relative role of different convective regions in hydration optical thickness> 23 and < 379) are identified using IS-
of TLS during boreal summer monsoon season has not bee6CP classification of cloud system (Rossow and Schiffer,
discussed by Panwar et al. (2012). 1999; Rossow et al., 1996). The data points in the graphs
In this paper, an analysis is carried out indicating the ver-are shown at centre latitude-longitude position of the equal-
tical transport of water vapour in the UTLS region, over area grid. The percentage occurrence frequency of the clouds

— ldentification of the tropical convective regions which
lead to the hydration of the tropical UTLS during North-
ern Hemisphere summer/monsoon.

— Influence of convection on water vapour transport from
troposphere to stratosphere over the identified convec-
tive regions.
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Fig. 1a.Monthly mean OLR (W riT2) from NOAA for the time period of June to September 2007.

crossing a certain pressure level for every grid bin is alsothree convective regions of tropical region. A daily average
analysed for the period of June to September 2007. Clouaf the data is taken to form the time series of WVMR and
occurrence frequency (%) of the clouds at particular pressuréemperature over specific latitude-longitude sector. WVMR
level (for example< 150 hPa) is defined as the total number and temperature time series smoothing is done by taking a
of convective cloud pixels with pressure less than or equall3 day running mean to avoid the day to day fluctuations
to 150 hPa divided by the total number of convective cloudin data values. The spatial analysis of WVMR is carried out
pixels available in a grid bin. This process is repeated for ev-with a resolution of 2« 2 degree latitude-longitude grid over
ery grid bin and for various pressure levels wWz150, 150-  the tropical region using monthly averaged data.
200, 200-250, 250-350 and 350 hPa for June to Septem-
ber 2007.

For the present study, WVMR and temperature data> Results
are obtained from Microwave Limb Sounder (MLS), EOS
AURA spacecraft. MLS Level 2, Version 3.3 Standard atmo-

spheric products for WWMR and temperature data are used igsgnerally, the strong convection occurs over the regions for
the present analysis. Validation of the WVMR data was doneyhich OLR < 220 W nr2 (Wild and Roeckner, 2006) and
by Lambert et al. (2007) and validation of the temperatureiha convective regions are expected to possess more high-

data was done by Schwartz et al. (2008) in detail. MLS datay iy ,de convective clouds and enhanced water vapour (Ri-
are available at different pressure levels viz. 56.2, 68.1, 82.5.5 4 et al. 2007).

100, 121.2, 146.8, 177.8, 215.4 and 216 hPa of upper tropo-
spheric and lower stratospheric region. The temporal analy-
sis of temperature and WVMR has been done using around
7 years of MLS data (August 2004—-December 2010) over

3.1 Occurrence of convection

www.ann-geophys.net/31/967/2013/ Ann. Geophys., 31, 988%, 2013
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Fig. 1b. Monthly mean daytime convective cloud top pressure (hPa) from ISCCP D1 data for the time period of June to September 2007.
White colour indicates the missing or no data.

3.1.1 Identification of the convective regions using OLR clearly visible over a large geographical area of Asian, Amer-
data ican and African region for the whole boreal monsoon pe-
riod. Over the Asian region, cloud top pressure lower than
Figure 1a shows the spatial distribution of monthly mean150hPa is observed to be over a large area in comparison
OLR over the tropical region for the period of June— with American or African region. Figures 1c and d show
September 2007. Three independent low OLR regicns ( the percentage of daytime deep convective clouds with cloud
220Wnt?) i.e., organised convective regions are observedtop pressure< 150 hPa, 150-200 hPa, 200250 hPa, 250—
over the tropics, viz., Asian region{S-30 N, 70-150 E), 350 hPa and- 350 hPa for June to September 2007. It is evi-
African region (0-15N, 0-30 E) and American region (5— dent from Figs. 1c and d that the deep convective clouds pen-
20° N, 70-110 W). The convective regions contain a central etrating above 150 and 200 hPa are more frequent and occur
region for which OLR is lowest and a gradual increase inover a relatively larger area over the Asian region in compar-
OLR values is observed towards the peripheral region. Thes&on to the American and African region.
convective regions are asymmetric with respect to the equator It may also be noted that the region of low OLR has over-
and the major parts of the low OLR region are situated in thelapped the region of high altitude clouds. The cloud top pres-
Northern Hemisphere during boreal monsoon period (June taure is observed to be lowest over the core convective region.
September). No major spatial shift of the low OLR region is
observed during the study period. The convection over Asiar8.2 Spatial distribution of water vapour mixing ratio
region is more intense (with OLR as low as190 W nt2)
and spread over a larger area as compared to American arfgpatial distribution of AURA MLS WVMR has been ex-

African region. amined as presence of enhanced moisture content over the
low OLR region is considered as a proxy of convection.
3.1.2 Convective cloud top pressure data Figure 2a—b show the spatial distribution of monthly mean

WVMR (ppmv) at different pressure levels viz. 261, 215.4,
Spatial distribution of ISCCP D1 cloud top pressure of day-177.8, 146.8, 121.2, 100, 82.5 and 68.1 hPa for the period of
time deep convective clouds has been used to understantline—September 2007 over the tropical region. Large scale
the vertical extent of convection. In Fig. 1b, high altitude vertical transport and horizontal outflow of water vapour
clouds with top pressure lying between 150-200 hPa ardrom convective regions is evident from Fig. 2a—b. Various

Ann. Geophys., 31, 967981, 2013 www.ann-geophys.net/31/967/2013/
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Cloud Occurrence Frequency (%)
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Fig. 1c. Daytime convective cloud occurrence frequency (%) for different pressure levels ¥&80 hPa, 150—200 hPa, 200-250 hPa, 250—
350 hPa and- 350 hPa from ISCCP D1 data for the time period of June to July 2007. White colour indicates the missing data or zero
percentage occurrence value.

characteristic features of WVMR distribution and location of  The vertical transport of water vapour from 261.2 hPa
the high WVMR region with respect to the observations of to 215.4 hPa appears to be immediate as there is no sub-
low OLR are discussed below. stantial decrease in the magnitude of WVMR (order is
The three regions of high WVMR (200-500 ppmv) at same) between the two consecutive pressure levels. How-
261.0-215.4 hPa are observed directly above low OLR zonesver, the magnitude of WVMR decreases by almost one order
and there exists a lot of similarity between the spatial cov-from 215.4 hPato 177.8 hPa. Only around 10-30 % of water
erage of these two parameters. The center of the convectiveapour travels upwards from 215.4 hPa to 177.8 hPa over the
region is found to be more moist than the neighbouring re-convective regions.
gion which surrounds the convective area. The magnitude Magnitude of WVMR over the Asian region during the bo-
of the WVMR in the convective region is around two or- real monsoon period is much higher and spread over a larger
ders higher than the value outside the convective region aarea as compared to the other two regions for the pressure
same pressure levels. Such a large increase in magnitude @dvels between 261.0 hPa to 146.8 hPa (Fig. 2b). It may be
WVMR only over a localized area suggests the occurrence otoncluded from the above analysis involving OLR, cloud top
rapid convective transport of water vapour over a confined repressure data and WVMR that the Asian region may be con-
gion. Thus, this suggests that a large amount of water vapouvectively more active than the other two regions and acts as a
may be carried vertically or quasi vertically to the upper tro- major source of upper tropospheric water vapour. Panwar et
posphere from convective regions underneath. This is to beal. (2012) have also indicated that the Asian monsoon region
noted that the centre of the low OLR region does not coincidecontributes more to the hydration of tropical lower strato-
with the centre of high WVMR for the pressure levels lower sphere.
than 215.4 hPa and maxima of WVMR lies on the northwest One of the most interesting features of this study is that
side of the low OLR region (see supplementary material). the relative contribution of different geographical regions

www.ann-geophys.net/31/967/2013/ Ann. Geophys., 31, 9884, 2013
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Cloud Occurrence Frequency (%)
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Fig. 1d. Same as Fig. 1c, but for August and September 2007.

in moistening UTLS appears to be varying with changing els of UTLS when OLR is low. WVMR shows seasonal con-
pressure levels. It has been already mentioned that at lowedrast at all pressure levels varying from 146.8 to 56.2 hPa.
heights & 121.2 hPa) Asian region contains more amount of This time series reveals that daily fluctuations in the WVMR
water vapour in comparison with American and African re- are more for pressure levels greater than 100 hPa.
gion, whereas, at higher heights (212 hPa) WVMR over Seasonal variation in temperature is noticed only at heights
American region becomes comparable to the Asian region. above 100 hPa. Events of enhanced temperature are noted
where temperature has increased and attained values even
3.3 Temporal distributions of water vapour mixing ra- higher than the monsoon and the spring season during North-
tio and temperature ern Hemisphere winter period for pressure levels higher
than 100hPa. These anomalous peaks in temperature can
The distribution of WWMR shows spatial heterogeneity over be traced at various pressure levels (from 146.8 to 100 hPa)
tropical regions. Figure 3a—c shows the temporal variation ofand in year to year variations over all three convective re-
temperature, WYMR and OLR at different pressure levels ofgions. This may be noted that this phenomenon appears to be
UTLS region. A 10x 2(° latitude—longitude grid is chosen initiated from lower heightsx 1468 hPa). Figure 4 shows
over each convective region (Asian: 10220 80-100 E; the deviation of daily temperatures from the long term mean
American: 10-20N, 90-110 W: African: 10-20 N, 10—  value of temperature (August 2004 to December 2010) from
3(° E) for the temporal analysis. 82.5 to 261.0 hPa. An abrupt increase in temperature during
Seasonal variations in temperature, WVMR and OLR areboreal winters can be easily traced from 177.8 to 100 hPa.
depicted in Fig. 3a—c. OLR is minimum during boreal mon- At pressure level- 177.8 hPa, this increment is relatively
soon period (as also shown in Fig. 1a) and maximum duringweaker.
the winter period over all three regions. Maxima of WWMR A cross correlation between OLR (as low OLR is a proxy
at 146.8 hPa occurs during boreal monsoon suggests thatfar convection) and WVMR time series is calculated to con-
large amount of water vapour appears at higher pressure leirm the influence of convection in transportation of water
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Fig. 2. Spatial distributions of monthly mean WVMR (ppmv) @) 121.2, 100, 82.5 and 68.1 hRa) 261.2, 215.4, 177.8 and 146.8 hPa
from Aura MLS for June to September 2007.
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Fig. 4. Deviation of daily temperatures from the long term mean value of temperature (August 2004 to December 2010) at 261.0, 215.4,
177.8,146.8, 121.2, 100.0 and 82.5 hPa from 19 August 2004 to 25 December 2010 over the Asian region.

vapour at higher pressure levels (or lower heights) of UTLS. To further study the delay in WVMR time series and the
Figure 5 shows a cross-correlation function between OLRinfluence of convective transport of water vapour, a cross
and WVMR time series at different pressure levels over allcorrelation analysis has been carried out over the three con-
three convective regions. Since low OLR corresponds to envective regions using a daily time series of data from Au-
hanced convection activity which in turn gives rise to the en-gust 2004 to December 2010. Figure 6 shows the cross cor-
hanced amount of water vapour in tropical UTLS, so a neg-relation function of WVMR (solid line) calculated by using
ative correlation between WVMR and OLR is expected atthe two WVMR time series at consecutive pressure levels
zero lag values. Figure 5 shows that the water vapour is nega:e., between 146.8-121.2 hPa, 121.2-100 hPa and so on. The
tively correlated with OLR at around zero lag values for pres-cross-correlation function of WVMR between 146.8 hPa and
sure levels up to 146.8-121.2 hPa. At higher pressure levi21.2 hPa peaks at zero lag value over Asian and American
els, WVMR time series precedes over the OLR time seriesregion. This shows that the changes in WVMR time series at
This suggests that there may exist a certain threshold value df46.8 hPa and 121.2 hPa are almost simultaneous over these
low OLR which depicts the occurrence of intense convectionregions, which could be due to a fast convective ascent of wa-
over a region and before OLR further decreases and becomesr vapour from 146.8 to 121.2 hPa. At the higher altitudes
minimum, a large scale transport of water vapour might have(< 121.2 hPa), cross-correlation function peaks at a certain
already started from this region. Wild and Roeckner (2006)lag value. This suggests that the ascent of water vapour be-
and Ricaud et al. (2007) have also suggested the thresholdomes comparatively slow at lower pressure levels. The lag
value of OLR of the order of 220 Wn?. The negative peak value is found to be increasing minimally to 2 and 5 days
of the cross-correlation function appears to be displaced byver Asian region and American region, respectively, from
some positive lag at 100 hPa. This is because of the fact that21.2 to 100 hPa, but a sharp increase in lag value is ob-
WVMR time series gets delayed with the decreasing pressurserved from 100 to 82.5 hPa pressure levels. The total delay
levels. in WVMR time series from 121.2 to 56.2 hPa is 126, 132 and
117 over Asian, American and African region, respectively
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Fig. 5. The cross-correlation function computed using OLR and WVMR time series at different pressure levels viz. 146.8, 121.2 100.0, 82.5,
68.1 and 56.2 hPa.

(Figs. 3 and 6). This suggests that the convective transporThis appears to be due to the anomalous increase in temper-
plays a significant role up te 1212 hPa pressure level along ature values during boreal winter season as discussed earlier.
with the large scale diabatic ascent. The influence of convec- Figure 7 shows the mesoscale vertical ascent rate of water
tive transport appears to be ceasing from 121.2 to 82.5 hPasapour calculated by using AURA MLS data over all three
and slow diabatic ascent of water vapour appears to domieonvective regions. The WVMR time series is available at
nate for the heights above 82.5 hPa. This is to be noted thatarious pressure levels (146.8, 121.2 and so on) of UTLS.
the few deep convective events may have penetrated heights has been observed in Fig. 3 that WVMR time series sig-
above 121.2 hPa. Such events may have been averaged outrza is delayed while propagating from one pressure level to
the present analysis is on a mesoscale level. Thus, 121.2 hRaother. The vertical ascent rate of water vapour is defined
represents the average pressure level up to which convectivas ﬁ—’;, where Ah signifies the pressure difference between
transport dominates. the two successive levels arid signifies the time delay in
Figure 6 also includes the cross-correlation function ofthe WVMR signal propagation between these two pressure
temperature (dashed line) which is calculated in a similarlevels. Here Az is defined as the time difference in terms
manner as described above. It is clear from Fig. 6 that theof lag at which the correlation function peaks as shown in
cross-correlation function peaks at zero lag values for allFig. 6. This methodology is similar to the one developed by
pressure ranges. A minimal delay of 1-2 days from 146.8Niwano et al. (2003) and Schoeberl et al. (2008). The verti-
to 56.2 hPa is observed in temperature time series suggestirgal ascent rate is shown at the average value of two pressure
that temperature signal has been transmitted spontaneouslgvels (Fig. 7). The sign of the values of vertical ascent rate
over all three convective regions. Figure 6 also shows that thés reversed in order to match the meteorological sign conven-
cross-correlation function of temperature calculated at prestion where the negative value of the vertical ascent rate indi-
sure level 100 hPa and higher possesses a less smooth sirtates the rising air. The magnitudes of vertical ascent rate
soidal waveform as compared to the lower pressure levelswithin pressure ranges 146.8-121.2 hPa is not included in
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Fig. 6. The cross-correlation function of WYMR (solid line) computed using time series at two consecutive pressure levels i.e., between
146.8-121.2, 121.2-100, 100-82.5, 82.5-68.1, 68.1-56.2 hPa over Asian, American and African region. The dashed line shows the cross
correlation function of temperature computed in a similar manner.

the graph over Asian and American region as the lag in this e —
pressure range is either not detectable or less than one day ®7 | % Ao
Over Asian region, there is a sharp decrease in the value of
the vertical ascent rate of 121.2-100 hPa to 100.0-82.5hP¢ *
(Fig. 7). Higher vertical ascent rate suggests the occurrenceg

of a fast transport suggesting the influence of convection ex-¢ '
tends around 121.2—-100 hPa pressure range. Above 82.5 hP:
the transport of water vapour may be rather slow and dia- ***1
batic ascent of water vapour appears to dominate. Ameri- i
can region also shows a similar phenomenon, however, the **7
magnitude of the vertical ascent rate at 121.2-100 hPa is les: o oo oo oo e
as compared to the Asian region. Over African region, the Water vapor ascent rate (hPals)

profile of vertical ascent rate is somewhat different from the _. ) , )

other two regions. The vertical ascent rate was found to beFlg. 7.Height profiles of water vapour vertical ascent rate (HP3 s

. . ted using AURA MLS dat Asi A i d
increasing from 146.8-121.2 hPa to 121.2-100 hPa and de%(f)::g:] ?egig?gg ala over Asian, American an
creasing thereon. This shows that water vapour over all three

convective regions have different velocities at higher pres-

sure levels suggesting the influence of “local” phenomena The WV ascent rate and tropical upwelling in the lower
such as convective activities. It is interesting to note that thestratosphere have also been estimated by Mote et al. (1998),
vertical ascent rate of water vapour for lower pressure levels\jwano et al. (2003), Schoeberl et al. (2008) and Fuijiwara
(< 825hPa) matches over all three regions. et al. (2010). The values of vertical ascent rate obtained in

TR
‘\\-
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this study are comparable with the values given by Schoethe mesoscale vertical ascent rate of water vapour presented
berl et al. (2008) and Fujiwara et al. (2010). These valuegDhaka et al., 2003) here. However, large vertical velocities,
are also compared with ERA-Interim vertical velocity (re- as mentioned here, are likely to be limited mainly to the area
fer supplementary data). A good agreement between AURAof convective activity. The mechanism of ice sublimation and
MLS vertical ascent rate and ERA-Interim vertical velocity dynamical process associated with the gravity wave breaking
is observed for pressure levels lower than 82.5 hPa. This is tand cirrus jumping are the complementary processes which
be noted that the water vapour ascent rates presented in thisay participate in the hydration of the tropical lower strato-
analysis represent the average mesoscale ascent rates owphere (TLS). However, the quantitative contribution of dif-
each region. The water vapour ascent rate directly over théerent mechanisms in hydration of the tropical lower strato-
convective system (i.e., microscale velocities) or in-cloud as-sphere still remains an open question.

cent rate may be much different than the mesoscale ascent

rate presented here (Dhaka et al., 2003). 4.2 Role of horizontal transport

4 Discussion In addition to vertical transport, horizontal outflow appears
to be playing a major role in the water vapour redistribu-
4.1 Upward transport processes in TLS tion at different pressure levels over the tropical region. High

WVMR over the three convective regions is readily visible,

The observations presented and discussed in Sect. 3.3 sulgut all three convective regions are also interlinked through
gest that convective transport of water vapour dominatesa channel of uniformly spread moisture content (Fig. 2a—
up to 146.8-121.2 hPa and mesoscale diabatic transport i8). The impact of horizontal outflow appears to be more at
prominent at heights above 82.5hPa level. The influence higher heights€ 1212 hPa) and particularly during the later
of convective transport appears to be gradually decreasingionths of monsoon. Homogenisation of the hydrated layer
from 121.2 to 82.5 hPa. across the globe occurs during the month of August and

Mesoscale diabatic transport is one of the processes th&eptember (Fig. 2a) indicating the role of horizontal trans-
could cause hydration of TLS. However, there are other proport. Wind vectors obtained from Era-Interim reanalysis data
cesses which could play a significant role. Injection of watershow the diverging wind patterns over Asian and American
across the tropopause by land convection overshooting of iceegion during the monsoon period. This suggests that wind
crystals up to 19 km followed by their sublimation (Nielsen may have a role in the gradual amalgamation of three high
et al., 2007; Corti et al., 2008; De Reus et al., 2008; KhaykinWVMR regions occurring at 121.2 and 100 hPa pressure lev-
et al., 2009) is another process that could hydrate TLS. An-ls during July to September 2007 (see supplementary data).
other process of hydration of TLS has been suggested by
Wang (2003, 2004, 2007) and Wang et al. (2009). These au- _ . . . .
thors identified a deep convective transport mechanism ofl'?’ More moistening over the tropical American region
water vapour through the tropopause. These authors postu- near 100-82.5hPa
lated that storm top gravity wave breaking can inject tropo-
spheric water substance into the lower stratosphere. Wan{n Sects. 3.1 and 3.2, convection associated hydration is ob-
(2004) suggested that jumping cirrus is precisely the producserved to be maximum over the Asian region. OLR and cloud
of gravity wave breaking proposed by Wang (2003). Wang ettop pressure data also indicate that convection over Asian re-
al. (2009) used high resolution images from MODIS satel-gion is intense and spread over a large spatial area in compar-
lite and also supporting ground based measurements to prason with American or African region. But in results, larger
vide direct evidence of jumping cirrus phenomena. The icemoistening is observed over American region during the later
crystals in jumping cirrus are also likely to sublimate (under part of monsoon near the tropopause level (100-82.5 hPa).
favourable conditions) after reaching the higher heights inThe possible processes which could result in enhanced wa-
the tropical lower stratosphere and the water vapour releasetgr vapour at the pressure levels between 100-82.5 hPa lev-
from the ice particles transported by the jumping cirrus phe-els over American region as compared to Asian region dur-
nomena or convection may also undergo diabatic transportaing the later part of monsoon season are (a) loss of water
tion after its detachment from the main ice system. It mayvapour in the upward transport processes over Asian region
also be mentioned here that if water can be transported byb) inflow of water vapour which may be entrapped due to the
this mechanism then it is possible for other trace speciestrong horizontal winds over the American region (c) a com-
(gases or aerosols) to be transported. This could result in erparatively fast vertical transport of water vapour over Ameri-
hanced HDQ@H-,O ratio observed in the lower stratosphere can region or (d) more frequent gravity wave breaking giving
(Hanisco et al., 2007). It may also be noted that vertical ve-rise to cirrus jumping and subsequent enhanced sublimation
locity associated with a gravity wave breaking events aboveof ice clouds/crystals over the American region. The role of
convection systems may be much largerims1) than  each of these processes needs a detail examination.
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4.4 Anomalous increase in temperature during winters

In Sect. 3.3, a sudden increase in temperature is observed
over all three convective regions during the winter period
in the pressure range 100 to 261 hPa. However, no striking
change in WVMR or OLR values is observed during the time
period in which temperature peaks appear. Furthermore, con-
vection is absent over the selected regions during the boreal
winter period (OLR> 260 W nT2). Thus, convection may
not be the source of such change in temperature. This is an-
other interesting feature which is observed in this analysis
and the reason of this increase must be inspected in details.

5 Conclusions

Spatial variability of water vapour over three convective re-
gions and the transport of water vapour in the tropical UTLS
have been examined using EOS AURA MLS, ISCCP D1 and
NOAA OLR data over various convective regions of the trop-

ics for the Northern Hemisphere monsoon period. Analysis 5,

of this long-term water vapour data (2004—-2010) has brought
out a few key features of water vapour distribution in the
UTLS as summarised below:

1. Three independent convective regions with consider-
ably low OLR (< 220 W nT2) and different spatial ex-
tent are observed over tropics: Asian, American and
African region during boreal monsoon season. Spa-
tial distribution of cloud top pressure and the magni-

979

. An attempt has been made to calculate the vertical as-

cent rate of water vapour using MLS data. The verti-
cal ascent rate obtained from cross-correlation analysis
suggests the occurrence of a fast convective transport
of water vapour up to 146.8-121.2 hPa. Slow diabatic
ascent of water vapour appears to dominate for heights
above 100-82.5 hPa. The vertical ascent rate calculated
using MLS data are comparable with the values given
by Schoeberl et al. (2008).

Mesoscale slow diabatic transport is an important pro-
cess of hydration of the tropical TLS. In addition to it,
other processes such as cirrus jumping due to gravity
waves breaking and subsequent sublimation of ice un-
der favourable conditions in TLS can also be equally
important. The transport of water vapour in TLS can
be governed by any or a combination of the above men-
tioned processes. However, the quantitative contribution
of each mechanism in hydration of TLS still remains an
open question.

The temporal distribution of temperature shows the
anomalous increase in temperature values at lower
heights of UTLS region (i.e., 146.8 to 100 hPa) dur-
ing boreal winters. Such increment in temperature is
observed every year (2004-2010) over all the three
convective regions. This phenomenon is limited up to
100 hPa over all three convective regions and appears to
be prominent in the pressure range of 261.0-100.0 hPa.

tude of WVMR suggests that organised convection isSupplementary material related to this article is
stronger over the Asian region as compared to Ameri-available online at: http://www.ann-geophys.net/31/967/
can or African region. High-altitude convective clouds 2013/angeo-31-967-2013-supplement.pdf

with top pressure of the order of 150-200 hPa gener-
ally occur in the vicinity of the maximum WVMR re-
gion. Maximum moistening of the tropical lower strato-
sphere and homogenisation of the hydrated layer acros
the globe is observed during the later months of mon-
soon (i.e., August and September).

2. Distribution of WVMR in the upper troposphere and
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SUPPLEMENTARY MATERIAL

(@) Spatial distribution of Water vapor mixing ratio and OLR

Figure 1s a-b shows the spatial distribution of WVMR at pressure levels 261.0, 215.4, 177.8 and
146.8 hPa over the tropical region for the period of June to September 2007. The low OLR
regions in Figure 1s a-b are highlighted as black and white contour lines at 220 Wm™ and 200
Wm™ respectively. It is clear from the Figure 1s a-b that the region of high WVMR at 261.0 and
215.4 hPa lays directly above the low OLR region and a gradual spatial shift of the WVMR
maxima is observed for pressure level < 177.8 hPa. The core region of high WVMR at 146.8 hPa
lays somewhat north-westwards of OLR minima region indicating the significance of

background winds.

(b) Wind patterns obtained from Era-Interim reanalysis data

Figures 2s a-d show the wind vector plots obtained by using U and V component of wind data
obtained from Era-Interim reanalysis over the tropical region at 100 and 125 hPa for the months
of June-September, 2007. Average of U and V component of wind is taken at every grid point
for the period of June to September 2007 to draw the wind vectors shown in Figure 2s a-d.
Presence of anticyclone is observed over Asian and American region at 100 hPa and 125 hPa
during the boreal monsoon period. Observed winds are noted to be divergent in nature and
connect all three tropical convective regions during the monsoon period. The amalgamation of
three convective regions observed in WVMR distribution (Figure 2b) at 100 hPa and 121.2 hPa
may be due to the role of horizontal winds in transportation of water vapor at these levels as

wind divergence at these pressure levels might have helped in the redistribution of water vapor



over tropical region. This is also evident from the fact that water vapor over the three convective
regions over tropics tend to intermix or come close as the monsoon progresses from June to
September.

(c) Comparison of MLS water vapor ascent rate with vertical velocity obtained from ERA-

Interim

Vertical ascent rate of water vapor obtained from Aura MLS data is compared with vertical
velocity of air obtained from Era-Interim. Monthly mean data of vertical velocity is obtained
from ECMWEF data portal for the period of 13 Aug 2004 (start of MLS) to 31 Dec 2010. Since
the spatial resolution of ERA-Interim data is 1.5x1.5 degrees and doesn’t exactly matches with
the 10x20 degree latitude-longitude sector chosen for AURA MLS analysis (Asian: 10-20 °N,
80-100 °E; American: 10-20 °N, 90-110 °W,; African: 10-20 °N, 10-30 °E), so the nearest
available 12x18 degree latitude-longitude region is chosen (Asian: 9-21 °N, 81-99 °E; American:
9-21 °N, 91-109 °W; African: 9-21 °N, 10.5-28.5 °E). The selected 12x18 degree region was
further subdivided into 24 smaller sectors, each with dimensions 3x3 degree latitude-longitude

and value of each sector is shown in graphs using a scatter plot.

Figures 3s a-c show the vertical ascent rate of water vapor calculated by using AURA MLS data
and vertical velocity of air obtained from ERA-Interim over all three convective regions. These
values are also compared with ERA-Interim vertical velocity which has been calculated by using
methodology as discussed above. A good agreement between AURA MLS vertical ascent rate
and ERA-Interim vertical velocity is observed for pressure levels lower than 82.5 hPa and the
deviation between AURA MLS and ERA-Interim data increases for pressure levels higher than
82.5 hPa. This could be due to stronger vertical mixing of air at lower heights. Over Asian

region, the downward velocities are not observed inside the selected latitude-longitude region of



study, whereas, large downward velocities are observed along with upward velocities over

American and African region for lower heights (> 100 hPa).

This is to be noted that the water vapor ascent rates computed using Aura MLS data represents

the average mesoscale ascent rates over each region. The water vapor ascent rate directly over

the convective system (i.e. Microscale velocities) or in-cloud ascent rate may be much different

than the mesoscale ascent rate presented here. Era Interim or any other global model cannot

depict the vertical velocity of water vapor under sublimation or in-cloud mechanism.

Figure Captions

Figure 1s

Figure 2s

Figure 3s

Composite diagram of monthly mean MLS WVMR (ppmv) distribution at 261.0,
215.4, 177.8, 146.8 hPa and OLR (Wm) from NOAA for the time period of (a)
June and July 2007 (b) August and September 2007 over the tropical region.
Contour lines for OLR value 220 Wm™ and 200 Wm™ are shown by black and

white color respectively.

Average wind vector diagrams (June to September 2007) from Era-Interim
reanalysis data at 100 hPa for (a) Western Hemisphere (b) Eastern Hemisphere.
Similar plots of wind vectors but at 125 hPa for (c) Western Hemisphere (d)
Eastern Hemisphere.

Height profiles of water vapor ascent rate obtained from Aura MLS and vertical

velocity obtained from ERA-Interim model for (a) Asian region (b) American
region (c) African region. The vertical ascent rate of water vapor is defined as —,

where Ah signifies the pressure difference between two levels and At signifies the



time delay in signal propagation between these two pressure level. Vertical ascent

rate is shown at the average value of two pressure levels.
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Pressure (hPa)

Figure 3s(a)

Asian region (10-20 °N, 80-100 °E)

—A— Vertical ascent rate of water vapor (MLS)
O  Vertical velocity of air (Era-Interim)
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Figure 3s(b)

) ] o o —A— Vertical ascent rate of water vapor (MLS)
American region (10-20 "N, 90-110 "W)

O  Vertical velocity of air (Era Interim)
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Figure 3s(c) —A— Vertical ascent rate of water vapor (MLS)

African region (10-20 °N, 10-30 °E)

O Vertical velocity of air (ERA Interim)

20 :
|
|
40 — !
|
|
|
. ©
A |
80 — / !
|
|
:
100 — 0O ©O0 O OMIIDA0 O
|
|
| :
|
120 - |
O O|/00 O O 00 O 0D O O
= A :
|
140 — i
|
. o ! O O O D O O Q0000 (@16) ) D
|
160 I ) II ) I ) I ) I I )
o o o o o b <
o O‘ o o o o o
— — — — — —
X X X X x X
=) o =) =) o =)
C\Il N < (o] 0 —

Vertical veloctiy (hPa/s)



	Role of convection in hydration of tropical UTLS implication of AURA MLS long-term observations.pdf
	supp.pdf

