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Abstract. Thermal structure associated with deep convec-vertical resolution and accuracy near tropopause altitudes is
tive clouds is investigated using Global Positioning Systemdifficult during severe weather events, and the processes that
(GPS) radio occultation measurements. GPS data are insengletermine the details of UTLS transport are the subject of
tive to the presence of clouds, and provide high vertical reso-ongoing research (e.d?an et al.2010. Hydration and de-
lution and high accuracy measurements to identify associatetlydration of the UTLS are also poorly understood; models
temperature behavior. Deep convective systems are identand measurements suggest that overshooting convection can
fied using International Satellite Cloud Climatology Project penetrate the tropopause and, with different mechanisms, ei-
(ISCCP) satellite data, and cloud tops are accurately meather hydrate or dehydrate the UT or the LkSdy et al, 1982
sured using Cloud-Aerosol Lidar with Orthogonal Polariza- Danielsen1993 Wang 2003 Jensen et gl2007 Corti et al,
tion (CALIPSO) lidar observations; we focus on 53 cases2008.
of near-coincident GPS occultations with CALIPSO profiles The mean thermal structure in the tropics is linked to the
over deep convection. Results show a sharp spike in GP$fluence of deep convection: a maximum in the observed
bending angle highly correlated to the top of the clouds,lapse rate occurs near 12km, associated with the top of
corresponding to anomalously cold temperatures within theconvective influenceGettelman and Forste2002 Folkins
clouds. Above the clouds the temperatures return to backand Martin 2005. However, transient variability associated
ground conditions, and there is a strong inversion at cloudwith deep convection is more difficult to identify, as balloon
top. For cloud tops below 14 km, the temperature lapse rat®r aircraft measurements are difficult in regions of intense
within the cloud often approaches a moist adiabat, consistentonvection.Sherwood et al(2003 used regular radiosonde
with rapid undiluted ascent within the convective systems. measurements stratified according to the intensity of nearby
convection to identify convective influence, identifying mid-
dle tropospheric warming and cooling at altitudes near the
tropopause (typically above the top of convection). Such
1 Introduction cooling can result from convective overshooting, and also
from excitation of gravity or Kelvin waves by the convec-
Deep convective systems play a fundamental role in attjgn (Garcia and Salby1987 Randel and Wp2005. Chae
mospheric circulation and climate. Thunderstorms ande¢ al.(2011) used 3—4 km thick layer measurements from the
mesoscale convective systems produce fast vertical transporkra Microwave Limb Sounder (MLS) to identify the aver-
redistributing water vapor and chemical constituents and i”'age thermal structure of cloudy regions in the deep tropics,
fluencing the thermal structure of the Upper Troposphere anq’inding average cold temperaturesK) over ~10-14 km,

Lower Stratosphere (UTLS). Measurements of atmospherigng warm anomalies~(1 K) above (18 km). In this paper
parameters such as temperature and water vapor with high
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we study the thermal structure of deep convective systems
using observations from Global Positioning System (GPS)

radio occultation measurements. 1 T a(a) d
The GPS radio occultation (RO) techniquiu¢sinski ~ "("») =©€XP ;/ \/ﬁ a @)
et al, 1997 enables measurement of atmospheric thermal arp Tp

structure with high accuracy and vertical resolution in any ) .

meteorological condition, since the radiowave signal is not! "€ tangent radius;,, is subsequently found from the rela-

affected by clouds. Radio occultation soundings have thdiondr, =n(rp)rp. The refractivity profile is then:

highest accuracy between 5 and 25 km of altitude with ob-

servational errors in the range 0.3-0.5 % in refractivityud N=@n-1x10 @)

oL, 2004 n hey ke Vel ton a7 T mospher efacivty ) s deprdent o the emper
. . oo ture (' in Kelvin), pressure g in millibar) and water vapor

and horizontal resolution of about 270 kidufsinski et al, o . . )

2000. Several GPS RO missions are working at present, pro_pressuree( in millibar) profiles according to:

viding a high density of vertical profiles with a good time p e

and space coverag8ipndi et al, 2011). Here we use GPS N=T776x T +3.73x 10° T2 ®)

data to quantify the thermal structure of intense deep convec- . ) .

tion, based on identifying numerous GPS occultations that' e water vapor term (proportional t5;) is small in the

are co-located with large convective systems. The convecUPPer froposphere and stratosphere, where the water vapor

tive systems are identified using the International SatelliteMiXing ratios are<100 ppmv, so that the refractivity can be

Cloud Climatology Project (ISCCP) Deep Convection Track- used to directly calculate the so-called dry temperature and

ing DatabaseRossow et a).1996), and the detailed cloud dry pressure. More generally EG})(can be solved to obtain

structure (cloud top) is provided by Cloud-Aerosol Lidar and €stimates oe, p, andT by assimilating the refractivity to-

Infrared Pathfinder Satellite Observation (CALIPSO) mea-9€ther with first-guess profiles from, e.g., ECMWF analyses,
surementsHunt et al, 2009. using a one-dimensional variational (1DVar) technique (e.g.,

Healy and Eyre2000. The temperature profiles presented in
this paper were derived at CDAAC using a 1Dvar approach,

2 Data description but where refractivity observations are heavily weighted such
that the resulting temperature is basically the same as the
2.1 GPSdata dry temperature in regions where the water wapor term is

insignificant Biondi et al, 2011). We have analyzed the fol-

GPS observations are used from the Constellation Observing)wing GPS level 2 data products available from CDAAC:

System for Meteorology, lonosphere and Climate (COSMIC)

six-satellite constellationAnthes et al. 2009, the Grav- 1. Atmospheric Profile (atmPrf), which is a product con-
ity Recovery And Climate Experiment (GRACE) twin satel- taining the bending angle, refractivity, impact parame-
lites (Beyerle et al.2009, and the CHAllenging Minisatel- ter and the so-called dry pressure and dry temperature
lite Payload (CHAMP) satelliteWickert, 2001). The GPS (derived assuming no water vapor). All the parameters
RO data are obtained from the COSMIC Data Analysis and are reported versus the geometric height above the mean
Archive Center (CDAAC) websitehftp://cosmic-io.cosmic. sea level and the coordinates of the perigee point.

ucar.edu/cdaac/index.htmWe focus here on the CHAMP, )

GRACE and COSMIC profiles covering the period 2006— 2- European Centre for Medium-Range Weather Forecasts

2009, overlapping the CALIPSO measurement period. (ECMWF) Profiles (ecmPrf), which is a low resolution
The radio occultation technique uses the phase and ampli- ~ Product generated from the ECMWF gridded analysis

tude of two L-band signals (L1 at 1575.42MHz and L2 at ~ (ECMWF TOGA 2.5 degree Global Surface and Up-

1227.60 MHz) transmitted from GPS satellites and received ~ Per Air Analysis) for 00:00:00 UTC and 12:00:00 UTC

by the GPS receivers on board of Low Earth Orbit (LEO) each day, co-located with occultation profiles for com-
satellites (e.g. COSMIC). When the signal passes through ~ Parison purposes. It contains refractivity, pressure, tem-
the atmosphere it is refracted due to refractive index gradi-  Perature and moisture profile versus 21 standard pres-
ents and a measurement can be characterized by the bending Sure levels (1000, 925, 850, 700, 500, 400, 300, 250,
angle,«, as a function of the impact parameterAssuming 200, 150, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2 and 1hPa)
local spherical symmetry, the refractive indexielated to a and coordinates. Although a higher resolution would
given impact parameter(,), can be derived fronx anda have been prefe_rable, these .Iow—resolutlo.n analyses are
using the Abel inversionHjeldbo et al. 1971): used for comparison to the higher resolution GPS mea-

surements because the co-located profiles are readily
available from the CDAAC archive.
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3. Wet Profile (wetPrf), which is an interpolated product
with a vertical resolution of 100m obtained using a
one dimensional variational (1DVar) technique together
with ECMWF low resolution analysis data. This pro-
file contains latitude and longitude of the perigee point, 5
pressure, temperature, water vapor pressure, refractivity ¢ y
and mean sea level altitude of the perigee point. 15°S

80" W20  W60'W 0" 60 E12

5 g > - =
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2.2 Cloud measurements 45° S\

Detailed information on the space-time behavior of convec- 003
tive systems comes from the ISCCP Deep Convection Track- . _ ) )
ing Database, which is a globally gridded product with a Fig. 1. Locations of the Convective Clusters co-located with GPS
nominal time resolution of 3 h and horizontal resolution of radio occultations described in Table 1. In red the cases detailed in
30km. This is a database created to identify and describgam1gra|oh 4
the properties of mesoscale deep convective cloud systems

(Rossow et a).1996), using brightness temperatures from
geostationary satellite measurements. Convective Systems

(CS) are detected by cloud top temperatuseZ5 K, and o9 = 100. (Olconv—Olclim> 4)
Convective Clusters (CC) are identified as adjacent cloudy

pixels with cloud top temperatures220K. The CS rep-

resents all high-level cloud systems, including isolated cir-Whereacony is the bending angle profile for the convective
rus, deep convective towers, and anvil clouds. The datasetystems andcqim is the climatological bending angle from
provides information related to location, size, shape andhe gridded reference. All of the analyses are based on the
the properties of the clouds, including CC in case they areaw (unoptimized) bending angle from the atmPrf product
present, their location and properties. and the temperature profiles form the wetPrf product.

The detailed vertical structure of clouds (and in particu- o i
lar the cloud top altitude) is studied using the CIoud-AerosoI3'2 dentifying co-locating GPS, ISCCP and CALIPSO
Lidar with Orthogonal Polarization (CALIOP) instrument on measurements
board the CALIPSO satellite. The CALIPSO lidar measure-

ments provide high-re;olution vertical profiles of a?rosplslocated with large-scale intense deep convective systems
and clouds along satellite orbit tracks (equator crossing t'me(from ISCCP data), and furthermore closely overlap with the
01:30:00 and 13:30:00 local solar time), with horizontal reéS- AL PSO orbital t}ack data. We focus on the period June
Olution of 333m and vertical resolution between 30 and 556 51 5008 (which is the period of availability of IS-
60m depending on the altitude working at two—vyavelengthCCP Deep Convection Tracking Database and CALIPSO)
55::']2 ng]doé%ﬁgrw' The é:f;]LIPI%Ordarta dar? ?v\;':ullali)le ég)[n and selected 2157 cases of coincidences of Convective Clus-
une a € use € lidar product leve ( ters (CC) with GPS occultations, where the GPS measure-
LID_L1), release ValStagel and version V03 to analyze thements occur in a time window of 2 h and within the actual
total attenuated backscatter. radius of the CC. Since we are interested in the study of the
UTLS, we compared the storm location with the RO tangent
3  Methods point coordinates at 15 km of altitude.
We then further identify cases where CALIPSO observa-
3.1 GPS measurements and background climatology tions occur within the spatial radius of the CC, and within a
time window of 2 h. This results in 53 cases where the GPS
Using all the GPS ROs collected from the CDAAC website RO is co-located with CALIPSO (Fig. 1), within a Convec-
from 1995 to 2009, we have created a gridded monthly clima+ive Cluster (Table 1); these 53 events form the basis for our
tology (with one-degree latitude-longitude resolution) con- analysis below. These convective systems span a wide range
taining the averaged bending angle and temperature profilesf latitudes (-50° N-S) and longitudes; 20 cases are within
This climatology is used to compare with the profiles nearbythe latitude band I3N-S, and 38 within 30N-S. The cloud
to deep convection to identify anomalous bending angle andop altitude from CALIOP is defined as the maximum height
temperature behavior. where the total attenuated backscatter at 532 nm is larger than
One key parameter that we analyze and discuss in this pahe background noise.
per is the bending angle percentage anomaly with respect to
the climatology Biondi et al, 2011):

Cclim

Our objective is to identify GPS occultations which are co-
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above 9 km the lapse rate within the cloud increases, reaching
about 10 K knt?! just below the cloud top. There is a strong
inversion near the cloud top, and above the cloud the temper-
ature becomes warmer than the climatology, although this
latter behavior is not observed in every case (or in the aver-
age statistics shown below). The temperature profile from the
ECMWF analysis agrees with the profile from GPS RO, but
smears out the detailed vertical structure near the cloud top
due to the coarse vertical resolution; in particular the sharp
warming above the cloud is not well resolved.

Fig. 2. Structure of a convective system in the eastern Pacific ocean Two further examoles of temperature profiles acquired
(2 February 2008). Colors denote GOES brightness temperature P P P .

(09:45:00 UTC) difference between the 6.5 micron and 11 micrond_uring mter_]se convective sy_ster_ns with CIO_Ud tops re,aChing
channels, with red denoting high, cold clouds. The black line is thedifferent altitudes are shown in Fig. 4. The first case (Fig. 4a)
GPS RO tangent point (09:53:00 UTC) and the white line is the Was in January 2008 in Micronesia (with CS radius of 428 km
CALIPSO track (10:08:00 UTC). and CC radius of 104km), where the cloud top altitude
reached an altitude (16.8km) near the tropical tropopause.
This is associated with a sharp maximum in bending angle
4 Results anomaly, and cold temperatures (up to 8 K) compared to the
background climatology. The second case (Fig. 4b) was in
We first highlight results from an individual case study, with April 2008 in the western Pacific basin (CS radius 196 km
the spatial structure illustrated in Fig. 2. In this case the Con-and CC radius 77 km), with a cloud top altitude near 14 km.
vective System was located on the eastern Pacific basin om this case the bending angle anomaly was more than 30 %,
2 February 2008, covering a broad region betwed20 W with a temperature anomaly near the cloud top-@2 K, and
and 130 W, polewards of 20N. The convective system ra- a strong inversion above. The ECMWEF analysis produces a
dius was 208 km and the convective cluster radius was 30 kmlow resolution version of this detailed structure completely
Figure 2 shows the GOES brightness temperature differencenissing the strong inversion, the temporal mismatch between
between the 6.5 micron and 11 micron channels (which highthe analysis and the RO could be a reason for the differences.
lights high altitude clouds) at 09:45:00 UTC, together with  The previous 3 cases were chosen because representing 3
the GPS RO tangent point (bold black line, centered neadifferent areas of the globe and their cloud top reached dif-
21°N; 123 W) and the CALIPSO track (bold white line). ferent altitudes ranging from 12 to 17 km. In all the cases an-
The GPS RO was acquired at 09:53:00 UTC in a Convec-alyzed here, the bending angle anomaly shows a spike in the
tive Cluster with minimum temperature of 210 K. CALIPSO UTLS (corresponding to a relative cold point in the tempera-
overpassed the storm just 15min later, at 10:08:00 UTC ture profile) with altitude lower than the standard tropopause,
32 km from the RO tangent point. frequently revealing a double tropopause structure. This may
Figure 3 (left panel) shows the total attenuated backscatbe one mechanism for the (infrequent) occurrence of double
ter from CALIOP along the orbit track in Fig. 2 as a func- tropopauses in the tropics observed in GPS dathifidt et
tion of altitude, highlighting a relatively flat cloud top near al., 2006 Randel et a].2007).
12.5km. The right panels in Fig. 3 show the correspond- Figure 5 shows a scatter plot of the altitude of the bending
ing bending angle anomaly from GPS RO (green line), to-angle anomaly spike versus the maximum cloud top altitude
gether with the temperature profile from GPS RO (red line),from CALIOP, for each of the 53 cases considered here. This
the temperature profile from the ECMWF analysis (cyan) shows remarkably good agreement, with a correlation of 0.93
at 12:00:00 UTC, and the climatological temperature profileand a root mean square difference of 0.85 km. Since the GPS
(blue line). The bending angle anomaly profile has a largeRO and CALIPSO track are never exactly co-located we also
positive spike centered near 12.5km, very close to the alti-compare the bending angle profile with the altitude of the
tude of the cloud top identified by CALIPSO. The GPS tem- cloud averaged over the satellite track (Fig. 6), and this re-
perature profile shows that the upper cloud layer correspondsults in a slightly lower correlation (0.85) and an apparent
to relative cold anomalies (compared to the background cli-bias (wherein the averaged CALIPSO cloud top~% km
matology), with a relative cold point near the cloud top (co- lower than the bending angle anomaly).
incident with the maximum bending angle anomaly). In this  Using the cloud top altitude from CALIOP as a reference,
case the maximum cold anomaly is approximately 9 K com-we plotted the bending angle anomalies (Fig. 7), temperature
pared to the background climatology. The CALIOP attenu-anomaly profiles (Fig. 8), and lapse ratedl’/dz) (Fig. 9), as
ated backscatter shows the maximum cloud top at 12.64 kna function of altitude below and above the cloud top. These
and the altitude of the top (averaged over the satellite trackstatistics are separated into cases where the cloud top alti-
at 12.16 km. Below the cloud (not shown), the temperaturetude is below (22 cases) or above 14km (31 cases), in or-
follows the climatological profiles up to approximately 9 km; der to identify any systematic differences with the depth of
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Table 1. Convective Clusters co-located with GPS radio occultation and CALIPSO track. The local time is related to the RO acquisitions.
The space distance is related to GPS radio occultation tangent point at 15 km of altitude and the closest CALIPSO track coordinates. In bold
the cases detailed in the paragraph 4 and in italic the cases on land.

Date Local Time Distance [km] CSrad[km] CCrad[km] Area
26/11/2006  02.33p.m. 45 160 16 China
20/01/2007 03:19a.m. 85 102 53 Kiribati
26/01/2007 02:22p.m. 84 131 69 Polynesia
28/01/2007 12.43p.m. 72 92 67 Paraguay
30/01/2007 02:19a.m. 95 292 155 North Pacific
01/02/2007 02:18a.m. 49 394 134 Australia
03/02/2007  00:48a.m. 69 203 102 South-West Pacific
04/02/2007  12:40p.m. 57 118 16 Polynesia
04/02/2007 01:03a.m. 87 396 53 Central Atlantic
13/02/2007 00:58 a.m. 92 132 47 Brazil
10/03/2007 03:31a.m. 90 109 50 USA — Texas
17/03/2007 02:21p.m. 79 102 97 Guyana
28/03/2007 02:23p.m. 54 92 61 Botswana
11/04/2007  03:23p.m. 93 146 117 South Atlantic
18/04/2007 01:31p.m. 94 191 65 Galapagos
30/05/2007  03:04 a.m. 50 256 61 South Atlantic
02/06/2007 01:58a.m. 58 919 225 South Atlantic
02/06/2007  02:45p.m. 59 214 82 Ukraine
02/06/2007 02:08 a.m. 78 161 29 South-West Pacific
05/06/2007  12:35p.m. 65 236 134 India
08/06/2007 01:51a.m. 76 296 87 South Pacific
02/07/2007  02:40p.m. 84 251 73 Indian Ocean
03/07/2007 02:31a.m. 85 183 29 South Pacific
03/07/2007  02:07 p.m. 94 110 44 USA — Texas
20/07/2007  02:08a.m. 82 533 82 Bay of Bengal
02/08/2007  02:29 a.m. 93 246 63 Philippines
07/08/2007 12:25p.m. 68 100 29 China
14/08/2007 03:09a.m. 57 104 58 Nigeria
27/09/2007  01:38p.m. 95 117 95 Sierra Leone
09/10/2007 02:10a.m. 72 137 110 East Pacific
02/12/2007 02:50a.m. 98 156 108 Australia
04/12/2007  03:09p.m. 55 109 44 South Africa
06/12/2007 01:14p.m. 80 226 16 Central Pacific
13/12/2007 02:00a.m. 99 425 182 Japan
09/01/2008 02:18a.m. 47 135 67 Canada
10/01/2008  01:53p.m. 70 353 75 Angola
15/01/2008 01:29p.m. 57 175 108 North Atlantic
22/01/2008 00:58a.m. 18 428 104 Micronesia
02/02/2008 01:53a.m. 32 208 30 East Pacific
15/02/2008 11:41p.m. 58 238 29 Micronesia
02/03/2008  03:07 p.m. 76 137 56 Zaire
19/03/2008 02:01p.m. 93 92 79 Cameroon
29/03/2008 03:10a.m. 92 94 56 Samoa
03/04/2008  03:25p.m. 71 122 95 Sulu Sea
12/04/2008  01:39p.m. 72 315 116 Iraq
12/04/2008 01:36a.m. 42 395 87 Cook Island
14/04/2008  03:07 a.m. 64 196 77 West Pacific
01/05/2008 01:45a.m. 69 146 53 South Pacific
07/05/2008 02:30a.m. 77 171 86 North Pacific
30/05/2008 01:33a.m. 95 109 33 New Caledonia
02/06/2008 01:53a.m. 39 112 44 Atlantic
21/06/2008 01:23a.m. 38 211 77 South Atlantic
28/06/2008  03:01a.m. 99 92 81 Costa Rica
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Fig. 3. Vertical profile associated with the convective system identified in Fig. 2 (2 February 2008). The left panel shows the total attenuated
backscatter at 532 nm from CALIOP (10:08:00 UTC), along the orbit track shown in Fig. 2. The right panels show the bending angle anomaly
profile (green) and the temperature profile (red) from GPS RO (09:53:00 UTC) during the storm. The temperature plot also shows the profile
from the ECMWF analysis (cyan) and the climatological temperature profile (blue). The horizontal cyan line is the altitude of the standard

tropopause and the horizontal red line is the altitude of the coldest point and the bending angle anomaly spike.
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Fig. 4. Two examples of convective systems reaching different altitude: 22 January 2008 at 14:58:00 UTC (top panel) and 14 April 2008
at 17:07:00 UTC (bottom panel). The left panels show the total attenuated backscatter at 532 nm from CALIOP (at 15:28:00 UTC and
15:54:00 UTC, respectively), and the right panels show the bending angle anomaly profile (green), the temperature profile from GPS RO
during the storm (red), the temperature profile from ECMWEF analysis (cyan) and the climatological temperature profile (blue). The horizontal
cyan line is the altitude of the standard tropopause and the horizontal red line is the altitude of the coldest point and the bending angle anomaly
spike.
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Fig. 5. Scatter plot showing correlation between cloud top height Fig. 7. Vertical profile of the GPS bending angle anomaly, calcu-

derived from GPS RO (identified from the maximum bending angle |ateq with respect to the altitude of the cloud top derived from the

anomaly) and the maximum cloud top height from CALIOP. corresponding CALIOP measurements. Blue lines show each of the
53 cases, separated according to cloud top above and below 14 km.
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orbit track) from CALIOP. . . ) .
Fig. 8. Vertical profile of the GPS temperature difference between

the convective system and the background climatology, calculated
with respect to the altitude of the cloud top derived from the cor-
convection. The bending angle anomalies (Fig. 7) show &esponding CALIOP measurements. Blue lines show each of the
strong maximum near cloud top. The average bending ans3 cases, separated according to cloud top above and below 14 km.
gle percentage anomaly is 10% (reaching above 30 % foiThe red line is the average and the green lines are the av&rage
the event shown in Fig. 4b). The overall anomaly signals arestandard deviation.
stronger for profiles where the cloud tops are below 14 km
(Fig. 7b). Temperature anomalies (Fig. 8) show relative cold-
est differences near the cloud top (consistent with the largestie off beyond; —z0 = 5 km. We decided to use 14 km of al-
bending angle anomalies). The mean temperature anomaly tiude as discriminator because the correlation between sam-
somewhat larger~8 K) for cloud tops below 14km, com- ples below 14 km is higher than the correlation between sam-
pared to cloud tops above 14 kmy§ K). For cloud tops be- ples above 14 km.
low 14 km, the temperature anomalies decrease with altitude Figure 9 compares the lapse rated"/dz) structure asso-
above the cloud; for higher cloud tops, the anomalies rapidlyciated with the convective systems, and for comparison the
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lines). The red line is the convective systems average, the blaci background climatological temperature profile and the red line is

line is the averaged climatological lapse rate and the dotted verti{h® temperature profile when a convective system is present. The
cal green line is the dry adiabatic lapse rate (9.8 K background figure is the CALIOP total attenuated backscatter for

the case 2 February 2008.

climatological background lapse rate is also included (black
line). The colder temperatures within the clouds result in aa few kilometers from the cloud top. At this altitude the
significantly larger lapse rate below cloud top, especially forlapse rate increases (often approaching a moist adiabatic
the cases with cloud tops below 14km (Fig. 9b). In theselapse rate, as quantified in Fig. 9) and revealing a relative
cases the observed convective system lapse rates often agmperature minimum (cold point) near the top of the con-
proach a wet adiabat, consistent with rapid undiluted ascenyective system. Above the cloud top a strong inversion oc-
within the convective system. The wet adiabat lapse rate (e.gzurs, re-establishing a climatological temperature profile at
9Kkm~! at 300 hPa and-40°C) is less than the dry adi- higher altitudes. These upper level inversions are qualita-
abatic lapse rate of 9.8 Kkm. Above the cloud top the tively similar to the lower level boundary layer inversions
lapse rate typically becomes negative, corresponding to thebserved by GPS measurementSakolovskiy et al(2007).
systematic inversion seen in the temperature profiles aboveor cloud-top altitudes well below the tropical tropopause
cloud top (e.g. Figs. 3-4). (~17 km), the cloud-top inversion layers often result in a
double tropopause structure, with the lower one at the alti-
tude of the cloud top and the higher one at the climatological
5 Conclusions tropopause. As a note, there is reasonable agreement between
the GPS RO temperature profiles and nearby ECMWF anal-
This study has utilized GPS RO temperature profiles to invesysis (Figs. 3—4), although much of the high resolution verti-
tigate the thermal structure associated with deep convectiveal structure revealed in GPS measurements is missed in the
systems, as identified in co-located ISCCP and CALIPSOECMWF profiles.
data. The GPS data are well suited to this problem, as the There are several aspects of the results presented here
radiowave signals are unaffected by clouds. The results showvhich argue that the GPS bending angle and temperature re-
systematic anomalies in RO bending angle closely alignedsults are robust aspects of intense convective systems. As
with the top of convective systems (Fig. 5); it is impor- noted above, completely independent measurements (lidar
tant to appreciate that these results are derived from comvs. GPS RO) identify cloud top altitudes with an agree-
pletely independent data sets (namely satellite radio occulment of less than 1 km (Fig. 5). Further, very similar ther-
tation vs. space-based lidar measurements). These bendimgal structure is observed in many of the individual cases,
angle anomalies are associated with cold temperature anomaspecially for the 21 cases with cloud tops below 14 km
lies over the cloud layer, peaking near cloud top. A schematiqFigs. 7-9). In these cases, the lapse rate structure identi-
of the thermal structure of the convective systems derivedies a physically plausible behavior of approaching a moist
from the results here is shown in Fig. 10. Temperaturesadiabat at upper levels within the cloud system, consistent
decrease from the surface with a standard lapse rate untivith rapid, unmixed ascent. As a note, the convective systems
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are also associated with enhanced water vapor over the aBiondi, R., Neubert, T., Syndergaard, S., and Nielsen, J. K.: Radio
titudes of the cloud (up to several hundred ppmv accord- occultation bending angle anomalies during tropical cyclones,
ing to collocated AIRS Randel and Park2006 measure- Atmos. Meas. Tech., 4, 1053-10600i:10.5194/amt-4-1053-
ments). While these enhanced water vapor amounts will con- 2011 2011.

tribute to refractivity anomalies (E@), the corresponding Chae. J. H., Wu, D. L., Read, W. G., and Sherwood, S. C.: The
changes in temperature are expected to be smalgK; role of tropical deep co_nvectlve clpuds on temperature, water
S. Sokolovskiy, personal communication, 2011), and hence vapor, and dehydration in the tropical tropopause layer (TTL),

L . S Atmos. Chem. Phys., 11, 3811-382/bj:10.5194/acp-11-3811-
this is not an important source of bias in our results. The 2011 2011.

assumption of spherical symmetry inherent in the GPS rexqrj, T., Luo, B. P., deReus, M., Brunner, D., Cairo, F., Mahoney,
fractive index retrieval may also be violated for the measure- . 3., Matucci, G., Matthey, R., Mitev, V., dos Santos, F. H.,
ments near strong convective systems, although this probably Schiller, C., Shur, G., Sitnikov, N. M., Spelten, N.pssing, H.
does not introduce large biases. J., Borrmann, S., and Peter, T.: Unprecedented evidence for over-

It is interesting to compare the results of this study with  shooting convection hydrating the tropical stratosphere, Geo-
the recent ana]ysis ofhae et a|(20]_]), based on MLS phys. Res. Lett., 35, L108100i:10.1029/2008GL033642008.
temperatures combined with CALIOP cloud data. Note thatDanielsen, E. F.: In situ evidence of rapid, vertical, irreversible
there are significant differences between the temperature data @nsport of lower tropospheric air into the lower tropical strato-
used in these studies, namely the use of MLS temperatures fSpthere_ b)ll Cor;vecwi Cg“d tﬁrret;and gg lgg%%r'ss?gi ulpggzlhng
with vertical resolution ofv3—4.km (versu;<1 km for GPS . Fjelrdtzg,pl(g? Iglegr(()e?eAs.’J.,. anec;)gsﬁém:fll,’v. R The Neutryal Atrﬁo-
RO), and much more extensive sampling for MLS (daily

) > sphere of Venus as Studied with the Mariner V Radio Occultation
measurements spanning the tropics over 9 months vs. 53 Experiments, Astron. J., 76, 123-140, 1971.

individual cases studied here). Tkhae et al(201]) re-  Folkins, I. and Martin, R. V.: The vertical structure of tropical con-
sults reveal systematic cool temperatures below cloud top vection, and its impact on the budgets of water vapor and ozone,
for cloudy regions, with average differences-af—2 K. This J. Atmos. Sci., 62, 1560-1573, 2005.

vertical structure is similar to the GPS results; the larger av-Garcia, R. R. and Salby, M. L.. Transient response to localized
erage temperature anomalies identified in our study may re- epISOdIC' heating in the tropics. Part II: Far-field behavior, J. At-
flect a choice of isolating the most intense convective sys- Mos. Sci., 44, 499-530, 1987. _ _
tems, or the higher vertical resolution of the GPS data.Cettélman, A. and Forster, P.. A climatology of the tropical
Chae et al(201)) also identify systematic warm anomalies  0Popause layer, J. Meteorol. Soc. Jpn., 80, 911-924, 2002.

above cloud top, which are absent in our average results Thgealy, S. and Eyre, J.: Retrieving temperature, water vapour and
P, 9 ) surface pressure information from a refractive-index profiles de-

cause of this difference is difficult to identify given the very rived by radio occultation: A simulation study, Q. J. Roy. Meteor.
different temperature data sets and associated sampling be- go¢. 126, 1661-1683, 2000.

havior. Hunt, W. H., Winker, D. M., Vaughan, M. A., Powell, K. A., Lucker,
P. L., and Weimer, C.: CALIPSO Lidar Description and Per-
formance Assessment, J. Atmos. Ocean. Tech., 26, 1214-1228,
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