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Abstract

Above-anvil cirrus plumes, a cloud-top indicator
of severe convective storms, are examined in a
deep convective storm system in the Southeast
US on May 18 2017, with the aim of estimating
their height above the cloud anvil. Their signa-
tures are observed using data from the GOES-
16 Advanced Baseline Imager, and this data
processed by the Optimal Retrieval of Aerosol
and Cloud algorithm. When this processing did
not accurately describe the properties of cirrus
plumes, further methods were employed in an
attempt to deduce the height of the above-anvil
cirrus plumes. In the process, ECMWEF temper-
ature profiles were found to indicate that there
might be a double tropopause in the region. An
evaluation of the validity of the ECMWEF pro-
files leads to uncertainty in whether they are an
accurate representation of the atmosphere. As
a result, no confident estimates for the heights
of the plumes could be obtained from the data,
with height estimates ranging from between 1
and 8km above the anvil. These inconclusive
results lead to discussion of whether passive sens-
ing methods are suitable for such estimates.

1 Introduction

1.1 Satellite Observations of Severe
Convective Storms

Severe convective storms can give rise to weather
conditions such as hail and strong winds which
can pose a risk to human life. Such storms also
cause billions of dollars of property damage per

year just in the United States [1]. As a result,
the development of techniques for the short-term
prediction of convective storms and their severity
is of utmost importance.

The formation of severe storms is driven by
convection. When the atmospheric temperature
profile is such that there exists a high amount of
available energy to induce convection (known as
convective available potential energy, or CAPE),
air parcels will move upwards and cool, allow-
ing water vapour to condense out and form
cloud droplets. Most convection will stop (unless
air parcels have exceptionally high vertical mo-
mentum) when the atmosphere stops decreasing
in temperature with height at the tropopause.
Here, the updraft driving the cloud’s formation
will be redirected and the cloud droplets will
spread horizontally, forming what is known as
a storm ‘anvil’.

Particularly severe storms tend to be associ-
ated with stronger updrafts, which can result
in distinctive signature patterns on top of the
anvil. For example, when an updraft is strong
enough to lift some cloud material up beyond
the tropopause into the lower stratosphere, a
very cold region of cloud extending above the
anvil is created, known as an overshooting top.
When observed by satellites, these can be a
very reliable indicator of severe weather being
reported at the ground [2]. An overshooting top
can sometimes interact with winds in the lower
stratosphere, producing interesting textural
features in the cloud top, such as above-anvil
cirrus plumes.
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1.2 Above-Anvil Cirrus Plumes

Above-anvil cirrus plumes (AACPs) are a cloud-
top storm signature which seem to be associated
with particularly severe storms [3]. They consist
of ‘plumes’ of ice cloud which exist some distance
above the top of the anvil of a convective storm,
characterised by unique identifying patterns in
visible and infrared satellite observations.

These were first observed as early as 1982,
described by Fujita as ‘jumping cirrus’ in ref-
erence to their unusual height above the sur-
rounding storm anvils [4], but in recent years,
with the advancement of rapid-scan satellite ob-
servations, they have been subject to further
study. AACPs have been observed to exist in
the lower stratosphere, so their temperature ap-
pears warmer than the rest of the storm anvil,
making them identifiable using infrared satellite
imagery. Currently it is believed that the plumes
are formed when overshooting tops interact with
winds in the lower stratosphere resulting in either
deformation of cloud material or gravity wave-
breaking [5]. This produces the distinctive plume
shape.

Attempts have been made to model the forma-
tion of these plumes [6, 7, 8] and to determine
to what extent they are associated with severe
weather [3]. There are still several open ques-
tions about AACPs. For example, the micro-
physics of the plumes is still uncertain, as well as
how they can be used as a short-term predictor of
severe weather, and why only some severe storms
with overshooting tops will produce AACPs in a
given region (or even within a given convective
system).

An additional question is whether these
plumes play a role in the injection of water into
the lower stratosphere, which could have signif-
icant effects on stratospheric composition and
chemistry [8]. It is hypothesised that convec-
tive storms transfer water from the troposphere
to the stratosphere when strong updrafts create
tropopause-penetrating overshooting tops [9, 10].
These updrafts have enough energy to overcome
the cold trap at the tropopause, through which
convection cannot usually continue to occur [11].
As a result, the lower stratosphere is one of the

driest parts of the atmosphere. As water vapour
is a powerful greenhouse gas, an increase in its
stratospheric concentration results in a warming
at the Earth’s surface [12, 13]. For this reason,
while AACPs are somewhat poorly understood,
they could have significant impacts on climate
change as well as on severe weather prediction.

1.3 Height of Above-Anvil
Plumes

Cirrus

The aim of this project was to use satellite data
to investigate the height of AACPs above the
storm anvil. Improved knowledge of exactly
where AACPs exist would be useful for vali-
dating the mechanism for their formation, and
hence furthering understanding of this process
as a mechanism for stratospheric water injec-
tion. Current estimates of AACP height range
between 1 and 6km [5, 14, 15], partly deduced
from modelling and partly from observations. As
well as this, it could potentially be worth inves-
tigating whether a correlation between AACP
height and storm severity exists, which could be
useful in short-term storm forecasting.

2 Method

2.1 Data
2.1.1 Case Selection

The case examined during this project was a se-
vere weather event in the Southeast US on May
18, 2017. On this date, a system of convective
storms passed over this area, providing an excel-
lent test bed for examining a series of AACPs.
In particular, the storms present at 2330 UTC
were examined. This case was selected as the
SE US region is known for the frequency of se-
vere convective storm systems [16], and because
there were a number of AACP-producing storms
present, which had already been analysed and
located by Bedka [3].

2.1.2 Satellite Imagery

Data from the National Oceanic and Atmo-
spheric Administration (NOAA) Geostationary
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Orbiting Environmental Satellite (GOES) was
used to examine the cirrus plumes. Observations
of storms were based on mesoscale super-rapid-
scan data from both visible and infrared imagery
taken from the Advanced Baseline Imager (ABI)
on GOES-16. The ABI has 16 channels of various
wavelengths with a maximum spatial resolution
of 0.5km [17].

The mesoscale mode of the ABI instru-
ment produces a 1000 by 1000km image ev-
ery 30seconds. This ‘super-rapid-scan’ mode is
very useful for tracking the evolution of convec-
tive storms. By observing successive images it
is possible to deduce the horizontal wind direc-
tion and to confirm which AACPs are associ-
ated with which updrafts. Modelled datasets
for atmospheric wind vectors are available, but
in convection-dominated systems, these can be
somewhat inaccurate as strong updrafts interfere
with predicted macroscale wind directions. As a
result, it is better to use the satellite data to de-
duce the wind speed and direction, especially in
the lower stratosphere where convection will sig-
nificantly affect anvil and AACP motion. There-
fore, the rapid-scan satellite data was used to
create an animation of the storms moving across
the focus area to give a more reliable estimate of
wind direction, providing some validation of the
plume locations relative to the updrafts.

2.1.3 Temperature Profile Data

Cloud-top height can be determined from a mea-
surement of cloud-top temperature and the lo-
cal temperature profile. As a starting point,
the atmospheric temperature profile was taken
from the atmospheric high-resolution (HRES)
10-day operational dataset from the European
Centre for Medium-range Weather Forecasting
(ECMWF). This project used the direct model
output of temperature against pressure and
height levels. The data are provided in the form
of 137 temperature measurements at various
pressures, on a 0.5° by 0.5° latitude-longitude
grid, recorded every six hours [18]. The temper-
ature profiles are produced through a combina-
tion of modelling, prior information about the
Earth system, and observations. Although this

is the highest-resolution ECMWF product avail-
able, an average profile is not necessarily a good
representation of the actual atmospheric temper-
ature profile at convective scales.

To verify that the ECMWF profiles were reli-
able, they were compared to data from an atmo-
spheric sounding at Fort Worth-Dallas (FWD),
Texas. Here, a radiosonde in a weather balloon
measures pressure, temperature, humidity, and
wind speed as it ascends, giving us in-situ tem-
perature profile measurements. The data used
was provided by the Department of Atmospheric
Science at the University of Wyoming [19].

2.2 Plume Identification

In order to analyse the AACPs, they were lo-
cated using a combination of the satellite data
and a database of storms provided by Bedka,
used in his 2018 paper [3]. The raw data files
from GOES were processed and visualised us-
ing PyTroll [20] in order to create images that
could be used to manually identify and investi-
gate the plumes. The database was used to plot
individual storms with and without plumes on
the satellite images.

2.3 Plume Height Estimation
2.3.1 ORAC

The first estimation of AACP heights was ob-
tained using the Optimal Retrieval of Aerosol
and Cloud (ORAC) algorithm, an optimal esti-
mation scheme that determines a range of aerosol
and cloud properties and their associated un-
certainties using multispectral imagery [21]. In-
putting the satellite data on a particular day al-
lows ORAC to produce an estimate for the cloud-
top temperature and hence cloud-top height, as
well as various other quantities as a 500 by 500
grid of pixels across the study area. The ORAC
process used in this case was a single-layer re-
trieval, meaning that the output only gives a
single cloud-top temperature and height for each
grid point.

The ORAC output was linearly interpolated
across the grid to give a higher resolution of
height estimates, allowing specific locations to be
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probed more precisely, such as at the exact loca-
tions of cirrus plumes and overshooting tops. It
should be noted that for the associated uncer-
tainty outputs, the same method could not be
used, so all uncertainty measurements are taken
from the original ORAC output grid points.

2.3.2 Estimation via Temperature Pro-
file

Improving the estimates of AACP heights be-
yond the ORAC output involved comparing the
cloud-top temperature output from ORAC to the
ECMWFEF temperature profiles. The various lo-
cations of a particular temperature’s intersection
with the profile allowed for further estimates of
the possible vertical position of the top of the
plume. Taken together with the constraint that
AACPs must be above the anvil and hence the
tropopause, their location should be possible to
deduce given a standard atmospheric profile.

To apply this constraint, the tropopause
height was calculated using the World Meteo-
rological Organization’s definition. This defines
the tropopause as “the lowest level at which the
lapse rate decreases to 2°Ckm ~! or less, pro-
vided that the average lapse rate between this
level and all higher levels within 2km does not
exceed 2°Ckm ~1.” [22] The lapse rate I' de-
scribes the rate at which atmospheric tempera-
ture T changes with altitude z, conventionally
defined as

g
dz

3 Plume Identification

Shown in figure 1 are the locations of updrafts
of individual convective storms across the study
area in the Southeast USA. The storms and their
associated AACPs were identified by an algo-
rithm as described by Bedka [3].

Subfigure (a) shows a true-colour composite
image, composed of visible and near-infrared
wavelength bands that display the scene as it
would be visible to the human eye. In this, up-
drafts with currently active AACPs are indicated

by red squares, and those which are not cur-
rently producing AACPs are indicated by black
squares. The plumes are most easily identifiable
by their distinctive texture, appearing as smooth
areas over the more complex texture of the top
of the anvil, and the fact that they cast slight
shadows on the anvil below.

The second image is a false-colour compos-
ite created using the visible 0.64 ym band (in-
verted, in red) and the 6.2 um band (in green
and blue). Here, the coldest parts of the cloud
appear bright red. These very cold areas are usu-
ally the overshooting tops, which tend to occur
at the indicated updrafts. The cirrus plumes can
be identified as the warmer areas of the image in
cyan. The storms currently producing AACPs
are indicated in yellow, and those which are not
in white. Note that some remnants of plumes
still exist near storms which are identified as not
currently producing AACPs; these plumes have
drifted downwind and are no longer being ac-
tively produced.

4 ORAC Output

The ORAC output gives us two crucial datasets
for this project. Firstly, it provides an esti-
mate of cloud-top temperature, calculated using
a combination of brightness temperatures from
various ABI channels. Secondly, it provides an
estimate of cloud-top height based on the esti-
mated temperature and pre-processed tempera-
ture profiles (taken from the ECMWF data de-
scribed in section 2.1.3). It also provides associ-
ated uncertainties for both of these.

Overall, the algorithm identifies the cloud-
covered area of the convective system well, and
does capture at least some of the vertical struc-
ture across the system. In particular, it appears
to successfully estimate the heights of overshoot-
ing tops, suggesting that they extend a few kilo-
metres above the tropopause as expected.

However, ORAC does not succeed at estimat-
ing the heights of AACPs. Where AACPs are
identifiable in satellite images, ORAC interprets
areas as being lower in height than the surround-
ing anvil. This implies either that the plumes
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Cloud-top height (ORAC output)
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Figure 2: Cloud-top height as estimated by ORAC between 99.7° W, 31.8°N and 97.9°W, 32.8° N.
This is indicated by the area illustrated as a blue rectangle labelled by box ‘a’ in figure 1. Clearly,
the algorithm captures the overshooting tops that are seen in the SW corner of this section of the
cloud, indicated by the lightest areas which reach heights of around 18 km, but places the height of the
associated AACP (visible in the satellite imagery) as lower than the rest of the anvil.

were inside the anvil, or that these are areas of
cloud where the anvil is around a kilometre lower
than its usual height. The former is impossible,
and the latter is clearly not the case as AACPs
can be seen in figure 1, so it is reasonably certain
that these heights are incorrect.

This is what one might expect from a single-
layer retrieval, and does help to identify the loca-
tions of the cirrus plumes even if ORAC’s ability
to determine their height is limited. The height
output is also useful in the later stages as an ap-
proximation for anvil height, as are the cloud-top
temperatures which allow further AACP height
estimates to be made.

4.1 Uncertainties

The associated uncertainties for both the cloud-
top height and temperature provide further in-
sight into the reliability of this output. For both
height and temperature, there are relatively high
uncertainties over the anvil. Height has uncer-
tainties of up to 5km consistently for large ar-
eas of the cloud, and temperature has uncer-
tainties which are consistently above 12 K across
the anvil. These are even higher in areas where
plumes are observed, which suggests that even
though the ORAC heights are incorrect, the al-

gorithm is nonetheless correctly identifying that
this data is uncertain and of low quality.

5 The Double Tropopause

The next stage of improving the estimates was
using the ECMWF temperature profiles to cal-
culate alternative heights for the AACPs. For a
typical temperature profile, this would result in
one other possible height for the plume in the
lower stratosphere, giving a sensible estimate for
the location of the plumes where the cloud-top is
warmer. However, the atmospheric temperature
profiles of the region are far from standard. Two
examples of these are shown in figure 3.

Over most of the area investigated, the
ECMWF temperature profiles exhibit some com-
plex behaviour at altitudes between 12 and
20km.  Throughout the cloud-covered areas
there appears to be a double tropopause. That
is, after the temperature begins to increase above
the lowest temperature inversion, the lapse rate
reverses and atmosphere begins to cool again
until it reaches a second temperature inversion,
after which it continues to increase normally
through the stratosphere.

Multiple tropopauses are not unheard of [23].
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(a) Temperature profile at 98.0°W, 36.0"N

(b) Temperature profile at 99.42° W, 36.51'N
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Figure 3: Temperature profiles and the associated ORAC cloud-top temperature and height outputs

at two representative locations in the study area.

(a) Temperature profile of a normal area of the anvil, marked as box ‘¢’ in figure 1. ORAC has
extrapolated the tropopause temperature profile to find an estimated anvil height associated with this
temperature, which is colder than any of the temperatures that the ECMWF profile predicts.

(b) Temperature profile of a cirrus plume, marked as box ‘f” in figure 1. Here, there are four heights
where the AACP could be, including three above the tropopause, if you find the intersections of the
cloud-top temperature and profile (ignoring the point in the high thermosphere).

The World Meteorological Organization defines
a second tropopause as any place where the
tropopause condition is met again, if the aver-
age lapse rate in the kilometre above the first
tropopause exceeds 3°Ckm~! [22]. In fact, dou-
ble tropopauses can even be relatively common
in certain areas, including the Southeast US [24].

Whether the ECMWEF profiles genuinely re-
flect the atmospheric profile at this time is un-
certain for several reasons. Firstly, the ECMWF
profiles are relatively low-resolution, both tem-
porally and in terms of the latitude and lon-
gitude coordinates, so interpolated profiles be-
tween these points may not be accurate. Sec-
ondly, they are largely modelled data based on
combinations of measurements above and below
the cloud [18]. Where there is thick cumulonim-
bus cloud, as is the case here, the temperature
profiles may become unreliable around the height
of the cloud if there are inconsistencies between
the data from above and below the cloud layer.
This would be consistent with the unusual sig-
nal in the data around the expected tropopause

height at this latitude, especially in areas where
the anvil is present.

However, it is not possible to rule out the exis-
tence of a double tropopause in this region. They
have been observed to exist here semi-frequently,
and in the satellite composites, the areas near the
labels ‘b’ and ‘¢’ in figure 1 could potentially be
mini-anvils which exist at the second tropopause
rather than the first. This would likely not be
identified in the ORAC output due to the way in
which ORAC calculates cloud-top height.

To check the validity of the ECMWEF pro-
files, they were compared to data from an at-
mospheric sounding (provided by the University
of Wyoming). The only station within the study
area which was near any cloud at the time of
the reading was the FWD station at 93.30° W,
32.83° N, labelled in figure 1 as the dark blue
marker by box ‘d’. Unfortunately at the nearest
reading time to the storm event, the area was
still not fully covered by cloud and the associ-
ated ECMWF profile at this location did not ex-
hibit the characteristic double tropopause which
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Comparison of ECMWF profile to radiosonde profile at 90.5° W, 44.5°N
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Figure 4: A comparison of the measured ra-
diosonde atmospheric profile (data provided by
the University of Wyoming), with the ECMWF
profile at this point. Here, the double tropopause
is less obvious than in figure 3, and there does
not appear to be very significant deviation in the
shape of the ECMWF profile from the observed
sounding.

appears through much of the anvil.

The comparison of the atmospheric sounding
data and ECMWF profile at the sounding lo-
cation is shown in figure 4. While the atmo-
spheric sounding did not directly contradict the
data, it is not within the main body of the anvil.
Therefore, it is still inconclusive as to whether
the double tropopause genuinely does exist over
the anvil, or whether it is simply an anomaly
arising from the method of generating ECMWF
profiles. It should be noted that if the double
tropopause does exist in the area, it could have
interesting impacts on the effects of water trans-
port into the stratosphere as discussed in section
1.2, and examined by Homeyer in 2014 [25].

6 Alternative AACP Height
Estimates

Regardless of whether the double tropopause ex-
ists, the profiles fluctuate significantly anyway,
to the extent that in many locations there are
a number of points where the cloud-top tem-
perature intersects with the atmospheric pro-
file above the tropopause. This gives a wide

range of possible plume heights, ranging from
between around 2km to around 8 km above the
tropopause, as illustrated in figure 3b. This is
a significant range, not even improving on the
uncertainty of ORAC’s height estimates.

It is possible to derive some estimate of cloud-
top height from these possible heights, how-
ever. The most logical first estimate of where
the plumes exist is obtained by selecting as low
a height as possible above the first tropopause.
Using the rest of the anvil’s temperature as a
baseline, it was possible to identify AACP loca-
tions and remap their ORAC output heights to
more realistic heights in the lower stratosphere
(or inter-tropopause layer, as the case may be).
However, this did involve making the assump-
tion that the actual height of the plume lies on
the first ‘branch’ of the temperature profile above
the (first) tropopause.

Calculating these heights over areas with
plumes gives results as demonstrated in figure 5,
which shows the estimates of cloud-top height in
the area from 99.7°W to 97.9°W and 31.8°N
to 32.8°N. The blue gradient dots represent
the remapped heights above the anvil, while
the greyscale surface plot represents the ORAC
cloud-top height estimates in this area.

The location of the AACPs visible here is con-
sistent with what one might expect. By com-
paring this with the wind direction, images, and
storm database, it is reasonably confident that
the actual location of plumes matches up well
with where the algorithm changes the heights of
the ORAC output.

Furthermore, this remapping estimates cirrus
plumes as around 3-5 km above the top of the rest
of the anvil. This is at a few kilometres above the
associated overshooting top, but AACPs have
previously been observed to be up to 5km above
the tropopause [14], so this is not unexpected.
However, in other areas, the same algorithm
remaps the points to give height estimates of
around 1-3km above the anvil. This indicates
that there is a wide variety of possible heights
for the plumes depending on the properties of
the associated updrafts and surrounding cloud.
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(b) AACP height estimation over ORAC cloud-top height output
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Figure 5: An illustration of the remapped heights of the cirrus plumes above the storm anvil.

(a) The greyscale surface plot represents the ORAC height output (the same as that illustrated in
figure 2) in the focus area indicated by box ‘a’ in figure 1. The blue dots are the points which have
been remapped, and become darker blue as altitude increases. The plumes tend to exist over the lowest
areas of ORAC height output, represented by the darkest grey sections of the surface.

(b) This angle gives a better indication of the heights of the remapped points, suggesting that the
cirrus plumes exist at heights between 2 and 5km above the anvil.

(¢) A temperature profile of an example point in this grid at 99.06° W, 32.4° N. The remapped height
estimate gives a height of around 18 km as opposed to around 14 km. Note that the tropopause definition
here was inadequate and places it lower than one might intuitively place it. Interestingly, this area
does not have as distinct a double tropopause as much of the rest of the anvil.
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Estimated uncertainties in temperature profile at 99.5 ° W, 36.6 °N
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Figure 6: A temperature profile at an ORAC
output point at around 99.5°W, 36.6°N.
ORAC’s cloud-top temperature uncertainty is
used to determine an uncertainty for the AACP
height estimate. This is around 10 km. The min-
imum possible height is set at the tropopause,
since the plume cannot exist lower than the top
of the storm anvil.

6.1 Uncertainties

The numerical uncertainty in the AACP height
was estimated by calculating the minimum and
maximum possible heights that are associated
with the minimum and maximum possible tem-
peratures as indicated by the ORAC cloud-top
temperature uncertainty. Due to the very large
uncertainties in cloud-top temperature, there is
a correspondingly huge uncertainty in height:
the AACP could be anywhere within a 10km
range, as illustrated in figure 6. This renders
the assumption of the height being on the first
above-tropopause branch irrelevant, since the ac-
tual location of the plume could be at such a wide
range of heights.

Furthermore, given our discussion in section
5, it is somewhat unlikely that the temperature
profiles used to calculate AACP heights are accu-
rate. This limits how reliable the estimates are,
as they depend almost entirely on the temper-
ature profiles being correct for each plume, but
the resolution of the ECMWTEF profiles is inade-
quate for this purpose.

7 Conclusions

The large uncertainties in both the temperature
profiles and the ORAC cloud-top temperature
means that it is hard to draw concrete conclu-
sions about AACP heights from this case study.
However, the estimates are more accurate than
those deduced from the single-layer ORAC re-
trieval (here used because a multi-layer retrieval
of such a complex cloud-top structure would have
been inaccurate and computationally intensive).
Two-layer retrievals are most effective if an ini-
tial estimate of cloud-top heights can be given.
Therefore, these height estimates could be useful
as input parameters in a multi-layer retrieval.

Also, the project has proved to be a produc-
tive investigation into the limitations of ECMWF
temperature profiles and ORAC output. Fur-
ther work into understanding how ECMWF pro-
files are generated, and how this affects their
output around convective systems, would have
far-reaching impacts wherever these profiles are
used. Any inconsistencies could be integrated
into ORAC or other algorithms which use this
dataset to better inform uncertainty output, or
correct for systematic errors in the profiles.

Finally, the project has been fairly conclusive
in one respect: passive sensing methods are gen-
erally not adequate for calculating the physical
heights of complex cloud-top structures. The un-
certainties are so significant that these results are
extremely approximate. In order to examine the
height and other properties of AACPs, further
work should be carried out using active sens-
ing methods. For example, LIDAR (a method
of measuring distance using pulsed light and re-
flections) could be used to obtain a more reliable
estimate of the height of the cirrus plumes, and
in-situ aircraft measurements could be used to
take better readings of their temperature.

While such methods would be much more lim-
ited in terms of data quantity, they would be
much more reliable, and could be used to vali-
date data from passive sensing methods. Until
temperature profiles are more reliable and much
higher in spatial resolution, active sensing meth-
ods are likely to be vastly more useful for making
these kinds of measurements.
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