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Abstract. Coordinated measurements of Indian MST radarl Introduction

and radiosonde during the passage of overshooting convec-

tive cores in SAFAR pilot campaign (May—November 2008) There is a renewed interest on the exchange between the
are utilized to quantify the mass flux across the tropopauseroposphere and stratosphere (STE) in recent years because
and strength of the turbulence in up- and down-draft coresof the intriguing processes occurring in this region, such as
The distribution of retrieved mass flux is found to be wide, ozone depletion in extratropics, dehydration of air in tropics,
ranging from—0.6 (downward flux) to 0.8kgm?s™ (up-  etc. On a climatological scale, the mean transport is from the
ward flux). The net mass flux, is, however, from the tro- troposphere to stratosphere in tropics and from stratosphere
posphere to stratosphere, in spite of the existence of signifito troposphere in extratropics, primarily controlled by the di-
cant amount of downward flux. For the first time, the turbu- abatic stratospheric circulation (Holton et al., 1995). Earlier
lence strength in the vicinity of the tropopause in convectivestudies used a variety of methods to quantify the mass flux
cores is quantified. Large spectral widths with magnitudesacross the tropopause and found that the flux due to diabatic
>4ms! are observed during convection. However, suchcirculation is from the troposphere to stratosphere in trop-
large spectral widths are rare and are observed only for 1.6%cs (Rosenlof, 1995; Sherwood, 2000). These studies have
of total observations. The average spectral width (and alsghown that tropical diabatic mean lift and mass fluxes are
the variation or standard deviation) in draft cores is foundabout half as strong in northern summer as in northern win-
to be ~4.5 times larger than that in fair-weather. The tur- ter. Nevertheless, small-scale processes occurring near the
bulence strength in updraft cores is much higher than thatropopause also play a crucial role in the transportation of
of in downdraft cores. The mean (median) spectral width inconstituents and the exchange between these two important
updraft cores is larger by0.8ms? (a factor of~2) than  layers. However, quantification of exchange by these pro-
that of in downdraft cores. The turbulence strength does notesses is difficult, because of their variability in space, time
show any systematic variation with the intensity of convec-and the magnitude. In tropics, these processes include deep
tion in both up- and down-draft cores. The distributions andpenetrative convection (Jain et al., 2001; Kumar, 2006) and
mean values of mass flux and turbulence strength obtained ianhanced turbulence mixing induced by wave breaking (Fu-
the present study will be useful to quantify the STE due tojiwara et al., 2003) and shear instabilities.

direct intrusion of mass by overshooting convection and the The overshooting convection can influence the STE pro-
exchange of constituents (in particular water vapor) due tocesses in several ways; transportation of mass and con-
turbulence in a better way. stituents from the troposphere to stratosphere and also from
the stratosphere to troposphere, through enhanced turbulent
mixing, and gravity wave generation and/or filtering. Most
importantly, penetrative convection can hydrate/dehydrate
the air entering into the stratosphere and this issue will be
discussed in detail later. Several modeling and experimental
studies dealt with the characteristics of gravity waves gener-
ated by convection (CGW) and their transport of energy and

Correspondence tar. N. Rao momentum across the tropopause (Alexander et al., 1995;
BY (tnrao@narl.gov.in) Dhaka et al., 2002; Kishore, 2006). Other studies focused on
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Table 1. Important specifications and parameters of IMSTR usedd"’ect measurements of turbulence in convective cores near
in the present study. the tropical tropopause are scarce. Although the turbulence
guantification has been made at various geographical loca-
tions in fair weather conditions throughout the troposphere

Parameter MST radar - X - .
with wind profiling radars (Hocking, 1985; Fukao et al.,
Frequency 53 MHz 1994; Nastrom and Eaton, 1997, 2005; Rao et al., 2001;
Peak Power 2.5MW Fujiwara et al., 2003; Wilson, 2004; Alexander and Tsuda,
ﬁ?:ﬂ)m'sdéhpeno J 3’250 s 2007), the same is not true in convection. Therefore, the
. second objective of this article is to quantify the turbulence
Pulse width 2ps . R .
No. Coherent integrations 128 _dur_lng_ cor_1vect|on in the UTLS region. Fu_rther, some of the_
No. Incoherent integrations 1 mtngum_g issues are a(_:ldressed in this _artlcl_e. How intense is
No. FFT points 512 convective turbulence in comparison with fair-weather turbu-
No. of beams 4, E10,Z,, and S10) lence? Is turbulence strength is same in both up- and down-
Range resolution 300m draft cores? Is magnitude of turbulence depends on convec-
tion intensity, gauged by the magnitude of up- and down-
drafts?

o ] The data (Indian mesosphere-stratosphere-troposphere
the estimation of mass flux across the tropopause in conve ST) radar — IMSTR and radiosonde) utilized for the

tive cores. Tht_ase estim_ates depend heavily on model-derivegresent study are described in Sect. 2. The methodology
vertical wind fields, which are generally weak, compared 104 jdentify up- and down-draft cores is also briefed in this
the observed vertical wind (Rajeevan et al., 2010). Theresaciion. “A few case studies, where deep convective cores
were some flux estimates based on measured vertical Windgached/penetrated the tropopause are described in Sect. 3. It
in convection with air-craft and radars (VHF and Doppler 554 contains discussion on mass flux and turbulence strength

weather radars), but the measurements are limited either 19, ,_ and down-draft cores. Section 4 summarizes all results

cruising altitudes or to lower/middle troposphere (Lemone 5,4 discusses future perspectives of SAFAR campaign.
and Zipser, 1980; Lucas et al., 1994; May and Rajopadhyaya,

1999; Cifelli et al., 2002, and references therein). Only a few
observational studies were available in the literature focusing  pata and methodology
on mass flux estimations across the tropical tropopause by

penetrative convection (Jain et al., 2001; Kumar, 2006). NeV-The vertical air velocity ) and spectral width) measure-
ertheless, these studies are based on a few case studies afidnts made by the IMSTR during the passage of convection
also used modeled density profiles for estimating the masgre primarily used in the present study. Complete details of
flux. One of the objectives of this article (and also SAFAR |MSTR can be found in Rao et al. (1995) and the analysis
(Study of Atmospheric Forcing And Responses) program) isduring convection is elaborated in Rao et al. (1999). Impor-
to quantify the mass exchange between the troposphere anglnt specifications of the radar and parameters used for the
stratosphere from an ensemble of convection events and Comyresent study are shown in Table 1. Every alternate beam
current radiosoundings. is pointed vertically generating vertical air motion profile
In recent years, the role of convection in dehydrating thefor every 44 s (16 s for beam probing and 6 s for data trans-
air entering into the stratosphere is highly debated. It isfer for each beam) with 300 m height resolution. The beam
generally agreed that the tropopause altitude (temperatureyidth of IMSTR is 3, corresponding to a horizontal width
is high (cold) in convectively active regions (Gettleman et of 800-1000m in the tropopause region (16-20km). The
al., 2002). According to the convective dehydration hypoth-radar derivedy is an average velocity of all scatterer’s within
esis, the air entering into the stratosphere through overshoothe radar resolution volume. The IMSTR measurements are
ing convective turrets will be exposed to these extremelyaugmented by high-resolution (1-min) surface rainfall rate
cold temperatures resulting into the formation of ice, which (R) data obtained by optical rain gauge (ORG-815) and tem-
will sediment out leaving dry air behind in the stratosphere perature and densityo§ profiles retrieved from concurrent
(Danielsen, 1993; Sherwood and Dessler, 2001). In confadiosonde (Meisei-RSO01GH) measurements. Note that the
trast, a few studies have shown that the convection hydrateBMSTR measures over the radar location, while radiosonde
the stratosphere (Corti et al., 2008). Evaporation of condendrifts with background wind. Therefore, derived from ra-
sates and turbulent mixing moistens the upper tropospherdiosonde can be slightly different from that over the radar site
and lower stratospheric (UTLS) region. Whether or not the(or in cores). For mass flux estimation, the present study as-
convection hydrates or dehydrates the stratosphere, there @imes the covariance between the density and vertical wind
a general consensus that turbulent mixing in the vicinity of (if any) is negligible.
the tropopause is one of the primary mechanisms for trans- The IMSTR was kept in alert mode during the SAFAR pi-
ferring constituents/watervapor irreversibly. Unfortunately, lot campaign period (May—November 2008). The radar was
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Fig. 1. Time-height contours dfa) range corrected SNRb) the vertical air velocity an€c) spectral width observed with the IMSTR on 21
May 2008. The data gaps are shown as white patches. The bottom panel shows temporal variation of surface rainfall derived from ORG.

Table 2. The timings (start and end time) of overshooting in each

The draft core is defined as the region in the time-height

convection event. The accumulated rainfall during the total eventNt€NSity map ofw in which the absolute value of is greater
(not only during overshooting period) is also included in the table. than 1ms*(Umaand Rao, 2009). To avoid small patches of
strongemw to be called as cores, few more constraints are im-

Overshooting (LT)  Accumulated posed on the def_init_ion_ of core. The core sho_uld be persistent
Date Starttime Endtime  rain (mm) for at least 10 min (in time) and 500 m (in height). Both up-
: : and down-draft cores are identified using the above proce-
31\] May22000088 12i53()5 126115% 2125()4, dure. The sensitivity of the velocity threshold on core statis-
une y y . tics (compositaw, core overpass duration and core top alti-
24 July 2008 22:50 23:00 17.9 . . -
27 July 2008 16:05 16:20 17.9 tude) is examined by altering the threshold from 1 to 1.5 and
14:30 15:00 35 to 2ms. The above core statistics are not changed much
24 September 2008 ;4. 2:240 45.0 for different thresholds, nevertheless, the number of data

points reduced considerably when a 21 selocity thresh-

old is employed (Uma and Rao, 2009). Since the present
study deals with STE, deep convective cores with at least a
operated continuously for more than 6 h in each event. A to-part of the draft core above 16 km are only considered here.

tal of 16 convection events (10 deep and 6 shallow) were ob-
served during the campaign period, varying in duration from
30 to 220 min. Out of 16, the convection reached/penetrated
the tropopause (16 km) in 5 cases (see Table 2 for the time
and duration of overshooting). Table 2 also contains the ac-
cumulated rainfall (in mm) during the passage of convection.
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Fig. 2. Same as Fig. 1, but for 24 September 2008.
3 Results and discussion R of ~55mm ! during 15:50-16:15 LT also corroborates
the passage of the convective system. The strength of the
3.1 Case studies turbulence (in terms of spectral width) is also high in both

up- and down-draft cores with values as large as 4 ms
Two deep convection events (21 May 2008 and 24 SeptemThe variation of surface meteorological parameters and the
ber 2008), during which the convection penetrated the€volution of this event are discussed in detail in a companion
tropopause, are discussed in detail here. The time-heightaper (Rajeevan et al., 2010).
maps of range corrected signal-to-noise ratio (SNRznd The updraft cores on 24 September 2008 show inclined
o during the passage of draft cores on 21 May 2008 and 24tructures with large vertical extension. Two of three cores
September 2008 are shown in Figs. 1 and 2, respectively. Thebserved during 18:30-22:30 LT reached the tropopause re-
data gaps (2 on 21 May and 1 on 24 September 2008) argion. The intensity of the core observed during 20:00-
due to power failures. On 21 May 2008, convective drafts21:00 LT is relatively high withw values exceeding 10 nr$
(both up and down) are seen as patches throughout the offor long period (-30min). Largew values are observed
servational period. Nevertheless, two cores are clearly apin the middle and upper troposphere. In addition to up-
parent from the figure: a weak down-draft core mostly in draft cores, relatively weak downdraft cores (during 19:40—
the middle troposphere (15:15 to 15:45 LT), but extended t020:10 LT and 22:00-22:40LT) are also present in the middle
the tropopause region for some duration and an intense ugroposphere. These cores are limited in vertical extension
draft core (15:50-16:15 LT) throughout the depth of the tro-and small in magnitude in comparison with updraft cores.
posphere. The updrafts during the above period are extende@evere turbulence is observed in updraft cores wittalues
up to the altitude of-19 km. The intensity of the updraft core exceeding 4ms'. Intense rainfall g > 40 mm h* for con-
is high in the middle troposphere with magnitudes as large asiderable period) is observed during the passage of third core
12ms1, nevertheless reduced to 1-5ntdn the vicinity ~ With a rainfall accumulation of 41 mm in just2h.
of the tropopause. Intense surface rainfall with a maximum
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3.2 Quantification of mass flux in cores Fig. 4. Vertical profiles of temperature obtained from radioson-
des, launched from Gadanki (at 15:00LT on 21 May 2008 and at

It is interesting to note downdraft cores adjacent to and,17:00 LT on 24 September 2008). The cold point tropopause can be

sometimes, above updraft cores, in the vicinity of the seenaround 16.3km.

tropopause. The downdraft cores are generally observed in

the lower troposphere as a result of raindrop drag and evapo- 45,

rative subsidence. Sometimes, downdraft cores can be deeg ] Down Up

which are generally seen in the transition phase of mesoscale {Mean (Median) _ -0-1?%-0-09) 0.21(0.18)

convective systems (MCS) (May and Rajopadhyaya, 1999; 120-Strongest 10 percentile -0.2 0.4

Uma and Rao, 2009). The cores in the vicinity of the ]

tropopause are a result of dynamical response of updrafte 904

(Yuter and Houze, 1995) or high frequency gravity wave mo- &

tions (Alexander et al., 1995). Although the processes re-§ 60_’ N

sponsible for downdrafts are known, the magnitude of verti- ] N Q

calwind in cores, particularly in the tropopause region, is not 1 NS

known precisely. Figure 3 shows the distributioruofn up- 30+ N

and down-draft cores in the tropopause region (above 16 km). ] N iﬁﬂ,

It is evident from Fig. 3 that the downdrafts are present for o =l , ! =

considerable percentage of time with large magnitude. How- 08 -06 -04 -02 00 02 04 06 038

ever, updrafts seem to be preponderant near the tropopaus Mass flux (kg m?s™)

region. The updrafts are intense as well. Distribution for up-

and down-drafts shows large % occurrence (estimated fronfrig. 5. The distribution for mass flux per unit volume across the

counts) at weak drafts, but decays drastically with the in-tropopause.

crease in intensity of drafts. The distribution resembles with

that of observed by air-crafts and profiler measurements else-

where (Lemone and Zipser, 1980; Lucas et al., 1994; Maytively large SNR and can also be obtained directly from tem-

and Rajopadhyaya, 1999). The mean, median and strongeperature profiles (Fig. 4)) indicating that significant amount

10 percentile population (given in Fig. 3) also shows the pre-of mass exchange could have occurred during this period.

dominance of updrafts. The strongest 10 percentile drafts imThe mass flux per unit volume is estimated framand p

the tropopause region are, in fact, nearly equal to that of invalues in the height region of 16—20 km from all case stud-

the lower and middle tropospheric observed/simulated drafies. The distribution for mass flux during overshooting con-

cores (Xu and Randal, 2001, and references therein). vection (both up- and down-draft) is shown in Fig. 5. The
It is clearly apparent from Figs. 1 and 2 that the cores aredistribution is wide varying from-0.6 kg nT?s~! (down-

penetrating the tropopause 16 km, as evidenced from rela- ward flux) to 0.8 kg m?s~1 (upward flux), nevertheless such

N

www.ann-geophys.net/28/113/2010/ Ann. Geophys., 28, 1232010



118

T. N. Rao et al.: Exchange across the tropical tropopause in overshooting convective cores

700 150
; Down U
500 B XY Fair-weather ST Downdrafts  pean . 2%
1\ B2 Convection 125 {5223 Updrafts Modian 10 20
1 Strongest
Fair-weather Convection 100 10 percentile 2.0 3.2
Mean 0.4 1.8 ]
b= Median 0.4 1.7 a
3 Strongest § 754
© 10 percentile 0.6 3.1 5] 1
50 -
l I 25-
111 ETY SN 8
1 3 4 5 6 0 1 2 3 4 5 6
o(m s'1)

s(ms™

Fig. 6. Distribution for spectral width in fair-weather and convective

cores in the tropopause region (16-20 km). Fig. 7. Distribution of spectral width in up- and down-draft cores in

the tropopause region (16—-20 km).

intense mass flux events are not common. Therefore, the . o .
mean mass flux with large standard deviation (due to thdneano between fair-weather and convection is statistically
variation in fluxes within the storm and also from storm to Significant. Further, the distribution far in convection is

storm) indicates that these estimates are of first order. ThgUch wider compared to that in fair-weather, indicating the
distribution clearly shows two peaks (one for upward and @'9€ variability present in convection. Large spectral widths

the other for downward fluxes) at 0.075kgfs L. Al- (>4ms1) are also observed in convection, but such large

though downward fluxes with large magnitude are pres:emspectral widths existed for only 1% of total observations.

for considerable period, the net flux, residual of troposphereSUCh largeo values are, in fact, observed in the lower tro-

to stratosphere (upward) and stratosphere to tropospher%OSphere during conv_ectlon (Rao et. a_I., 1999)' By knqwmg
(downward) flux, is upward. For instance, the mean upwardt e water vapor (and its gradients), it is possmlg to estimate
mass flux is 0.1720.13kgn2s-2, while the downward the water vapor fluxes across the cloud boundaries due to tur-
flux is 0.092£0.04 kg m2s~1. The skewed distribution to- bulence. o _ o
wards upward flux and the presence of large upward fluxes The Spectral broadening in fair-weather (in the vicinity
corroborate the general perception that the net STE in tropic§f the tropopause) is smaller at Gadanki than the values

due to convection is from the troposphere to stratosphere. ©btained at mid-latitude stations, for ex., Shigaraki, Japan
(0.6£0.2m st (Alexander and Tsuda, 2007)), nevertheless,

is comparable to that observed near the equatorial tropopause
(0.46+0.2 ms 1, Fujiwara et al., 2003). On the other hand,

In addition to the direct transport of constituents and massearlier studies have shown that the turbulence strength in-
into the stratosphere through overshooting convection, th&reases when a propagating wave breaks near the tropopause
exchange also occurs through turbulence diffusion processeg@nd this enhanced turbulence is important for STE. Fujiwara
The turbulence mixing across cloud boundaries is one of theet al. (2003) have shown Kelvin wave breaking and asso-
effective mechanisms by which the irreversible transfer ofciated increase in turbulence strength using Equatorial At-
STE occurs (Sherwood and Dessler, 2000). #haeasure-  mospheric Radar (EAR) measurements. They observed that
ments made with IMSTR during fair-weather and in convec-the turbulent kinetic energy increases by a factor of 5 dur-
tive cores are employed to quantify the turbulence. The dising wave break period compared to that of in quiet period.
tribution for o (a measure of turbulence) in draft cores near Whiteway et al. (2003) observed gravity wave breaking near
the vicinity of the tropopause (16—20 km) is shown in Fig. 6. the tropopause over Aberystwyth and subsequent intensify-
Also included in the figure is the distribution fer in fair- ing of turbulence activity. The turbulence strength in such
weather conditions observed within 10 days from the con-wave breaking events (maximum values in the range of 0.7—
vection day. Although the distributions ferin fair-weather ~ 1.2ms ! (Fujiwara et al., 2003; Whiteway et al., 2003)) is,
and convection have a small overlap, but the mean (medianindeed, large compared to that of in quite periods, but much
values differ by a large magnitude. For instance, the mean smaller compared to that of in draft cores over Gadanki.

for fair-weather (0.40.14 ms1) is nearly 4.5 times smaller The turbulence strength is not same in up- and down-draft
than that for draft cores (1480.96 ms'1). The difference in  cores (Fig. 7). The distribution for updraft cores is wide

3.3 Quantification of turbulence in draft cores

Ann. Geophys., 28, 11322 2010 www.ann-geophys.net/28/113/2010/
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c(ms

Fig. 8. Variation of spectral width as a function efin up- and down-draft cores.

and contains large values-2ms1) of . On the other However, an estimate of beam broadening correction is made
hand, thes distribution for downdraft cores is relatively nar- using the wind speed at the tropopause altitude prior to and
row with most of the populatior:2ms 1. The mean, me- after the convection overpass (20—40Th)s The correction
dian and strongest 10 percentile valuesropopulation for  due to finite beam for a given velocity range of 20-40ths
updraft cores are considerably larger than that for downdrafis in the range of 0.38-0.76 m&
cores. Though the mean is smaller for downdraft cores In addition, the transience effect also needs to be consid-
than for updraft cores, but is larger than that for fair-weatherered here. In fair weather, the transience broadening is negli-
(0.4ms. gible; when the beam probing period and gradient in vertical
To see whether the turbulence depends on the intensity ofvind within the radar pulse height are small, such as in the
convection (gauged by vertical air motion), thes plotted  present study (16s and 300 m, respectively). However, in
as a function ofw in up- and down-draft cores (Fig. 8). No convection, the vertical velocities change rapidly with time
clear discernable feature (in other words, do not follow anyand therefore contribute to the spectral broadening even in
functional form), is observed from Fig. 8. For any particular such short beam probing periods. Similarly large vertical
vertical air motiong has several values (wide distribution) in gradients inw in 300 m also contribute to spectral broaden-
both up- and down-draft cores. However, thdistributionat ~ ing. To obtain the first order estimate of transience broad-
any particulam is wider for updraft cores than for downdraft ening, the difference im from successivev wind profiles
cores. (44-s resolution) (within the cores near the tropopause) is es-
timated. Figure 9a shows the histogramuodifference in
3.4 Uncertainty in the quantification of turbulence in 44 s, Itis apparent from the figure that 60%wefdifference
draft cores population lies withi=1 ms™1. The mean and median val-
ues ofw-difference population (considering only magnitude)
Note that, the measured by VHF radars contains non- are also<ims. In other words, thev changes by not
turbulent contributions, due to finite beam width (beam more than 1 mstin 44 s in majority of cases. Then the vari-
broadening), vertical shear of horizontal wind (shear broad-ance inw in 16 s (beam probing time) is estimated from 1s
ening) and transience (Hocking, 1985; Fukao et al., 1994interpolatedw-difference values. Similarly, the variance in
Nastrom et al., 1997; Rao et al., 2001; Wilson, 2004). The300m is also estimated by identifying the limits in which
shear broadening can be neglected for vertical beams (Fukagost of thew-gradient population lies1 m s~1 in this case)
et al,, 1994). The beam broadening increases with beaniFig. 9b). The variance (estimated using the procedure out-
width and wind speed. The reliability of wind profiler hori- |ined above) inw in 16's and in 300 m are 0.0&®.01 and
zontal winds during convection is less (Hooper et al., 2005),0.08+0.07 nf s~2, respectively. Even if we consider the
because of implicit assumptions (homogeneity of wind with velocity difference between successive scan cycles (height
space — within the volume between probing beams and timganges) is 2.5 ms" in 44 s (in 300 m) (90% ofv differences
— required to probe in at least 3 non-coplanar directions) in-are within this limit), the variance in 16 s (in 300 m height) is
volved in Doppler Beam Swinging (DBS) method, which are not more than 0.08 (0.52?n$‘2).
not true during convection. Therefore, the spectral width
measurements are not corrected for beam broadening effects.

www.ann-geophys.net/28/113/2010/ Ann. Geophys., 28, 1232010
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Fig. 9. Distributions for the variation ofv (a) in 44 s andb) in 300 m, respectively.

Removing the above uncertainities/non-turbulent contri-
butions from the observed spectral broadening, the méan
due to turbulence alone is found to @ m? s~2. For a typ-
ical tropopause brunt-vaisala frequenay)(of 0.02s 1, the
estimated vertical eddy diffusivityk) will be of the order
of 10 s (see Fukao et al., 1994; Rao et al., 2001, for
formulation of K). The estimated is larger than those
reported elsewhere using air-craft (except in extremely tur-
bulent patches), radar and lidar measurements (see Table 1
of Wilson, 2004). The early estimations &f by Kennedy
and Shapiro (1980) in extremely turbulent patches are of the
order of 2-111rAs™ L. In fact, K estimated from strongest
10 percentile values af (Fig. 6) is found to be of the same
order.

4 Summary and future perspectives

Coordinated measurements with IMSTR and radiosonde dur-
ing the passage of convection are used to quantify mass flux
and turbulent flux across the tropopause in draft cores. The
important conclusions obtained from the present study are
listed below.

1. Itis widely accepted that the exchange between the tro-
posphere and stratosphere in tropics occurs primarily
through two mechanisms; a fast transport by convec-
tion and a slow transport by stratospheric diabatic cir-
culation. Earlier studies have shown that the mass flux
due to diabatic circulation is from the troposphere to
stratosphere in tropics (Rosenlof, 1995; Holton et al.,
1995; Sherwood, 2000). The present study shows that
the transport due to convection can be in both ways, as
evidenced by the wide distribution of up- and down-
ward fluxes. Nevertheless, the population and also the

mean value of mass flux are larger in updraft cores, and 2.

suggest that the net flux due to convection is also from
the troposphere to stratosphere in these cases. The large
variation in the flux values (and large standard devia-
tion) indicates that the mean value obtained here is of
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first order and the mass flux can vary significantly from
one event to the other.

The present analysis clearly shows that mass flux across
the tropopause in penetrative convection, both by di-
rect intrusions and turbulence, is significant. Nev-
ertheless, the frequency occurrence of such penetra-
tive cumulus convection is not known from the present
analysis. Further, such convective exchange could ex-
hibit large spatial and temporal variabilities. Consid-
erable observational support can be found for the ex-
istence of some amount of overshooting past the trop-
ical tropopause. Frequent overshooting has been in-
ferred from satellite data by Schmetz et al. (1997). Get-
tleman (2002) also used satellite data to map the ge-
ographical variability and frequency of occurrence of
convection. Recently, using Tropical Rainfall Mea-
suring Mission (TRMM) precipitation radar measure-
ments, Liu and Zipser (2005) have shown that 0.1% of
convection penetrated the 380K potential temperature
level. The above studies have shown that overshoot-
ing convection is more frequent over land than over wa-
ter, especially over central Africa, Indonesia and South
America. Combining such statistics on the occurrence
of convection (both in space and frequency) with the
present study (dealing with the direct measurement of
mass flux and turbulence flux) will advance our un-
derstanding of convective transport of mass and con-
stituents across the tropopause. To obtain such an es-
timate, it is planned to take concurrent measurements of
w ando with IMSTR and vertical sounding of meteo-
rological variables with radiosonde during the passage
of several draft cores over the observational site (as part
of SAFAR campaign).

A clear enhancement in turbulence activity is observed
in draft cores. The magnitude of turbulence strength
is nearly 4.5 times larger in convective cores than in
fair weather. The strength of turbulence in convection
is higher than that of due to wave breaking near the
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