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ABSTRACT

By combining observations from the Geostationary Operational Environmental Satellite (GOES) 3.9-
and 10.7-pum channels, the reflected component of the 3.9-um radiance can be isolated. In this paper, these
3.9-pm reflectivity measurements of thunderstorm tops are studied in terms of their climatological values
and their utility in diagnosing cloud-top microphysical structure. These measurements provide information
about internal thunderstorm processes, including updraft strength, and may be useful for severe weather
nowcasting. Three years of summertime thunderstorm-top 3.9-um reflectivity values are analyzed to pro-
duce maps of climatological means across the United States. Maxima occur in the high plains and Rocky
Mountain regions, while lower values are observed over much of the eastern United States. A simple model
is used to establish a relationship between 3.9-um reflectivity and ice crystal size at cloud top. As the mean
diameter of a cloud-top ice crystal distribution decreases, more solar radiation near 3.9 um is reflected.
Using the North American Regional Reanalysis dataset, the thermodynamic environment that favors
thunderstorms with large 3.9-um reflectivity values is identified. In the high plains and mountains, envi-
ronments with relatively dry boundary layers, steep lapse rates, and large vertical shear values favor
thunderstorms with enhanced 3.9-um reflectivity. Thunderstorm processes that lead to small ice crystals at
cloud top are discussed, and a possible relationship between updraft strength and 3.9-um reflectivity is

presented.

1. Introduction

Satellite observations of thunderstorms have been
widely documented since the launch of Geostationary
Operational Environmental Satellites (GOES) in the
1970s. The Visible and Infrared Spin Scan Radiometer
(VISSR) Atmospheric Sounder (VAS), aboard
GOES-4 (launched in 1980) was the first instrument to
detect radiation in the shortwave window, that portion
of the electromagnetic spectrum between 3.5 and 4.0
pm (Kidder and Vonder Haar 1995). More recent
GOES imagers, beginning with GOES-8, have a chan-
nel centered near 3.9 um. At night, differences in 3.9-
and 10.7-um radiance provide information about cloud-
top microphysics (Ellrod 1995). During the daytime,
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radiances at this wavelength include both an emitted
earth-atmosphere component and a reflected solar
component. For clouds of sufficient optical thickness,
the thermal component at 3.9 um can be approximated
by assuming the emitting temperature at 10.7 um is the
same at 3.9 um (Setvdk and Doswell 1991). Given the
observed 3.9- and 10.7-pum radiances, it is then possible
to calculate the 3.9-um solar reflected component. This
is often represented as the percent of incoming solar
radiation at 3.9 um that is reflected back to the satellite
(e.g., Allen et al. 1990; Kidder et al. 2000), and will
hereafter be referred to as the 3.9-um reflectivity.
Thunderstorm tops with enhanced reflectivity at 3.7
um were first noted using Advanced Very High Reso-
lution Radiometer (AVHRR) data (e.g., Liljas 1987,
Scorer 1987). Setvdk and Doswell (1991) suggested that
differences in 3.7-um reflectivity may be due to differ-
ences in microphysical structure at cloud top. It is well
documented that liquid water clouds are more effective
reflectors of 3.5-4.0-um radiation than ice water clouds
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(e.g., Turk et al. 1998). However, the majority of thun-
derstorm tops exist at temperatures well below —40°C,
meaning their composition is dominated by ice crystals.
Differences in the size distributions of these ice crystals
have an effect on 3.5-4.0-um reflectivity. Past studies
have shown that more numerous smaller crystals tend
to be more effective reflectors at 3.7 um (Melani et al.
2003a,b). In addition, Setvak et al. (2003) observed
similar thunderstorm-top reflectivity characteristics at
3.9 pm from GOES as at 3.7 um from AVHRR. The
most likely hypothesis is that the detection of a thun-
derstorm top with enhanced 3.9-um reflectivity implies
that its anvil is composed of relatively small and nu-
merous ice crystals, and this may provide information
about internal thunderstorm structure (Setvdk et al.
2003).

Examples of thunderstorms with relatively high and
low 3.9-um reflectivities are given in Figs. 1a and 1b,
respectively. Values of 3.9-um reflectivity for storms on
the plains in Fig. la approach 15% (warmer colors),
while values for most of the storms in Fig. 1b are less
than 5% (cooler colors).

The primary goals of this study are to examine the
3.9-um reflectivity of thunderstorms from a climato-
logical perspective, seek mechanisms for the existence
of small ice crystals at cloud top, and find possible ex-
planations for variations in cloud-top 3.9-um reflectiv-
ity between storms. The analysis reveals a connection
between 3.9-um reflectivity and thunderstorm updraft
strength, providing an extremely useful severe weather
nowcasting application. Section 2 describes a climato-
logical study of thunderstorm-top 3.9-um reflectivity
over the United States, section 3 describes modeling
results linking ice crystal size to 3.9-um reflectivity, sec-
tion 4 presents the results of a statistical study using
reanalysis data, section 5 presents a possible physical
mechanism, and section 6 offers some concluding re-
marks.

2. Thunderstorm 3.9-pum reflectivity climatology

Values of 3.9-um reflectivity are calculated from
GOES radiance observations using the method de-
scribed by Setvdk and Doswell (1991). The GOES ra-
diance at 3.9 um can be split into two components:

R;o=R,  + 83.9R33'9(T)7 (1)

3.9

where R;, is the total radiance at the band centered at
3.9 pm, R, is the solar-reflected component at 3.9 pm,
&3, 1s the emissivity of the scene at 3.9 um, and R, (7)
is the blackbody radiance 3.9 um with temperature 7.
The first term can be written as
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A 2
R,., = 0‘3-9[R63A9(Tsun)<§> cos(d))], 2)

where ag, is the 3.9-um reflectivity, R, (T,) is the
blackbody radiance of the sun (7, is taken to be 5800
K), A is the radius of the sun, B is the average radius of
earth’s orbit, and ¢ is the solar zenith angle. For sim-
plicity, the quantity in brackets will be denoted S, or the
solar flux at the top of the atmosphere. For a cloud of
sufficient optical thickness, the transmissivity is ap-
proximately zero. This approximation, along with Kir-
choff’s law, gives

839 T azo=1. 3)
Substituting Egs. (2) and (3) into Eq. (1), the 3.9-um
reflectivity is given by

R;9 — R
039 =

esolT)

S- Res.g(T) (4)

To calculate this quantity, we estimate the 3.9-um
blackbody emitting temperature by using the observed
10.7-um brightness temperature. This requires that the
emissivity at 10.7 um be unity, which for an optically
thick cloud is a reasonable approximation (Stephens
1978). Finally, it is assumed that the reflected radiation
is isotropic.

Data from GOES-West, currently GOES-10 and
centered at 135°W, and GOES-East, currently GOES-
12 and centered at 75°W, were analyzed every 2 h dur-
ing May, June, July, and August of 2000, 2003, and
2004. Using Eq. (4), the 3.9-um reflectivity values were
calculated at every ice cloud pixel within the domain for
every month within the chosen period. For the pur-
poses of this study, we define an ice cloud pixel as one
in which the 10.7-um brightness temperature is colder
than —40°C. This restriction eliminates thin cirrus,
minimizes transmission from below, and ensures that
all cloud tops are composed almost entirely of ice crys-
tals. Since the analysis is limited to summer months, we
assume that these ice cloud pixels are associated with
convectively generated clouds. Equations (2) and (4)
show that the 3.9-um reflectivity calculation becomes
undefined as the solar zenith angle approaches 90°, so
only those pixels with a solar zenith angle of less than
68° were included. This value was chosen by producing
a scatterplot of observed 3.9-um reflectivity versus so-
lar zenith angle for a large number of pixels, and noting
that all reflectivities begin to increase as the zenith
angle exceeds 68°. During summer month afternoons,
the sun typically reaches 68° between 1800 and 1900
local daylight time, so evening and overnight convec-
tion is excluded from this analysis.

Figure 2a shows the results of the GOES-East clima-
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FiG. 1. GOES-12 3.9-um reflectivity for brightness temperatures less than —40°C (in colors), and 10.7 um (gray
shades) for brightness temperatures greater than —40°C for (a) 2345 UTC 6 Jun 2005 and (b) 2315 UTC 18 Jun
2003. Warmer colors indicate cold cloud tops with larger 3.9-um reflectivity values.
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F1G. 2. Mean 3.9-um reflectivities of ice clouds from (a) GOES-East and (b) GOES-West,
during May, June, July, and August of 2000, 2003, and 2004, when the solar zenith angle is less
than 68°.
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TABLE 1. Mean 3.9-um reflectivities from GOES-East (G-E)
and GOES-West (G-W) for different times and reflection angles
from 26 Jun 2004.

G-E39um G-W 3.9 um
G-E G-W mean mean

Time reflection  reflection  reflectivities  reflectivities
(UTC)  angle (°) angle (°) (std dev) (std dev)
2345 105 46 7.30 (2.37) 4.00 (1.56)
2315 99 41 5.86 (2.19) 3.98 (1.75)
2245 92 36 4.57 (1.80) 3.75 (1.83)
2215 85 32 3.89 (1.64) 3.73 (2.02)
2045 65 30 2.58 (1.02) 3.05 (1.63)
2015 59 33 2.50 (0.96) 2.92 (1.49)
1945 52 37 2.13 (0.87) 2.38 (1.28)
1915 46 42 2.23 (1.11) 2.20 (1.14)
1845 41 47 213 (1.23) 2.05 (1.09)
1745 32 60 1.66 (0.91) 1.70 (0.60)
1715 29 66 1.88 (0.25) 2.08 (0.41)
1645 29 73 1.87 (0.24) 2.34 (0.21)
1615 30 80 1.91 (0.26) 2.41 (0.22)

tology. Infrared pixels were grouped into 1° X 1° lati-
tude-longitude boxes before calculating the mean re-
flectivity values; detail would be lost with the use of
larger boxes, and the use of smaller boxes would intro-
duce noise. All boxes over the United States contain at
least 10* total pixels. Contours in Fig. 2 represent the
mean 3.9-um reflectivity of ice clouds. Over much of
the eastern United States, values are near 2%, while in
the high plains and the Rocky Mountain region, reflec-
tivities are greater than 5%. The GOES-West climatol-
ogy (Fig. 2b) shows generally larger values than in the
eastern United States, with maxima occurring in east-
ern Colorado, northwestern Montana, and eastern Cali-
fornia. The longitudinal band between 110°-95°W was
viewed by both satellites, and GOES-East values are
generally about 1% larger. Conversely, in the longitu-
dinal band between 100° and 95°W, GOES-West values
are about 1% larger. The result is a larger east-west
gradient in mean reflectivity as viewed from GOES-
East compared with GOES-West.

To investigate this difference between GOES-East
and GOES-West 3.9-um reflectivities, a day was chosen
that had ice clouds in the longitudinal band covered by
both satellites in both the morning and afternoon (26
June 2004). Ice cloud pixels viewed by both satellites at
approximately the same time were selected, and their
3.9-um reflectivities were calculated. Table 1 shows the
means and standard deviations for various times
throughout the day, and the associated reflection angles
between the sun and satellite for each pixel. The reflec-
tion angles varied slightly with location at a given time,
so the mean angles are displayed in the table. Note that
in the late afternoon (2345 UTC), 3.9-um reflectivities
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F1G. 3. Diurnal trend in ice cloud pixels used in the analysis
from Fig. 2, for the longitudinal bands 105°-100°W and 100°-
95°W, from GOES-East.

are maximized, and GOES-East measures over 3%
greater values than GOES-West. At this time, the
GOES-East reflection angle is 105° compared to 46°
with GOES-West. GOES-East is therefore in a position
to measure more forward-scattered radiation than
GOES-West, so forward scattering appears to be fa-
vored. Earlier in the day, as the reflection angles be-
come closer together, the differences in 3.9-um reflec-
tivities also decrease. In the morning, reflectivities mea-
sured from GOES-West exceed those from GOES-
East, but due to a lack of vigorous convection, the
absolute values are quite low. This analysis suggests
that forward scattering is always preferred, and is maxi-
mized for large reflection angles.

Figure 3 shows the diurnal trend in ice cloud pixel
frequency for two longitudinal bands. In the morning,
ice clouds are much more frequent in the eastern band.
These clouds are likely associated with the remnants of
nocturnal convective systems that often exist in the cen-
tral plains shortly after sunrise. The western band
shows a distinct afternoon maximum in convective ice
clouds. The apparent dropoff in ice cloud frequency in
the eastern band at 2345 UTC is primarily an artifact of
the 68° zenith angle requirement; many areas in this
band have zenith angles greater than 68° at 2345 UTC,
so those pixels are not included in the analysis, as ex-
plained above. Results from Table 1 combined with Fig.
3 explain the differences in 3.9-um reflectivities as mea-
sured from GOES-East and GOES-West. Since forward
scattering is preferred, and GOES-East is in a position
to measure more forward-scattered radiation during
the peak in ice cloud frequency in late afternoon, mean
values are higher from GOES-East in the longitudinal
band between 105° and 100°W. In the eastern band,
morning ice clouds are quite frequent, during which
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time GOES-West measures more forward-scattered ra-
diation, making these mean values slightly larger than
those from GOES-West. These results are consistent
with similar findings by Setvdk et al. (2003) and show
that the scattering is not isotropic. Future work will
involve correcting for preferential scattering when cal-
culating 3.9-um reflectivity.

Figures 4a and 4b show the same data as Fig. 2 from
a slightly different perspective. Here, the percent of ice
cloud pixels whose 3.9-um reflectivity is greater than
5% is contoured. The choice of the 5% threshold was
arbitrary; changing the threshold had a negligible effect
on the resulting geographical distribution. In Fig. 4a,
note that in the high plains over 50% of ice clouds have
greater than 5% 3.9-um reflectivity, while farther east,
less than 10% exceed this threshold. This, along with a
more thorough analysis of distributions about the
mean, show that reflectivities greater than 5% are rare
in the east. In the longitudinal band between 110° and
100°W, values greater than 5% are quite common, and
reflectivities greater than 10% are not infrequent. In
both Figs. 2 and 4, maxima occur at or near major
mountain ranges, suggesting that high terrain may play
a role in the physical mechanism responsible for thun-
derstorms with “enhanced” 3.9-um reflectivity, defined
here to be greater than 5%. This will be investigated
further and discussed in sections 4 and 5. It should also
be noted that mountain wave clouds tend to have rela-
tively large 3.9-um reflectivities and could, therefore,
be contributing to the larger means near mountain
ranges. However, during the summer months, convec-
tively generated ice clouds are far more common than
mountain wave clouds, so we assume the mean is domi-
nated by thunderstorm reflectivity.

3. Relationship between ice crystal size and
3.9-pum reflectivity

In this section, we examine the sensitivity of 3.9-um
reflectivity to ice crystal size at cloud top. Grasso and
Greenwald (2004) successfully generated synthetic
GOES brightness temperatures associated with simu-
lated mesoscale weather events. The methods used re-
lied on two models: a cloud-resolving model and an
observational operator. The cloud-resolving model was
used to simulate a thunderstorm event, and its output
was then used as input to the observational operator.
This tool first computes gaseous transmittance at a spe-
cific wavelength. Next, mass mixing ratio and number
concentration of each of the seven hydrometeor types
from the cloud model are used to compute three bulk
optical properties of the simulated cloud: extinction,
single scatter albedo, and asymmetry factor. These op-
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tical properties are then used by radiative transfer mod-
els to compute brightness temperatures at a specified
wavelength (for more details, see Greenwald et al.
2002).

Instead of running a complicated cloud-resolving
model, a simpler approach was adopted, where an ide-
alized cloud composed of planar polycrystals (Mitchell
1996) was specified in the layer between 10 and 12 km
AGL. Using a gamma size distribution (Mitchell 2000),
the mean ice crystal diameter can be controlled by vary-
ing the mass mixing ratio and number concentration of
ice crystals. For each mean diameter, the observational
operator was used to calculate synthetic GOES radi-
ance values. From the radiances, the 3.9-um reflectivity
was computed and plotted as a function of mean diam-
eter, for three different solar zenith angles (Fig. 5). In
all of these cases, the top of the ice cloud was located
near the tropopause, at a temperature near —53°C.

For a given solar zenith angle, the 3.9-um reflectivity
is fairly insensitive to ice crystal size for diameters
greater than about 80 wm, but for smaller diameters the
3.9-um reflectivity increases more rapidly. According
to the model, increasing the solar zenith angle also pro-
duces an increase in 3.9-um reflectivity for a given ice
crystal size. The important result is that 3.9-um reflec-
tivity increases dramatically for small ice crystal sizes.
While 3.9-um reflectivity shows great variability, the
simulated 10.7-um brightness temperatures are near
—53°C (approximately the tropopause temperature in
the model) for all ice crystal sizes. This result implies
that the cloud was of sufficient optical thickness to pre-
vent any emitted terrestrial radiation from penetrating
the cloud layer.

Observational confirmation of these results is fairly
difficult with current techniques. A direct comparison
of aircraft-measured ice crystal sizes and satellite-
measured 3.9-um reflectivity is difficult for several rea-
sons. First, reflection of radiation by an optically thick
cirrus cloud is achieved by a population of ice crystals
that exists over at least tens of meters in the vertical, so
aircraft sampling at a single altitude may be unrepre-
sentative of the mean size distribution of the reflecting
layer. Second, the 4-km satellite resolution is rather
coarse, so many aircraft legs through a single satellite
pixel would be required to estimate the satellite-
observed mean ice crystal size. Despite these limita-
tions, a recent study from the 2002 Cirrus Regional
Study of Tropical Anvils and Cirrus Layers-Florida
Area Cirrus Experiment (CRYSTAL-FACE), in which
anvils of convective clouds were sampled by aircraft to
collect and measure ice crystals, is quite relevant to this
study and will be discussed in section 5.
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F1G. 4. Percent of ice clouds whose 3.9-um reflectivity exceeds 5% from (a) GOES-East and
(b) GOES-West, during May, June, July, and August of 2000, 2003, and 2004, for times when
the solar zenith angle is less than 68°.
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4. Statistical analysis of thermodynamic
environment

To investigate whether thermodynamics play a role
in producing thunderstorms with enhanced 3.9-um re-
flectivity, a composite analysis was performed over the
high plains region having the largest mean cloud reflec-
tivity values (Fig. 2a). The analysis domain was chosen
roughly within the 4.5% contour in Fig. 2a, or between
approximately 30°-45°N and between 100°-110°W.
GOES data during the summer months (June, July, Au-
gust) of 2003 and 2004 were analyzed, and 16 convec-
tive days having a large percentage of thunderstorm
tops with 3.9-um reflectivities greater than 5% (here-
after referred to as “reflective days”) and 16 convective
days having a low percentage of thunderstorm tops with
3.9-um reflectivities greater than 5% (“nonreflective
days”) were selected. Days similar to those in Figs. la
and 1b are typical examples of a reflective day and a
nonreflective day, respectively.

For each of the 16 reflective and 16 nonreflective
days, a subset of the domain was chosen based on the
location of convective activity. Within this smaller area,
all grid points from the North American Regional Re-
analysis (NARR) dataset (Mesinger et al. 2006) were
extracted. This dataset uses the National Centers for
Environmental Prediction (NCEP) Eta Model and its
data assimilation system, so its horizontal grid spacing
is 32 km, it contains 45 vertical levels, and output is
available every 3 h. Additionally, observed precipita-

tion is assimilated hourly and other datasets are incor-
porated, such as the Noah land surface model. For
more details about the NARR, see Mesinger et al.
(2006). For each of the 32 days in the analysis, between
500 and 1000 grid points were selected within the subset
having convective activity. The 0000 UTC values of
temperature, dewpoint, and wind for the entire tropo-
sphere were averaged for each of the 16 days. These
mean profiles were then averaged for the reflective
days and nonreflective days, producing two final mean
profiles (Fig. 6). Many of the grid points used in this
analysis have surface pressures below 850 hPa, so the
profiles are most meaningful at pressures below 850
hPa.

There are several important differences between
these two mean profiles. First, the relative humidity
throughout the reflective profile is lower, especially in
the lowest 400 hPa. A larger dewpoint depression near
the surface suggests that a fairly dry boundary layer is
supportive of thunderstorm tops with enhanced 3.9-um
reflectivity. Second, and possibly more importantly, the
800-300-hPa lapse rate is noticeably steeper in the re-
flective case. This more unstable environment would
promote stronger updrafts. Finally, the midlevel west-
erlies are stronger in the reflective case, resulting in
larger surface-500-hPa shear.

To get a more quantitative understanding of the re-
sults, values of selected variables were collected at each
grid point, and means and standard deviations were
calculated for each of the 32 days. Next, the resulting
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FIG. 6. Mean (right) temperature and (left) dewpoint profiles
for the reflective (solid) and nonreflective (dashed) cases, along
with mean wind profiles, plotted on a traditional skew 7-logp
diagram. A full wind barb represents 10 kt.

means were averaged together for each case (reflective
and nonreflective), and the standard deviations were
also averaged. Results are given in Table 2. To estimate
significance, a difference-of-means ¢ test was performed
using the mean standard deviations calculated above.
Values in Table 2 with greater than 95% significance
are set in italics; those exceeding 99% significance are
set in bold.

The convective available potential energy (CAPE)
for the reflective case is over twice that of the nonre-
flective case, verifying that instability is greater in the
reflective situation (even though convection was ob-
served in both cases). Precipitable water values are
smaller and 700-hPa relative humidity values are lower
for the reflective case, further underscoring the possible
importance of relatively dry air. Lapse rates are signifi-
cantly steeper in the reflective case (the standard de-
viations for lapse rate were very small), and the sur-
face-500-hPa zonal shear is much larger on reflective
days. Surface temperature and dewpoint values were
used to calculate the lifted condensation level (LCL).
Using this as the cloud-base height, the distance from
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TABLE 2. Means for several parameters for the 16 reflective
days and 16 nonreflective days. Italicized numbers indicate the
difference of means exceeds 95% significance; boldface numbers
show the difference of means exceeding 99% significance.

Reflective Nonreflective
Parameter case mean case mean
CAPE (J kg ) 567 219
Precipitable water (mm) 17.7 231
Surface temperature (°C) 28.2 26.1
Surface dewpoint (°C) 45 7.2
700-hPa RH (%) 42 56
500-hPa RH (%) 58 65
800-500-hPa lapse rate 8.5 74
(°C km™1)
Surface-500-hPa zonal shear 9.9 23
(ms™)
Depth of cloud base to —38°C 5210 6036
level (m)

cloud base to the homogeneous freezing level, taken to
be —38°C assuming ammonium sulfate cloud conden-
sation nuclei (CCN) (DeMott et al. 1994), was calcu-
lated for both cases, and cloud depths are significantly
larger in the nonreflective case. The explanation behind
choosing the depth from the LCL to —38°C is found in
section 5.

5. Cloud droplet residence time

If a large number of small ice crystals is indeed the
source of ice clouds with enhanced 3.9-um reflectivity,
the next logical question becomes, Why do some thun-
derstorm tops have smaller ice crystals than others?
Results from section 4 show that in the high plains dur-
ing the summer months, certain thermodynamic envi-
ronments favor thunderstorms with smaller ice crystals,
but this offers little evidence into the physical mecha-
nism leading to small ice production. Rosenfeld and
Lensky (1998) discuss differences between microphysi-
cal profiles in maritime and continental clouds. Conti-
nental clouds have a deeper diffusional droplet growth
zone than maritime clouds, so that continental cloud
droplets forming near cloud base grow very slowly with
depth as they ascend within the updraft. This effect is
exaggerated as updraft magnitudes increase. Collision—
coalescence efficiency decreases as cloud droplet size
decreases, so these droplets remain relatively small even
at temperatures well below freezing. Heymsfield et al.
(2005) use aircraft measurements during CRYSTAL-
FACE along with a 1D parcel model to study the
effects of homogeneous ice nucleation in clouds with
varying properties, including depth and updraft veloc-
ity. Their Figs. 13 and 16 show that stronger updrafts
support larger supersaturation with respect to liquid
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F1G. 7. Mean 3.9-um reflectivity plotted against cloud droplet residence time (s) between the
lifted condensation level and the —38°C level. This quantity is estimated by dividing the cloud

depth by the square root of twice the CAPE.

water, which prevents the smallest droplets from
evaporating before freezing homogeneously. Addition-
ally, parcels initiated at colder temperatures produce
smaller droplets and therefore smaller ice crystals.
Their Fig. 14 shows that clouds whose cloud-base tem-
perature is warmer (lower in altitude) produce signifi-
cantly larger mean droplet diameters just prior to the
onset of homogeneous ice nucleation, because droplets
have a longer time to grow. These two studies suggest
that, in general, the anvils of high-based clouds with
strong updrafts contain smaller and more numerous ice
crystals.

To test this hypothesis with satellite and NARR data,
GOES-East data over all of the eastern United States
from 2145 UTC on each of the 32 days described in
section 4 (during the summer) were analyzed to select
978 individual clouds having at least 50 pixels with 10.7-
wm brightness temperatures colder than —40°C. Im-
ages from 2145 UTC are used instead of those from
2345 UTC to maximize the available area with solar
zenith angles less than 68°. For each cloud, the mean
3.9-um reflectivity was calculated, and the nearest
NARR grid point from 2100 UTC was selected. To
eliminate nonconvective environments in the NARR
data, only grid points whose mean-layer CAPE ex-
ceeded 200 J kg~ ! and whose cloud depth between the
LCL and the —38°C level exceeded 1 km were allowed.
Since

Woae = /2 X CAPE, (5)

where w,,,, is the maximum possible vertical velocity,
we define a quantity called the cloud droplet residence
time (1) as

Dycr-ss

T= W (6)
where D;p, 33 is the depth from the LCL to the
—38°C level. The cloud droplet residence time is a
rough estimate of how long a cloud droplet that formed
at cloud base exists within the updraft before reaching
the —38°C level and is, therefore, a function of both
cloud depth and updraft velocity. Figure 7 shows the
mean 3.9-um reflectivity of each cloud plotted against
the NARR-derived residence time. Those 3.9-um re-
flectivity values exceeding 5% were limited almost en-
tirely to droplet residence times of less than 100 s; in
other words, if a cloud droplet population remains be-
low the homogeneous freezing level too long, its mean
diameter will increase and its number concentration
will decrease sufficiently to prevent significant reflec-
tion of incoming 3.9-um radiation. The variance about
a best-fit curve through the points in Fig. 7 could be
explained by any of the following: 1) additional mecha-
nisms, such as entrainment and CCN distributions, may
play a role in anvil ice crystal properties; 2) errors in the
NARR dataset, especially with the CAPE and surface
temperature and moisture values matching the true en-
vironment in which each cloud forms; 3) 3.9-um reflec-
tivity is a function of more than just ice crystal mean
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diameter; and 4) the GOES footprint is large, so 3.9-um
reflectivity measurements may not properly represent
the actual cloud properties.

If the variance in Fig. 7 is dominated by errors in
CAPE, one could theoretically measure the 3.9-um re-
flectivity of a glaciated cloud, use nearby surface and
sounding data to estimate the residence time, then com-
pare the observed reflectivity value to the predicted
value from a best-fit curve from Fig. 7. Observed re-
flectivities larger than the predicted value suggest that
the sounding-observed CAPE is too low, and the actual
updraft within the cloud is stronger than expected. In
this way, 3.9-um reflectivity may be used as a thunder-
storm nowcasting tool to infer updraft strength. Further
research is required to determine whether this method
is practical. This physical mechanism is consistent with
the climatological results in Figs. 2 and 4. Thunder-
storms forming in the mountains and high plains tend to
have relatively high bases, due to dry boundary layers
and elevated terrain. The largest 3.9-um reflectivity val-
ues in Figs. 2 and 4 occur just east of the Rocky Moun-
tains, a region that will have both high cloud bases and
fairly strong updrafts.

6. Concluding remarks

This study examines the reflectivity of thunderstorm
tops as measured by the GOES 3.9-um reflectivity
product. A climatological analysis reveals that environ-
mental conditions in mountainous regions of the
United States favor storms with enhanced 3.9-um re-
flectivity, while storm-top reflectivity over much of the
eastern United States is lower. Model results suggest
that these storm-top 3.9-um reflectivity differences are
due to variations in ice crystal size and number concen-
tration; smaller ice crystal distribution mean diameters
result in larger 3.9-um reflectivities. Reanalysis data are
used to show that highly reflective thunderstorms tend
to occur in environments with relatively dry boundary
layers, steep lapse rates, large vertical shear, and small
distances from cloud base to the homogeneous freezing
level. A physical mechanism, called the cloud droplet
residence time, is presented, which explains why storms
in mountainous areas have larger mean 3.9-um reflec-
tivities. If proven to be valid, thunderstorm updraft
strength information can be obtained from GOES 3.9-
um reflectivity measurements. In addition, if a thunder-
storm with fairly uniform 3.9-um reflectivity values
suddenly begins ejecting smaller ice crystals from its
updraft, results of this study suggest that its updraft may
have recently strengthened, allowing more tiny cloud
droplets to freeze homogeneously. This observation po-
tentially has extremely useful nowcasting applications.
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Work is currently under way to improve the model
simulations presented in section 3. We plan to use more
sophisticated ways of representing the scattering phase
function, along with allowing ice crystal habit to vary.
The eventual goal is to obtain an accurate relationship
between 3.9-um reflectivity and ice crystal size and
habit, so that satellite measurements of 3.9-um reflec-
tivity may provide information about the cloud-top mi-
crophysical structure. In addition, satellite measure-
ments from other platforms, such as the Moderate
Resolution Imaging Spectroradiometer instrument
aboard the polar-orbiting satellites Terra and Aqua
may provide independent estimates of ice crystal size to
validate our model simulations.
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