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Abstract. Data from the Atmospheric Infrared Sounder 1 Introduction

(AIRS) on the EOS Aqua spacecraft each day show tens of

thousands of Cold Clouds (CC) in the tropical oceans withInspection of Atmospheric Infrared Sounder (AIRS, Aumann
10 um window channel brightness temperatures colder thagt al., 2003) spectra shows the expected absorption features
225K. These clouds represent a mix of cold anvil cloudsof water, carbon dioxide and ozone relative to spectral re-
and Deep Convective Clouds (DCC). This mix can be sep-gions of low atmospheric opacity (window areas) in almost
arated by computing the difference between two channelsall spectra, including those with heavy cloud cover. How-
a window channel and a channel with strong Cabsorp-  €ver, for about 1% of the spectra in the tropical oceans
tion: for some cold clouds this difference is negative, i.e. (30° S=30 N) the spectra are inverted: the strong £éb-

the spectra for some cold clouds are inverted. We refer tgorption near 14 um, the strong water vapor absorption near
cold clouds with spectra which are more than 2K inverted6 Hm and ozone absorption in the 10um area are seen in
as DCCi2. Associated with DCCi2 is a very high rain rate émission relative to cold cloud tops in the 8-12 um atmo-
and a local upward displacement of the tropopause, a col@pheric window channels. Negative brightness temperature
“pulge”, which can be seen directly in the brightness tem-differences between the 11um window and 6.7 um water
peratures of AIRS and Advanced Microwave Sounding Unitchannel were first noted by Ackerman (1996). Schmetz et
(AMSU) temperature sounding channels in the lower strato-al. (1997) noted their association with severe thunderstorms
sphere. The very high rain rate and the local distortion of theand first attributed it to Overshooting Convection (OC). Con-
tropopause indicate that DCCi2 objects are associated witigeptually, OC has the potential to force water vapor into the
severe storms. Significant long-term trends in the statistilower stratosphere where it emits at the warmer stratospheric
cal properties of DCCi2 could be interesting indicators of temperature. Romps and Kuang (2009) defined overshoot-
climate change. While the analysis of the nature and physing cloud tops as clouds with brightness temperature colder
ical conditions related to DCCi2 requires hyperspectral in-than the monthly mean tropopause temperature climatology
frared and microwave data, the identification of DCCi2 re- at that location, as derived from reanalysis of the National
quires only one good window channel and one strong CO Centers for Environmental Prediction (NCEP) (Kalnay et al.,
sounding channel. This suggests that improved identificatiorl 996). Gettelman et al. (2002) found that “about 0.5% of the
of severe storms with future advanced geostationary satelfcold] clouds appear to be colder than the mean tropopause”.
lites could be accomplished with the addition of one or two Others have used the reanalysis pertaining to the time and
narrow band channels. location of the observation to identify the tropopause. The
relatively coarse temporal, spatial and vertical resolution of
the reanalysis make the accuracy of the calculated height of
the tropopause uncertain (Liu and Zipser, 2005), particularly
in the presence of strong convection. What appears as OC
and penetration into the stratosphere, may actually be related

Correspondence td:. H. Aumann to the difference between the height of the tropopause under
BY (aumann@jpl.nasa.gov) average conditions and strong convection conditions. The

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

1168 H. H. Aumann et al.: Deep convective clouds at the tropopause

objective of our paper is to use AIRS hyperspectral data to
gain new insights into properties of these cold cloud tops.

407

2 Data \ 260
351

AIRS data together with data from the Advanced Microwave & 260

Sounder Unit (AMSU, Lambrigtsen, 2003) and the Ad- Eso

vanced Microwave Scanning Radiometer for EOS (AMSRE, 5 240

Imaoka et al., 2007) are used in the present study. AIRS, 25’_"“’ﬁ

AMSU and AMSRE were launched in May 2002 on the EOS Q N

Aqua satellite into a 705 km altitude sun-synchronous, 98 220

inclination circular orbit. The 01:30 p.m. ascending node, in 20t

the following referred to as the “day” overpass, and a cor- 200

responding 01:30a.m. “night” overpass on the descending e 'mmngimf;’ s b

part of each orbit, are actively maintained. The orbit pe-

riod is 95'99 min and, since the orbit is Sun'SynChronous'Fig. la. This figure shows the brightness temperature in the
consecutive orbits are separated by 2760km at the equar231 cnr! window channel for a typical tropical ocean AIRS data
tor. More than seven years of AIRS, AMSU and AM- granule.
SRE data are now available. The absolute calibration at the

200 mK level and stability at the better than 10 mK/year level 300
have been validated using the sea surface temperatures (Au-
mann et al., 2006). The validation of the radiometric accu-
racy and stability at the extremely cold temperatures rele-
vant for the study of cold cloud tops used Dome Concordia
data in Antarctica (Walden et al., 2006; Elliott et al., 2007). 260
AMSU is a 15 channel microwave radiometer, with 12 of
the 15 channels centered on the 57 GHz oxygen line. The 240+
AMSU data system is synchronized with AIRS and covers
the same crosstrack swath. AMSRE is a conical scanning
passive microwave imaging radiometer. The AMSRE rain
rates, measured within minutes of the AIRS data, are avail-
able each day averaged on a 0.2fid, i.e., approximately 200
on a 28km scale, separately for day and night orbits. Data

from AIRS and AMSU are available from the GES-DISC at

GSFC since Septgmber 2002. The AMSRE rain ra}tes (W'I'Fig. 1b. This figure shows average spectra for clear (red), high
heit et al., 2003) since September 2002 were obtained fron|oyds (green) and inverted spectra (blue) from the data on the left.
ftp://rain.atmos.colostate.edu/RAINMAP/data/amsrédn-  The lines indicate the approximate position of five key channels
like AIRS and AMSU data, which are calibrated radiancesused in the analysis.

and brightness temperatures (level 1b), the AMSRE rain rates

used here are based on a level 3 (gridded data) product.

AIRS is a hyperspectral infrared sounder which covers thecal tropical Atlantic granule, granule 176 from 6 September
650 to 2665 cm?! region of the thermal infrared spectrum 2002. The brightness temperature is shown color encoded
with 2378 spectral channels. The AIRS footprint subtendsbetween 199 K and 300 K. Of the 12 150 spectraxAB5)
an angle of 1.1 (full width at 1/ peak), corresponding to a in the granule, 5016 (41%) are from scenes where the ob-
13 km footprint at nadir. The footprints are scannedd.5 served bt1231 agrees with the expected value based on the
cross-track, resulting in a 1650 km wide swath with 90 foot- sea surface temperature forecast by NCEP within 2K, i.e.
prints, i.e. the average footprint diameter is 18 km. The AIRSthese scenes are relatively cloud free. The average clear
data are saved in “granules” of six minute duration. Eachspectrum between 650 and 1600¢his shown in red in
granule contains 135 scan lines with 9a35=12 150 spec- Fig. 1b. For 600 pixels (5%) bt1231 is between 225K and
tra (one spectrum per footprint). Associated with each® 240K, indicating the start of deep convection with moder-
group of AIRS spectra are nearly simultaneous AMSU mea-ately high clouds. These pixels are shown in light blue in
surements with a 45 km diameter footprint at nadir. Figure 1aFig. 1a and the corresponding average spectrum is shown in
shows a 90« 135 pixel image of the brightness tempera- green in Fig. 1b. Embedded in regions of high clouds are
ture in the 1231 cm! window channel, bt1231, from a typi- some extremely cold cloud tops (dark blue in Fig. 1a). For
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73 pixels (0.6% for this granule) bt1231210K, with the  which highlight the most likely functional dependence of the
average spectrum shown in blue in Fig. 1b. The ozone regiowo variables in the scatter diagrams. They are generated by
(near 1050 cm?), the CQ lines below 780cm?, the CH;  dividing the x-axis into n equal width bins, where each bin
lines centered near 1305 ch) and the water lines between is characterized by a mean, xm, a standard deviation, sd, and
1300 and 1600 cm'" are now warmer than the window chan- the number of points in the bin, N. The ridge lines connect
nels, i.e. they are inverted from the clear sky case. the mean values of the bins (red circles). The Probable Error
Data used for our study were collected from every 5th dayof the mean for each bin, PE =sdN, provides an indica-
between 1 September 2002 and 31 August 2009 in the troption of the uncertainty of the ridge line. In Fig. 3a this is
ical oceans (30S to 30 N) and divided into three subsets. shown as the two lines connecting the xm + PE and-xRE
For the first set we identified cloud-free spectra, typically values for the bins. Figure 2b shows the scatter diagram de-
25000 each day, at all scan angles. In the second set weived from simulations, which will be described in Section 3
randomly collected near nadir spectra, typically 3500 eachn conjunction with model calculations. Figure 3b shows the
day in the tropical oceans. This set, consisting of 1.7 mil-corresponding scatter diagram derived from the simulations.
lion spectra, was used to generate scatter diagrams. For thEhe profiles used for the model runs match the mean, but not
third set we collected all objects with brightness tempera-the dispersion of real tropical spectra, i.e. the model calcula-
tures colder than 225K in the 1231 chatmospheric win-  tion included relatively rare cases. This gives the misleading
dow channel, i.e. cold clouds, at all scan angles. This thirdimpression that the model results are more dispersed than the
set typically consisted of between 15000 and 20000 specebservations.
tra each day. The three sets allow us to contrast clear, ran-
dom (i.e. typically cloudy) and very cloudy data. For the 2.2 Frequency of cold clouds
evaluation of spectral properties and comparison with model
calculations we used the set of five of AIRS channels atThe database created by the random nadir spectra was used to
712cntl, 790cm!, 961 cnl, 1231 cntl and 1419cm?,  calculate mean properties of CC for various thresholds. The
highlighted as vertical lines in Fig. 1b. We refer to these frequency of occurrence is defined as the number of spectra
channels and their brightness temperatures as bt712, bt79®hich pass a threshold divided by the total number of spectra
etc. The bt790, bt961 and bt1231 channels are windown a given area, expressed as percent. There are large regional
channels in areas of weak water continuum absorption. Thelifferences between the Western Tropical Pacific (WTP, de-
bt712 and bt1419 channels are in areas of strong @@  fined here as the region between latitudé $%nd 18N,
water vapor absorption, respectively. The measurements dongitude 100E to 180 E) and tropical ocean (TO) exclu-
these cold temperatures require very high instrument sensive of the WTP. We also separated day and night data. Re-
sitivity, in particular if channel differences are used. The sults are summarized in Table 1.
Noise Equivalent delta Temperature (NEdT) is a measure
of the uncertainty in the brightness temperature in a single2.3 Temperature structure related to cold clouds
measurement. It is commonly quoted for a reference tem-
perature at 280 K. For example for the 1231¢nthannel,  In the presence of high cloud overcast conditions, character-
NEdT280=0.05K; however for a much colder scene, e.g.ized by bt123%k 225K, it is difficult to measure the tem-
at 200K, NEAT200=0.31K. The effective noise for differ- perature structure near the tropopause in the thermal IR or
ence measurements is amplified, i.e. the standard deviation ofith 57 GHz microwave channels. In the IR this is due to
DT =bt1231-bt712 at 200 K due to measurement noise alonscattering by the cloud particles for channels with clear sky
is close to 0.5 K. We will also use AIRS temperature sound-weighting functions at or below the cloud top height. In the
ing channels at 679.9 and 668.2cthand AMSU channels microwave this is due to the presence of cloud liquid wa-
9 and 14 to infer temperatures in the lower stratosphere.  ter for sounding channels at or below the cloud top height.
However, we can use AIRS and AMSU temperature sound-
2.1 Spectral characterization ing channels with weighting functions peaking well above
the clouds to evaluate the lapse rate in the lower strato-
Figure 2a shows the scatter diagram of DT vs. bt1231 forsphere, and thereby infer conditions near the tropopause.
8254 spectra with bt1234 225K from the nighttime trop- The 668.2 cm?® (bt668.2) and 679.9 cnt (bt679.9) AIRS
ical oceans from 6 September 2002. In this data set 1% othannels reach optical depth unity near 2 and 40hPa, re-
the spectra had DT less thanlOK, the smallest DT was spectively. Figure 4a shows the ridge lines and ridge line
—12.8K. Figure 3a shows a scatter diagram of DC =bt961-uncertainties for the scatter diagram of the temperature at
bt790 vs. DT for the same data as Fig. 2a. Model calculation® hPa and 40 hPa as a function of bt1231 for the random
(Sect. 3) and physical interpretations of DT and DC (Sect. 4)nadir night tropical ocean data (from every 5th day between 1
are used to gain insight into the composition of the cloud September 2002 and 31 August 2009 with 850 000 spectra).
tops and their location relative to the tropopause. The redAs we go from clear conditions (bt1231=300K) to about
lines in the two figures are the scatter diagram ridge linespt1231 =280K (likely low marine stratus) the temperature
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20020906 DCC night tropical ocean DCC simulation 30 um particles
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Fig. 2. bt1231-bt712 (DT) vs. bt1231 for spectra with bt122P5 K, (a) shows the observations from one day (6 September 2002, 01:30 a.m.
overpasses)p) shows the results of the DCC simulations: blue (x) = more than 5hPa above, red (+) =within 5 hPa of, and green (0) =more
than 5 hPa below the tropopause of the model atmosphere.
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Fig. 3. bt961-bt790 (DC) vs bt1231-bt712 (DT) for spectra with bt12325K, (a) from the same data used in Fig. 2a. The three lines
indicate the PE of the ridge lin¢b) Model results on the same scale: blue (x) =more than 5hPa above, red (+) =within 5 hPa of, and green
(o) =more than 5 hPa below the tropopause of the model atmosphere.

of the 679.9 cmi! channel warms from 211.3Kt0 212.3K. It 2.4 Rain rate
then levels out to 211.7 K between 2304bt1231< 260 K

(mixed clear and cIouFiy). As the cloud tOP tempgrature drOpSWe use the rain rate measured by AMSRE to evaluate the
from 23,0 K'to 190K in the presence of increasingly strong correlation between rain rate and cold clouds. Since AM-
conyectlon, _the 40hPa tempera;ure_ drops to 210K. The OP5RE and AIRS are on the same spacecraft, cold clouds iden-
posite reaction to strong convection is seen at 2 hPa, althougfls. 4 \vith AIRS and the rain rates measured with AMSRE

the effect- is smaller. This surprising effect is seen in theare time coincident within minutes. The measurements are
AMSU brightness temperatures as well. There are no exac, o+ exactly simultaneous because AIRSH&9 cross-track

equivalent channels from AIRS and AMSL_J' but AMSU#14 canning perpendicular to the spacecraft ground track, while
and AMSU#9 also rez_:lch optlcal_ depth “””Y near 2hPa an MSRE uses a forward looking 4€onical scan. Figure 5
hear 5_0 hPa, re_spectwely, albeit with cqn5|derably broadegy, s a scatter diagram ridge line and PE of the rain rate
weighting functions than the corresponding AIRS channels.(Connected by the solid lines) as function of DT. The mean
Figure 4b, which shows the ridge line of the scatter diagramsrain rate for clouds with @ DT < 5K is about 1 mm/hr. The

of AMSU#14 and A,MSU#Q as function of bt1231 from the mean rain rate increases rapidly for X0 K, and even faster
same data set as Fig. 4a, shows the same change in the lowgf b+ =k since the AMSRE rain rate refers to the av-
stratosphere in the presence of cold clouds as the AIRS dat%rage in a 2'8 km grid, the rain rate in the (cross-track av-
The numerical temperature differences between AMSU anclaraged) 18km AIRS Field of View (FOV) could be signifi-

AIRS brightness temperatures at nominally the same IC)reséantly larger. There is considerable scatter in the rain rate as

sure levels are due to narrower width of the AIRS weightingfumﬁon of DT. Shown in Fig. 5 as dashed lines are the 16
functions. and 84%tile values of the data within each DT bin. Table 2
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Table 1. Summary of the frequency distribution of cold clouds with AIRS.

Day TO Night TO Day WTP Night WTP

frequency [%] frequency [%] frequency [%] frequency [%]

window <260 K 9.78 8.37 16.62 17.3
window <250 K 7.43 5.93 13.12 12.78
window <235K 4.77 3.80 9.23 8.74
window <225K 3.34 2.84 6.67 6.96
window <215K 1.31 1.44 3.32 3.58
window <210K 0.39 0.69 1.97 241
window minus HO<0 K 0.72 0.92 1.87 2.23
window minus HO<-2 K 0.36 0.54 1.02 1.31
window minus BO<—4 K 0.11 0.26 0.36 0.52
window minus HO<—6 K 0.02 0.06 0.10 0.17
window minus CQ@<0 K 0.63 0.87 1.45 2.13
window minus CQ<—-2 K 0.32 0.52 0.86 1.31
window minus C@<—4 K 0.10 0.27 0.27 0.54
window minus CQ@<—6 K 0.02 0.08 0.09 0.21

WTP = Western Tropical Pacific (defined here as the region between latitdd&dri 18 N, longitude 100 E to 180 E);
TO = tropical ocean exclusive of the WTP;

window = bt1231;

CO, = bt712;

H,0 = bt1419.
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Fig. 4a. Scatter diagram of temperatures above the tropopause as function of bt1231 near 40 hPa (left) and near 2 hPa (right) using AIRS
channels.

summarizes the rain rate for CC identified by inverted spectrg2) supplemented by profiles from the TIGR3 (1999) data
as function of DT for the WTP and the tropical ocean (TO) base. The intent in the selection of the profiles was to cover
exclusive of the WTP. the dynamic range of tropical ocean profiles, not their much

narrower statistical distribution. The chosen profiles had a

median tropopause pressure of 90 hPa (ranging from 56 to
3 Model calculations 125hPa, with 83 hPa and 103 hPa, 16 and 84%tile, respec-

tively), and a median cold point temperature 197 K (ranging
The observed brightness temperatures allow a physical intertg5 K to 207 K, 193K and 202K, 16 and 84%tile, respec-
pretation of the height of the cloud tops relative to the heighttively). The tropopause was defined by the coldest point in
of the tropopause. We used model calculations for 34 profileshe profiles. For each model profile we simulated the spectra
from a combination of two data sets: (1) the set of regres-or optically thick cirrus clouds, with the effective diameter
sion profiles (including the Air Force Geophysical Labora- of the ice particles being 20, 30 and 50 microns. Iwasaki et
tory (AFGL) profiles used by Strow et al. (2003) to make the al. (2010) used 30 micron particles. In the model calculations
AIRS Fast Model Radiative Transfer Algorithm (RTA), and
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Table 2. Summary of rain rates and 10 micron window slopes (DC =bt961-bt790) under random near nadir conditions and as function of
DT.

Day TO Night TO Day WTP  Night WTP

Rain rate
(DT<—-2 K condition) mean [mm/hr] 3.94 5.73 3.21 3.82
Random condition mean [mm/hr] 0.12 0.13 0.20 0.25

bt1231 1%tile/99%tile [K] (D—2K) 190-208  188-207  190-207 190-208
(bt961-bt790) [K]

Mean (DT<O0 K condition) 1.20 1.11 1.29 1.24
Mean (DT<—2 K condition) 1.08 0.97 1.12 1.11
Mean (DT<—4 K condition) 0.98 0.82 0.86 0.99
Mean (DT<—6 K condition) 0.84 0.82 0.76 0.73
Stdev K 0.67 0.63 0.70 0.67

WTP = Western Tropical Pacific (defined here as the region between latitdd&drid 18 N, longitude 100 E to 180 E);
TO = tropical ocean exclusive of the WTP.

random nadir night trop. ocean random nadir night trop. ocean
206.5 253.8 T T T T T
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205.5 ford
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2 ]
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Fig. 4b. Scatter diagram of temperatures above the tropopause as function of bt1231 for the same footprints as Fig. 4a, near 50 hPa (left) anc
near 2 hPa (right) using AMSU channels. Only the scatter diagram ridges and the PE lines are shown.

the cloud top pressure was increased in 20 hPa steps fromverall characteristics of optically thick CC. The cloud bot-
120 hPa below to 60 hPa above the tropopause pressure. Them pressure in the model was set 150 hPa lower than the
only concession to the fact that the local tropopause heightloud top pressure, corresponding to 3—5km thick clouds.
has little to say about the acceptable range of cloud top heighThis assumption is not critical since the clouds become opti-
was to exclude models with cloud top pressure smaller tharcally thick within 20 hPa of the cloud top in all cases.

30hPa. Using a tropopause at 100 hPa as example, calcu- Figure 2b shows the results of the model calculation DT
lations were performed with the cloud tops at 40, 60, 80,vs. bt1231 while Fig. 3b shows DC =bt961-bt790 vs. DT. In
100, 120, 140, 160, 180, 200 and 220 hPa, assuming the tentboth cases the calculations use 30 micron particles. Model
perature of the clouds particles was given by the temperaspectra for three distinct groups are shown in Figs. 2b and 3b:
ture profile. The amount of cirrus ice was distributed in the (1) 77 cloud tops more than 5hPa above the tropopause are
RTA per the layer average pressure. The scattering part o§hown with a blue “x”. (2) 30 within 5 hPa of the tropopause
the RTA used the Parametrization of Cloud Longwave Scat-are shown with a red “+”, and (3) 204 more than 5 hPa below
tering for Atmospheric Modeling (PCLSAM) algorithm by the tropopause are shown with a green “0”, respectively. The
Chou et al. (1999). Ice aggregate scattering parameters wemodels with 20 and 50 micron effective particle sizes look
based on Baran (2003). The Ice Water Content (IWC) ofvery similar. With 20, 30, and 50 micron effective particle
5g/m? was selected to approximate the mean observed DGizes, DC for cloud tops below the tropopause (green) in-
under DT< —2 K conditions. This number is larger than that creases from 1.6 K to 2.0K to 2.5K, but the clear separation
determined by Iwasaki et al. (2010), as they studied the sulbetween the blue, red and green cloud tops is unchanged.
visible cirrus blown off the top of a deep convective cloud,

while in this paper we are more interested in studying the
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4 Discussion 18

4.1 Spectral identification and characterization of cold * ) |
clouds (I 1

12t 8

Table 1 shows that 3% of the spectra from the tropical oceans, E

and almost 7% in the WTP, are associated with cloud tops %10 |

colder than 225K. An order of magnitude smaller fraction of ® 8 ]

these clouds, almost exclusively with bt123210K, can £ gl i

be identified by their inverted spectra. We refer to cloud = al |

tops which satisfy the Dk OK and DT< —2 K condition

in the following as DCCi and DCCi2, respectively. Histor- 2y ]

ically, these spectral inversions were first noted as negative — LI i ; >

brightness temperature differences between the GOES 11 um
window and 6.7 um water channels (Ackerman, 1996). The
observed brightness temperatures are essentially the tempq{

ature where the combined opacity of the aimosphere and th&)) and its probable error (+) are the solid lines. The dotted lines,

clouds reaches an optical depth of one.. For clouds well beV/vhich connect the 16 and 84 percentile values of the data within
low the tropopause and for channels with strong water va-g,ch pin, give an indication of the scatter in the data.

por or CQ sensitivity, optical depth unity is reached well

above the cloud top, while the window channel reaches unit

optical depth very close to the cloud top temperature. INDW thresholds is similar due to the similarity of the bt712
this case the difference between the window channel and and water weighting functions. In the following we use a DT
water or CQ channel is positive. As the cloud tops reach threshold to identify inverted spectra.

closer to the tropopause, the integrated column amount of \whijle DCCi can be identified using the difference be-
water and CQ decreases steeply. As the cloud top reachesween just two infrared channels, DT, the characterization
close to the tropopause, the absorption in the water vapor of the physical conditions and the cloud top altitude rela-
CO; channel between the cloud top and the tropopause balijye to the tropopause requires additional channels available
ances the emission above the tropopause (the green spectryfith a hyperspectral sounder. The exploitation of the gra-
in Fig. 1b). For strong water or GOchannels this occurs  dient across the 10 micron window channel has been used
for cloud tops very close to the tropopause. For cloud topso characterize cloud properties for many years (e.g. Inoue,
above this level the spectra are inverted. Either strong CO 1987, who used the difference between the 11 pm and 12 pm
or water lines could be used to identify this inversion, but not 4IRS window channels on NOAA-7). In the case of AIRS
ozone lines, since most of the ozone is in the stratosphere. Aye have many window channels in a much larger spectral
rough equivalent of the 6.7 pm water channel for AIRS is theregion, which can be used for the characterization of cir-
channel at 1419 cm. Under tropical clear conditions the rus clouds (e.g. Kahn et al.,, 2008). We focus on three
weighting function of the water channel due to water vaporyindow channels. For a water/ice cloud, the cloud opti-
absorption peakS near 200 hPa. If we define DW= bt1231'ca| depth increases s|ow|y going from 1231&]’(81 “m)
bt1419, then DW ranges, or DW =1231-water, DW rangesto 961 cnt? (10.4 um), but increases steeply from there to
from +53 to +75 K under tropical ocean clear conditions, de-790 cnt! (12.6 um). The 790 cm* channel reaches opti-
pending on the details of the temperature and water vapoga| depth unity sooner (penetrates less into the cloud) than
profile. However, water is a function of temperature and wa-the 961 cnvd channel or the 1231 cnd channel. Since the

ter vapor mixing ratio in the atmospheric column. Obser- |apse rate below the tropopause is negative, bt790 measures a
vations that strong convection “moistens” the upper tropo-|ower temperature than bt1231, as much as 20 K. We already
sphere (Ray and Rosenlof, 2007) and speculations that strongefined DC = bt961-bt790. Since the optical depth is strongly
convection may result in injection of water vapor into the cloud particle size, shape and integrated amount dependent,
stratosphere potentially complicate the interpretation of in-3 quantitative interpretation of observed DT and DC requires

verted water vapor spectra based on a DW threshold. Thigcattering model calculations, discussed in the following sec-
concern is largely eliminated by using @@bsorption, since  tjon.

the CQ mixing ratio is not likely to be a significant func-

tion of strong convection. We use the strong Cébsorb- 4.2 Model spectra and observation comparison

ing line at 712 cm. DT =bt1231-bt712 ranges from 55 to

62 K under tropical ocean clear conditions. Table 1 includesFigure 2b shows that virtually all cloud tops identified with
cold cloud frequencies as function of DT and DW. The fre- bt1231 between 210K and 225K or BT0 are well below
quency of inverted spectra identified with equivalent DT andthe tropopause and may be optically thick cirrus clouds or

bt1231-bt712 [K]

i-g. 5. Rain rate as function of DT =bt1231-bt712. The ridge line
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anvil clouds. On the other hand, cloud tops colder than 200 Kfect is seen independently in the AIRS and AMSU brightness
are virtually all associated with inverted spectra. Figures 2btemperatures, it is not a high cloud artifact or an artifact of a
and 3b show that the D¥ —2 K threshold fairly cleanly sep- retrieval algorithm. This effect can be visualized as a local-
arates the cloud tops more than 5hPa below the tropopauseed cold (upward) bulge in the tropopause in the presence of
from the higher clouds. The additional BCO.5K test  strong convection, which allows cloud top to be colder than
(Fig. 3b) separates the clouds more than 5hPa above (blughe temperature of the tropopause cold point derived from
from those more than 5hPa below the tropopause (greenthe analysis or reanalysis. This observation is consistent with
The opacity of the ice clouds at 790 chis larger than the  the Gettelman et al. (2002) statement that a small fraction of
opacity at 961cm?, i.e. the 790 cm? channel penetrates cold clouds “appear to be colder than the mean tropopause”.
into the cloud for a smaller distance before the cloud becoméhe only way this can happen is due to a local cold bulge
optically thick. If the cloud top is below the tropopause, caused by very strong convection, which is not represented
bt790 is colder than bt961, i.e. DE0K, if the cloud top in the reanalysis. OC overshoots the tropopause height in
is above the tropopause then @ K. The window chan- the reanalysis, but not the actual tropopause. However, con-
nel difference DC =bt961-bt790 therefore allows a separavection transports water vapor, cirrus ice and pollutants into
tion between cloud tops above and below the tropopause. Tahese bulges. We can now speculate as to what happens when
ble 2 includes a summary of DC as function of DT. the strong convection subsides and the bulges disappear: the
The comparison of Fig. 2a and b shows similarities be-material transported into the bulges equilibrates, but is now
tween the observations and the model spectra in the slopi the lower stratosphere. This is consistent with observa-
as function of bt1231. However, the observations come to dions of transport of pollutants into the lower stratosphere in
sharp point at bt1231=180K, DT=12K, while the blunt  the presence of strong convection, e.g. Randel et al. (2010),
tip of the scatter diagram for the models is filled with cloud without requiring literal tropopause penetration.
tops near and above the tropopause. This is the first indi- There is evidence in the literature that GOES brightness
cation that the observations contain few if any cloud topstemperature images of cold cloud tops show fine structures
more than 5hPa above the tropopause. This is confirmeavith 5-10 km spatial scale, e.g. Bedka et al. (2009) finds
in the comparison of the data in Fig. 3a and the model invery cold clouds just resolved with GOES and MODIS data
Fig. 3b: Very few of the observed cloud tops have BGC. protruding above large cold anvils. These clouds appear to
The mean DC for clouds which satisfy the (XT—2 K) con- be buoyant convective bubbles, referred to in the follow-
ditions is +1 K with standard deviation of 0.65K (Table 2), ing as Protruding Convective Bubbles (PCBs), a few km
but is close to 2K for lower cloud tops. The analysis of higher than the surrounding cold anvil. With the assump-
DC < 0 observations has to include observational noise contion that the cold anvil reaches the tropopause, the top of
siderations. The noise in DC due to detector noise alonea several km high PCB above the cloud top would imply
is 0.5K, i.e. the few observations with DE0 are consis- stratosphere penetration. However, the linear combination of
tent with random noise. Figures 2b and 3b show model calimodel data shows that cloud tops well below the tropopause
culation using 30 micron effective particle size. For lower with an imbedded PCB can have inverted spectra: assume
(warmer) cloud tops (& DT < 5K) the models show little  the cloud top is at 150 hPa (approximately 210 K), i.e. about
change in DC (DC =+2K), while the observations show a 50 hPa (about 3km) below the tropopause, without a PCB.
gradient (from DC = 1.5 K to DC =2 K). We attribute this dif- This is seen by AIRS as bt1231=210K and DT=0K. As-
ference to the simplification of using a fixed IWC, particle sume a 5km diameter imbedded PCB, with the same com-
size and ice crystal habit for all models, including clouds well position as the anvil, reaches the tropopause. With a 5km
below the tropopause. Particle sizes are expected to diminFOV this would be detected as a DF40K inverted spec-
ish with height, as well as change structure. We concluderum, but averaged in the larger AIRS FOV it would appear
that clouds identified with the simple DI —2 K threshold, asabt1231=201.5K cloud, witha DT=LK. If PCBs were
referred to as DCCi2, are within a few hPa of the tropopauseto penetrate several km into the stratosphere, the observable
spectral inversion would decrease. For theb¥ 4 K condi-
4.3 Penetrating convection tions the entire anvil has to reach 200K or several imbedded
PCBs are required. We conclude that DCCi are consistent
The observation of inverted spectra has been taken as eviyith cold clouds with imbedded PCBs, and what is referred
dence of Overshooting Convection (OC, e.g. Schmetz et al.to as OC appear to be PCBs that reach, but do not overshoot
1997), with the implication of tropopause penetration (Wang,the local tropopause.
2007). The model calculations show that the inversion of
spectra starts with cloud tops well below the tropopause4.4 Deep convection and storms
Figure 4a shows that the temperature structure in the lower
stratosphere becomes increasingly distorted as the cloud topigure 5 shows the rain rate as function of DT. The rain
temperature drops below 230K. In the presence of strongate increases steeply for BI—2K and even more at
convection the tropopause is unusually cold. Since this efDT < —5K. There is considerable scatter in the observed
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rain rates, as can be seen from the 16 and 84%-tile (dotresolution available in the infrared. However, the brightness
ted) lines in Fig. 5. For DF-2K, 16% of the DCCi2 were temperature differences found with the broad spectral pass-
associated with zero rain rate. The most likely explanationbands used by current sounders is small, making threshold
for this is that even if DCCi2 exclusively identify deep con- identifications of DCC sensitive to instrumental noise. Set-
vective clouds, there is no reason that any associated raimak et al. (2008), using SEVIRI data, shows no differences
should be happening within minutes of the overpass of thdarger then 4 K with a 3 km FOV, while with the high spectral
EOS Aqua spacecraft. The DI—2K threshold, which we  resolution of AIRS, but with a much larger FOV, we observed
use to define DCCi2 objects, identifies clouds associated witibW (and DT) up to 13 K. This suggests that improved identi-
on average 3mm/hr rain rate (Table 2). DCCi2 thereforefication of severe storms with future advanced geostationary
identify the presence of active Deep Convection without thesatellites can be accomplished using just one high spectral
need for explicit rain rate measurements. With this defini-resolution infrared channel, without the need for full cover-
tion, DCCi2 approximate the definition of Deep Convection age of the entire IR spectrum or microwave data.
as 1x 1° lat/lon areas associated with rain rates of more than
1.6 mm/hr (Zelinka and Hartmann, 2009) using microwave
measurements.

The literature contains few references to DCC in the trop-
ical oceans and their possible relationship to severe storm
Based on the relative lack of lightning activity and Precipita-

tion Features (PF) over ocean, Liu and Zipser (2005) argue 25K. These clouds represent a mix of cold anvil clouds and

that h_|gh CIO.UdS identified by their IOV\.’ brlght_ness tempera-deep convective clouds (DCC). This mix can be separated
tures in IR window channels are associated with storms much ; . .
by noting that the difference between two channels, a win-

weaker than their land counterparts. Based on our analysi ) . .
S . . ow channel and a channel with strong £&bsorption, is
this is what one should expect, since a simple IR threshol . .
. .. hegative for some cold clouds, i.e. the spectra for some cold
can not separate deep convective clouds from the multitude . .
i . o . Clouds are inverted. We refer to cold clouds with more than
of cold anvil clouds. This separation is accomplished by the

) X o 2 K inverted spectra as DCCi2. Associated with DCCi2 is a
spectral inversion. The association between severe storms

including torrential rain and hail over land with cloud top very high mean rain rate and a local upward displacement of

temperatures colder than 210K in the 11um GOES Win_the tropopause, a cold “bulge”, which can be seen directly in

dow channel goes back to Reynolds (1980). A number Ofthe bnghtness tempgratures of AIRS and AMSUtemperatL_Jre
sounding channels in the lower stratosphere. The very high

papers (e.g. Adler et al., 1985; Brunner et al., 2007) have _. : . o
associated OC detected with GOES with severe storms an?m rate and the local distortion of the tropopause indicated

strong horizontal and vertical wind shear. Bedka et al. (2009). at DCCi2 object are a_lssomated_ W.'th severe storms. Slgr_uf
) icant long-term trends in the statistical properties of DCCi2
used five years of GOES-12 and MODIS data for the Gulf ' N . .
. ._could be interesting indicators of climate change. While the
Stream and the US Great Plains to show the strong relation- X . o . .
) . : h . analysis of the physical conditions related to DCCi2 requires
ship between OC, aviation turbulence and lightening activ-

ity. Setvak et al. (2008) studied deep convective storms ovep yperspectral n frared and microwave data, the identification
of DCCi2 requires only one good window channel and one

Europe using Meteosat Second Generation (MSG) Spinnin% . : .
- trong CQ sounding channel. This suggests that improved
Enhanced Visible and InfrgRed_ Im_ager (SEVIRI) dat_a_t andidentification of severe storms with future advanced geosta-
found an excellent correlation with inverted spectra utilizing .. . . . =
tionary satellites could be accomplished with the addition of

the brightness temperature difference between the 10.8 KM ot one strong C@sounding channel, without the need for

and the 6.2um bands. Conceptually th'|s gpproach 'S S|m|Ia{;u” coverage of the entire IR spectrum or microwave data.
to our use of DW. Based on the association between severe

storms over land and inverted spectra and the association ¢{cknowledgementsThe research described in this paper was
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5 Conclusions

Data from AIRS on the EOS Agua spacecraft each day show
%éns of thousands of cold clouds in the tropical oceans with
0 um window channel brightness temperatures colder than

a, .
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