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Abstract

Past studies using a variety of satellite instruments have demonstrated the possibility of detecting lower stratospheric water
vapor against a cold background of deep convective storm tops. The method is based on the brightness temperature difference
(BTD) between the water vapor absorption and infrared window bands, assuming a thermal inversion above the cloud top level.
This paper confirms the earlier studies, documenting positive BTD values between the 6.2 μm and 10.8 μm bands in Meteosat
Second Generation (MSG) Spinning Enhanced Visible and InfraRed Imager (SEVIRI) imagery above tops of deep convective
storms over Europe. The observed positive BTD values for a case from 28 June 2005 are compared to calculations from a radiative
transfer model, and possible reasons for their existence are discussed. A localized increase in positive BTD is observed at the later
stages of storm evolution, and this increase is likely a signal of water vapor being transported by this particular storm from the
troposphere into the lower stratosphere.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Water vapor (WV) transport from the troposphere to
the stratosphere is important not only due to its role as a
greenhouse gas (Liou, 1992), but in condensed form it
can serve as a surface for a heterogeneous reaction in the

destruction of ozone (Solomon, 1999). Recent observa-
tions have shown that stratospheric WV has been in-
creasing over at least the last half century (Oltmans et al.,
2000; Rosenlof et al., 2001), so understanding its sources
and sinks is crucial for climate change studies. It is
generally accepted that tropical convection makes a
significant contribution to lower stratospheric (LS) WV
(Holton et al., 1995), but until recently, few studies have
examined the contribution made by convection in the
midlatitudes. Fischer et al. (2003) and Hegglin et al.
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(2004) provide independent aircraft measurements
of tropospheric-origin air in the lower stratosphere
above deep convection in Europe. Dessler and Sherwood
(2004) made similar observations near Florida, and they
used modeling results to estimate that 40% of summer-
time extratropical WV on the 340 K potential tempera-
ture surface resulted from convection. Wang (2003,
2004, 2007) used a cloud model to show that breaking
gravity waves atop a deep convective storm can leave
behind WV in the lower stratosphere. None of these
studies have shown direct observations of thunderstorms
injecting WV into the lower stratosphere.

Many satellite platforms, both polar-orbiting and
geostationary, have a channel centered in the water vapor
absorption band between 6 and 7 μm. Differencing the
brightness temperatures (BT) in this band with those in
the infrared (IR) window region (10–11 μm) will
generally result in a value below zero, since the WV
band's weighting function usually peaks at higher levels,
thus at lower temperatures. A band's weighting function
indicates the layer from which most of its radiation is
emitted, and for theWVband, this is typically in the mid-
to upper-troposphere. However, Fritz and Laszlo (1993)
noted that positive values occasionally occur over deep
convection in the tropics, Ackerman (1996) observed
positive values in polar regions, and Schmetz et al.
(1997) documented positive values above cold tops of
deep convective clouds in both the tropics and mid-
latitudes. They reasoned that positive values can only be
seen in the presence of a temperature inversion, so that
radiation emitted either by a cold ground or opaque storm
top is absorbed and re-emitted by overlying water vapor
at a higher temperature. Such inversions are common at
the surface in polar regions and near the tropopause. In
the case of deep convective clouds, it is assumed that a
warm, widespread water vapor emitting layer is located
in the lower stratosphere, just above the storm tops;
however, not much is known about its nature and
characteristics.

A few alternate mechanisms have been suggested to
explain positive BTD values above deep convection,
including the non-uniform nature of pixels in conjunc-
tion with nonlinearity of the Planck function (Schmetz
et al., 1997), possible calibration errors of various
satellite sensors, and differing transparency of very thin
cirrus between the respective bands (Lattanzio et al.,
2005). In their study, Lattanzio et al. (2005) re-examine
the questions and answers put forward by Schmetz
et al. (1997); the novel element of their study is the
rigorous simulation with a radiative transfer model,
similar to what is presented in this paper. As the above
mentioned studies have shown (by means of quantita-

tive analysis), the WV emission in the lower strato-
sphere is likely the only mechanism which can explain
the observed magnitude of positive BTD above opaque
cold cloud tops, though the remaining factors may
contribute to the overall BTD to a smaller extent.

This paper uses data from the Spinning Enhanced
Visible and InfraRed Imager (SEVIRI) aboard Meteosat
Second Generation (MSG), a geostationary satellite
centered close to 0° longitude, to document the evolu-
tion of WV above convective cloud tops over Europe.
Section 2 describes the data and methods; the observa-
tions and analysis are found in Section 3; Section 4
shows results from a radiative transfer model used to
explain the observations; Section 5 summarizes the
paper.

2. Data and processing

The MSG/SEVIRI data used in this study were ob-
tained from the archive of the Czech Hydrometeorolo-
gical Institute (CHMI); these were received by CHMI's
VCS (http://www.vcs.de/spacecom.html) EUMETCast
(EUMETSAT Multicast Distribution System, http://
www.eumetsat.int/Home/Basic/Common_Content/
pdf_td15_eumetcast, EUM TD15) station and archived
in VCS Extended Processed Image File Architecture
format (XPIF). Selected cases were processed by VCS
2met! software (http://www.vcs.de/spacecom.html).
Visualization was done either by VCS 2met! software
or by the Environment for Visualizing Images (ENVI)
software (http://www.ittvis.com/envi/), and the images
for this paper were fine-tuned using Adobe Photoshop
CS2 (http://www.adobe.com/products/photoshop/). The
primary bands used in the analysis were the High Re-
solution Visible (HRV, SEVIRI band 12), WV6.2
channel (SEVIRI band 5, centered at 6.2 μm), and the
IR10.8 window channel (SEVIRI band 9, centered at
10.8 μm), and the difference between the 6.2 μm and
10.8 μm bands (defined here as BTD=BT WV6.2–BT
IR10.8), which will be hereafter referred to as the BTD.
The reason for using the WV6.2 and not the WV7.3
channel (SEVIRI band 6) are their respective weighting
functions. Since the weighting function peak for the
WV6.2 band is higher (about 400 hPa for a standard
atmosphere at midlatitudes) than that of WV7.3 (about
600 hPa), it can be anticipated that the WV6.2 band will
detect moisture above the tropopause (or higher) more
efficiently than the WV7.3 would. This anticipation has
been sustained to a certain degree by both observations
(Section 3) and modeling methods (Section 4). For
details on the MSG satellite and its spectral bands, the
readers are referred to Schmetz et al. (2002).
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3. MSG observations and analysis of storms on 28
June 2005

On 28 June 2005 intense convection formed over
northern France, and its evolution was captured with the
first MSG satellite, Meteosat-8 (MSG-1). Fig. 1 shows a
10.8 μm image (top) from 1930 UTC and the associated

BTD product (bottom). Negative values of BTD are
shown in black and white, with the lowest BTD values
(10.8 μm BT significantly higher than BT at 6.2 μm)
depicted in dark grey to black, and BTD values ap-
proaching zero shown in white. Positive BTD values are
presented in color according to the color bar inserted in
the image (lowest positive BTD values close to zero

Fig. 1. Meteosat-8 (MSG-1) SEVIRI image from 28 June 2005 at 1930 UTC. Top: IR 10.8 μm band with color enhanced BT range 200–240 K,
bottom: BTD (6.2 μm–10.8 μm) product. Grey shades of the BTD product correspond to negative BTD values, while positive values are shown in
colors according to BTD colors bar. The white rectangle depicts the region shown in detail on next images. All MSG images of this paper are from
CHMI archive. Source of the original MSG data: EUMETSAT.
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depicted in dark violet to blue, highest BTD values
shown in red). As can be seen by comparing the two
images, the positive BTD values are found only above
the coldest tops of the convective storms over central
Europe, approximately within regions whose 10.8 μm
BTs are below 210 K. As was discussed by Ackerman
et al. (1996), the BTD field is often well correlated
(spatially) with the 10.8 μm field itself, with highest
positive BTD values found above the coldest IR10.8
spots or areas. This correlation suggests that the ra-
diance at 6.2 μm remains relatively constant above deep
convective clouds, so the observed variation in BTD is

primarily due to the variation in cloud top temperature
seen at 10.8 μm. An example of this correlation (in
terms of co-location and magnitude) can be seen in
Fig. 2, left column, showing the 28 June 2005 storm at
1745 UTC in SEVIRI HRV band (top), IR10.8 band
(middle panel, same enhancement as in Fig. 1), and
BTD product (bottom panel, showing positive BTD
values only). As will be shown in Section 4, these
positive BTD values above the storm are likely a result
of WV absorption and re-emission in the lower strato-
sphere. However, this signal may be due to the presence
of a widespread uniform warmer WV layer above the

Fig. 2. Details of the storm marked by a rectangle in Fig. 1, at 1745 UTC (left) and 1845 UTC (right). Top—HRV images, middle— color enhanced
10.8 μm images, bottom— color enhanced BTD images, showing positive BTD values only. For discussion of various features outlined in the 1845
image, see the text.
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Fig. 3. Evolution of the storm from 1930 to 2100 UTC. Enhanced 10.8 μm images on the left, BTD images right. The area of higher positive values of
BTD is outlined in BTD images; this outline is superimposed over the IR 10.8 μm images to show the location of the feature with respect to BT field.

174 M. Setvák et al. / Atmospheric Research 89 (2008) 170–180



Author's personal copy

storms (not necessarily related in origin to the storms
themselves), rather than locally generated WVabove the
coldest spots. The thunderstorm tops could simply serve
a cold opaque background tomake theWV layer become
detectable. There are cases where locally increased BTD
values seem to be associated with the storm activity; they
are the focus of the discussion below.

Setvák et al. (2007) noted that the highest values of
BTD may not always be found exactly above the coldest
storm tops, and that the spatial characteristics of the
BTD and IR window BT fields might be somewhat
different. This may indicate local fluctuations of either
total amount of lower stratospheric water vapor (LSWV)
or its temperature. The largest positive BTD value found
on 28 June 2005 occurred at 1845 UTC. Satellite images
from 1845 UTC are shown in Fig. 2, right column; the
BTat 10.8 μmwas 206 K, while the corresponding BTD
was +5.7 K. It should be noted that the lowest 10.8 μm

BT for the entire life cycle of this storm was found
earlier, at 1745 UTC (left column of Fig. 2), when the
10.8 μm BTwas 202 K and the corresponding BTD was
only 3.4 K. This discrepancy between the 10.8 μm BT
and BTD extremes may be explained by two possible
mechanisms: 1) A process described by Schmetz et al.
(1997) in which an overshooting top penetrates so far
into the LSWV layer that the total amount of WV
contributing to warm emission in the WV band signi-
ficantly decreases; or 2) The higher BTD at 1845 UTC
may be attributed to a local “vapor source”, a mech-
anism in which water vapor is deposited by the storm
itself above its cloud top and quickly balances its tem-
perature with the warmer environment. For the 1745
UTC case, the BT minimum was clearly collocated with
a significant overshooting top (as detected in HRV
imagery), so both explanations are likely valid. How-
ever, at 1845 UTC, the case is less clear. The circle

Fig. 4. Scatter plots of BTD (BT 6.2 μm–BT 10.8 μm), horizontal axis, and BT 10.8 μm (range 200–225 K, vertical axis) for the same storm and area
as in Figs. 2 and 3, for 1745, 1845, 1930 and 2100 UTC. Only those pixels where the BTD was positive are plotted here; legend for the density
distribution (N, number of multiple occurrences of the specific value) is shown in the upper left panel.
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shown in the 10.8 μm and BTD images at 1845 UTC
(right column of Fig. 2) outlines the location of the
overshooting top, as determined from the corresponding
HRV image. As can be seen, the 10.8 μm BT minimum
and BTD maximum are not collocated with the over-
shooting top; instead, they appear in an area with no
obvious vertically elevated or depressed features. Based
on shadows and cloud texture evident in the HRV image,
it appears that a faint, tiny plume (Levizzani and Setvák,
1996) originates just southeast of the overshooting top
area, “streaming” to the west (left, relative to the storm's
overshooting dome), just south of the overshooting top.
The position of this plume's apparent source is indicated
by an arrow, and its outlines from the HRV image are
depicted in the corresponding IR10.8 and BTD images
at 1845 UTC. Comparing the position and extent of the
plume as seen in HRV, it seems that the 10.8 μm BT
minimum and BTD maximum are located above the
central part of this plume. It is unclear whether the
10.8 μm BT minimum is indeed somehow related to the
plume, or just a coincidence.

When using the WV7.3 channel instead of WV6.2 to
calculate BTD, the local maximum at 1745 UTC differs
by only 0.1 K (+3.3 K using the WV7.2 channel; +3.4 K
using WV6.2). At 1845 UTC, however, the BTD
maximum is significantly larger using the WV6.2 chan-
nel compared to WV7.3: +5.7 K and +3.4 K, respec-
tively. In Section 4, RTM simulations are used to
evaluate which channel is most appropriate for comput-
ing BTD.

Fig. 3 shows the evolution of the 10.8 μm BT (left
column) and the associated BTD (right column).
Compared to earlier times (Fig. 2, bottom), the overall
trend shows an increase in pixels having BTD greater
than +2 K. The area of significant increase is outlined on
the BTD images (white lines) and superimposed on the
10.8 μm BT images (black lines) in Fig. 3. This increase
may simply be due to a general cooling of the 10.8 μm
BT. Scatterplots of BTD and 10.8 μm BT for four times
are shown in Fig. 4. Beginning around 1845 UTC, the
total number of pixels having BTD greater than +2 K
increases. At 1745 UTC, most of the larger positive
BTD pixels are associated with very low 10.8 μm BTs,
but at 1845, most of these larger BTD pixels have higher
10.8 μm BTs, and this trend continues at 1930 and 2100
UTC. Note in the scatterplots that most of the pixels
having BTD greater than +2 K occur for 10.8 μm BTs
less than 212 K. We therefore show in Fig. 5 the time
evolution of mean BTD for all pixels colder than 212 K,
as well as the mean 10.8 μm BT of the same pixels.
From the beginning until about 1845 the plot shows
some slight variations in both the mean 10.8 μm BT and
BTD, but after 1845 these pixels exhibit an increase
in mean BTD, accompanied by an increase in mean
10.8 μm BT. Since BTD is defined as the 6.2 μm BT
minus the 10.8 μm BT, the mean 6.2 μm BT must have
increased more than the mean 10.8 μm BT. The bottom
line of this analysis is that WV increased above the
coldest cloud tops, and the source of this WV is most
likely the storms themselves.

Fig. 5. Time evolution of mean BTD of all pixels having 10.8 μm BT smaller than 212 K for the storm in Figs. 2 and 3 (solid), and mean 10.8 μm BT
of the same pixels (dashed).
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4. Radiative transfer simulations

The BTD features discussed above could also be
explained by cloud top microphysics, i.e. emissivity and
transparency effects in combination with temperature
gradients at the upper levels of the storms, as well as
some other effects (non-uniform nature of pixels in
combination with nonlinearity of the Planck function,

and possible satellite sensor calibration errors) discussed
by Fritz and Laszlo (1993), Ackerman (1996), Schmetz
et al. (1997), or Lattanzio et al. (2005). Some of the
increased BTD values for the 13 June 2003 storms
(Setvák et al., 2007) seem to be located above the semi-
transparent portions of the storm's anvil (as indicated by
comparison with HRV images), so these could be
attributed to transparency effects. However, most of the

Fig. 6. Soundings from Nancy–Essey at 1200 and 2100 UTC, documenting a strong inversion above 195–190 hPa. Source: University of Wyoming
web page.
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positive BTD values on 28 June 2005 are located above
the core of the storm or close by, so this explanation is
unlikely here due to the opaque nature of the cloud.

To achieve some insight on sensitivity of the positive
BTD observations to other possible explanations, and to
evaluate the necessary amounts of water vapor above the
storm top to produce the observedBTDvalues, a radiative
transfer model was used to simulate satellite brightness
temperatures. For model details, see Greenwald et al.
(2002) and Grasso and Greenwald (2004).

The 12 UTC sounding from Nancy/Essey (Fig. 6,
top, about 100 km east of the location of the storm's core
at 1845 UTC) was used for the background environ-
mental temperature and WV profiles. Missing dew point
data above 300 hPa was obtained from a nearby rawin-
sonde (Stuttgart, about 250 km east of the storm's core).
An ice cloud composed of planar polycrystals (Mitchell
1996) was placed from 10.7–12.7 km, such that its top
was located at the observed tropopause. Assuming a
Gamma size distribution of the form

n Dð Þ ¼ N0D
me �kDð Þ; ð1Þ

where D is the particle diameter, ν is the shape para-
meter (chosen to be 1), and N0 and λ are constants
(Mitchell 2000), ice crystal number concentration and
mass mixing ratio were chosen so that the mean crystal
diameter was 24 μm and the optical depths at both the
water vapor and window infrared bands exceeded 100.
As a test, cloud thickness was increased to further in-
crease optical depth, but the resulting brightness tempe-
ratures remained approximately the same. This suggests
that a 2-km-thick cloud is sufficient to prevent non-
negligible transmittance from below. Brightness tempe-
ratures at 6.185 μm, 7.34 μm, and 10.7 μm were then
computed, and are given in Table 1. These values will
serve as the reference case for comparison. Note that the
central wavelengths on MSG/SEVIRI are slightly
different (6.2 and 10.8); this is a potential source of
error, but this error is assumed to be small.

As an initial test, the ice crystal mass mixing ratio and
number concentration were adjusted so that the crystal
mean diameter was 15μmand 50μm (Table 1, rows 2 and
3, respectively). Brightness temperature variation was
quite small, suggesting that emissivity effects may be
secondary, and other mechanisms are likely responsible
for large BTDs. Interestingly, Lattanzio et al. (2005)
found that smaller ice crystals increased the BTD, and
most of this change (less than 1 K) was due to a change in
the infrared band brightness temperatures. Our results
show smaller BTD for smaller ice crystals due to more
significant changes in the water vapor band brightness

temperatures. The reason for these contrasting results is
not known. However, in both studies the magnitude of the
BTD change is relatively small (less than 1 K).

Next, the environmental WV profile was adjusted by
inserting water vapor in the layer from 13.0–14.1 km; this
layer begins 300 m above cloud top. Water vapor density
values were increased by approximately 0.013 gm−3 in
the layer, where stratospheric temperatures were near
220 K. This increased the BTD to 1.33, or 0.86 K larger
than the reference case (Table 1). Values of BTD greater
than 1 K were observed over much of the storm top
throughout its lifecycle (Figs. 2 and 3), suggesting that
water vapor densities greater than those observed in the
environment were present above the cloud top. However,
the source of this excess vapor remains uncertain. As an
extreme sensitivity test, the layer from 13.0–14.1 km was
saturated with respect to liquid water, resulting in a BTD
of 2.31 K (Table 1). Lattanzio et al. (2005) found that
doubling the stratospheric water vapor content over their
reference case produced a BTD increase of 0.91 K, which
is approximately the same increase we found in the first
test (row 4 of Table 1).

Next, a test was performed to simulate the brightness
temperatures associated with an overshooting top. The
cloud top height was set to 13.4 km, and assuming a
moist adiabatic ascent from the lifted condensation
level, its temperature would be approximately 206 K.
This matches the observed 10.8 μm brightness tem-
perature at 1845 UTC (Fig. 2). A saturated layer was
added from the cloud top to 14.5 km, which represents
an extreme moist case. Table 1 shows the model-derived
brightness temperatures (under “Overshooting top”). A
BTD value near 3 K was less than what was observed

Table 1
Model calculated satellite brightness temperatures (BT) at three
wavelengths, the BT difference (BTD) between bands 6.185 and 10.7,
and theBTDbetween bands 7.34 and 10.7, for 6 tests which are described
in the text

Parameter 6.185 BT 7.34 BT 10.7 BT 6.185–10.7 7.34–10.7

Base case 211.04 210.42 210.67 0.37 −0.25
Crystal size
15 μm

210.66 209.89 210.49 0.17 −0.60

Crystal size
50 μm

211.11 210.65 210.46 0.65 0.19

Moist layer
13–14.1 km

211.87 210.59 210.67 1.20 −0.08

Saturated
layer
13–14.1 km

212.90 210.88 210.67 2.23 0.21

Overshooting
top

208.57 206.08 205.60 2.97 0.48

All units in the table are K.
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(Fig. 2), but this test shows that inserting a cold over-
shooting top strengthens the temperature inversion be-
tween the cloud top and the lower stratosphere, and
therefore increases the BTD. In reality, the actual tem-
perature of the lower stratosphere may have been higher
than our pre-storm sounding indicates, in which case the
temperature inversion would be even stronger, and the
BTD would be greater, perhaps approaching the ob-
served value of 5.7 K. In addition, recent results from
the Cirrus Regional Study of Tropical Anvils and Cirrus
Layers — Florida Area Cirrus Experiment (CRYSTAL-
FACE) indicate that supersaturations with respect to ice
may exceed 30% in cold ice clouds (e.g., Jensen and
Pfister, 2005). Although we are interested in the layer
above the cloud layer, if ice supersaturations exceed
the values we assume, BTD could be even larger.

Finally, it should be noted that using the WV7.3
channel instead of the WV6.2 channel to calculate BTD
resulted in smaller BTD values (Table 1, right column).
In particular, for the extreme saturated layer case, the
7.3–10.7 BTD increased by only 0.46 K over the base
case, compared to an increase of 1.86 K using the
WV6.2 channel. This result shows that the WV6.2
channel is more sensitive to changes in above cloud
water vapor, and is therefore is a more appropriate band
to use when calculating BTD.

5. Summary and concluding remarks

In this study, cloud top radiative characteristics were
studied using MSG SEVIRI imagery over Europe on 28
June 2005. Satellite brightness temperatures at 10.8 μm
were subtracted from those in the WV absorption band
(6.2 μm), and positive values were observed over very
cold cloud tops. It was shown that the positive valueswere
not always correlated with the coldest 10.8 μm pixels,
suggesting that the convection served as a local source of
LSWV. An increase in the number of pixels having BTD
greater than +2 K was observed beginning at 1830 UTC,
perhaps in response to multiple overshooting domes tran-
sportingWVinto the lower stratosphere. In addition to the
observational analysis, a radiative transfer model was
used to show that an increase in LSWV can lead to
positive BTDs, and other possible mechanisms make less
significant contributions to the radiative signal.

The case of 28 June 2005 was part of a larger study,
within which a total of 13 convective situations above
various parts of Europe (each covering several hours or
more) were diagnosed using MSG data for the presence
of the positive BTD. All of these cases did exhibit some
positive BTD for a majority of the diagnosed storms.
However, since the BTD was in most cases closely

related to BT IR10.8 itself, these were considered a
validation of the earlier works of Fritz and Laszlo
(1993), Ackerman (1996), Schmetz et al. (1997) and
Setvák et al. (2007) only, indicating a more or less
uniform warmer moist layer above-storm tops, with no
local LSWV generation. Only the 28 June 2005 case
showed clear indications of a local LSWV source. This
makes the case exceptional and innovative compared to
the earlier works mentioned above. Presently, no further
studies have been carried out by the authors of this paper
for the 2006 and 2007 seasons, but more recent cases
documenting positive BTD above cold convective storm
tops can be found at the EUMETSAT Image Gallery
(http://www.eumetsat.int/Home/Main/Image_Gallery/
Satellite_Images_of_the_Month/).

The processes occurring at and above cloud tops of
longer-lived or severe storms are still far from well-
understood, which makes the BTD interpretation and
inferences on LSWV quite difficult and often somewhat
speculative. Some processes which may have impacts
on the BTD interpretation include modification of the
above-storm environment resulting from the storm acti-
vity itself (including evaporative cooling of the cloud
top or of the layers above) and the gravity wave break-
ing mechanism (Wang, 2007); both should be consid-
ered in future BTD studies.

Although no attempt was made to quantify the amount
of WV transported into the stratosphere, this study
provided one of the first observations of midlatitude
convection serving as an active source of LSWV. Under-
standing all sources and sinks of the stratospheric WV
budget is essential in future climate studies, especially
since LSWV has recently been shown to be increasing
with time (Oltmans et al., 2000; Rosenlof et al., 2001). In
the future, a more rigorous examination of the role played
bymidlatitude convection in transportingWVinto the LS
is needed, perhaps by computing the trend in BTD for a
large number of mesoscale convective systems. Geosta-
tionary satellite imagery is ideal for such an application.

Finally, studies of this kind are likely to be sub-
stantiated by utilization of the CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tion) satellite and Cloud Profiling Radar of the CloudSat
satellite observations, as these will provide quantita-
tively and qualitatively new information about micro-
physics, vertical structure of storm tops, and perhaps
improve our understanding of the WV budget.
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