
Nonspherical and spherical characterization of ice in Hurricane Erin

for wideband passive microwave comparisons

Gail Skofronick-Jackson,1 Andrew Heymsfield,2 Eric Holthaus,3 Cerese Albers,4

and Min-Jeong Kim5

Received 20 April 2007; revised 20 September 2007; accepted 5 December 2007; published 18 March 2008.

[1] In order to better understand the characteristics and physical-to-radiative relationships
of frozen hydrometeors in hurricane systems, computed brightness temperatures (TB) from
10.7 to 183 ± 10 GHz were compared with radiometric observations of Hurricane Erin
(2001) from the NASA ER-2 aircraft. The focus was on the high frequencies (�85 GHz)
that are particularly sensitive to frozen hydrometeors. In order to initialize the cloud
profiles used in the radiative transfer calculations, data from airborne radars, dropsondes,
and cloud models were used. Three different ice habit and size parameterizations were
used with these cloud profiles to obtain the particle radiative signatures including (1)
spherical particles with size distributions derived from in situ observations, (2) spherical
‘‘fluffy’’ snow and graupel particles with modified Marshall-Palmer size distributions, and
(3) a non-spherical bullet rosette habit where the radiation attributes (scattering,
absorption, and asymmetry properties) were computed using the Discrete Dipole
Approximation. In addition, three different reflectivity to ice water content (Z-IWC)
relationships were used with the three habit and size parameterizations to provide a
measure of the sensitivity of the Z-IWC relationship. This work showed that both the
scattering and asymmetry coefficients, along with the ice water content in each layer, play
an important role in determining the resultant high frequency brightness temperatures. All
low frequency (<40 GHz) calculations matched the observations with correlation
coefficients greater than 0.9. At higher frequencies (> 90 GHz), correlation coefficients
ranged from 0.7 to 0.92. Comparing between the three ice habit and size parameterizations
showed less than a 0.2 difference in correlation coefficient, while the comparisons
between the three Z-IWC relationships caused changes of up to 0.15 in the correlation
coefficients, but they had a significant effect on the mean differences between the
observations and the calculations.
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1. Introduction

[2] The development and strength of tropical cyclones is
highly influenced by frozen hydrometeors in hurricane
rainbands and convection [e.g., McFarquhar et al., 2006;
Heymsfield et al., 2006; Willoughby, 1998]. In fact ‘‘hot
towers’’ associated with increasing hurricane intensity con-
tain a significant amount of frozen hydrometeors. They are
called hot towers because their column of air is slightly
warmer than the surrounding air temperature, but above the
melting layer at about 4–6 km to the tops of the towers at

15–19 km, the cloud hydrometeors are frozen. However,
little information is known about frozen hydrometeor char-
acteristics in hurricane and other clouds. While cloud
resolving models do incorporate frozen hydrometeors
[e.g., Wu et al., 2006; Tao et al., 2007], in general these
modeled particles are only validated with extremely sparse
in situ measurements or through comparisons between
forward radiative transfer calculations using the model data
and radiometer observations at frequencies up to 85 GHz.
Unfortunately, the brightness temperature sensitivity to ice
hydrometeors in clouds is limited by the physical and
dielectric characteristics of ice for frequencies below
85 GHz. The sensitivity of higher frequency channels
(�>85 GHz) to frozen hydrometeors has been proven
[e.g., Skofronick-Jackson et al., 2004; Bennartz and Bauer,
2003]. With these higher frequencies the relationships
between wide-band radiometer observations and the phys-
ical and electromagnetic properties of frozen hydrometeors
can be studied. Understanding these physical-radiative rela-
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tionships is important for developing algorithms in prepa-
ration for the Global Precipitation Measurement (GPM)
mission launch in 2013 and for the retrieval of ice character-
istics both above the melting layer, as in Hurricane Erin, and
for frozen hydrometeors that reach the surface as falling
snow.
[3] The microphysical characteristics and high frequency

radiative properties of frozen hydrometeors are complex and
difficult to ascertain without detailed in situ data sets. In and
above the melting layer frozen hydrometeors can range
from spherical to nonspherical habits and with varying
mixtures of ice, air, and water in each particle. The
methodologies for determining the single particle and bulk
layer radiative properties of frozen hydrometeors rely on
several assumptions and require computationally intensive
numerical models. In the past, many investigators assumed
spherical particles in order to reduce modeling complexities.
More recently, the radiative properties for non-spherical
frozen hydrometeors are being determined using the discrete
dipole approximation [e.g., Draine and Flatau, 1994; Liu,
2004; Kim, 2006] and other models [e.g., Xu and Gustafson,
2001].
[4] The Fourth Convection and Moisture Experiment

(CAMEX-4) provides a valuable database of active, pas-
sive, and in situ observations that is used to investigate the
relationships between frozen hydrometeors and their radia-
tive signatures. The CAMEX-4 field campaign was based in
Jacksonville, Florida during August and September of 2001
[Kakar et al., 2006]. This field campaign was a joint NASA
and NOAA Hurricane Research Division project with the
goal of studying tropical hurricane development, tracking,
intensification, and land falling impacts. While remote
sensing of the hurricane environment was the primary
objective of CAMEX-4, there were also separate flights to
study thunderstorm structure, precipitation systems, and
atmospheric water vapor profiles. Multiple instruments
located on ground, on low and high altitude aircraft, and
on satellites were used to observe convective and hurricane
systems. Of particular interest for this work are measure-
ments from instruments on the high-altitude ER-2 aircraft at
a �20 km altitude that provide a single active radar channel
and 19 passive microwave brightness temperature channels
ranging from 10.7 to 183.31 ± 10 GHz during Hurricane
Erin on 10 September 2001. The higher frequency channels
are extremely useful for determining and constraining
the particle size distributions of the frozen hydrometeors
[Skofronick-Jackson et al., 2003].
[5] The purpose of this research is to compare observed

brightness temperatures to calculated brightness temper-
atures for several spherical and non-spherical frozen cloud
hydrometeor habits in order to study how the selected ice
shape and size parameterizations affect the radiative prop-
erties and resultant brightness temperatures. A radiative
transfer model is employed to convert the hydrometeor
parameterizations into brightness temperature values. The
cloud profiles will be initialized with radar data through a
conversion from reflectivity to hydrometeor content values
and the sensitivity to these conversion relationships will be
discussed. Other initialization procedures include determin-
ing boundary conditions and profile environmental condi-
tions (e.g., surface wind speed and temperature, pressure,
and relative humidity profiles) using dropsondes from the

ER-2 and modeled Hurricane Erin data. The hydrometeor
parameterizations (habits and particle size distributions for
the frozen hydrometeors) are used to compute radiative
properties (absorption, scattering, and asymmetry) that are
required for use in radiative transfer calculations. Then the
effects of these parameterizations on the computed bright-
ness temperatures (TB) are compared to the observed TB.
[6] In section 2, details of the instruments and how the

observations were co-located will be provided. The gener-
ation of the cloud hydrometeor profiles and initialization of
boundary conditions will be described in section 3. In
section 4 the habit and size distributions for the three
parameterizations are provided, while in section 5 the
radiative transfer model used in the brightness temperature
calculations is summarized along with the radiative proper-
ties for each of the parameterizations. The comparisons
between computed and observed brightness temperatures
are analyzed in section 6, followed by a summary and
discussion of the key points in section 7.

2. Observations

[7] While CAMEX-4 had broad-based instrumentation
on multiple platforms including several aircraft and ground
locations, this work focuses on the observations from four
instruments on the ER-2 aircraft. On board the ER-2, flying
at an altitude of approximately 20 km, the instruments of
interest for this work are the High Altitude Monolithic
Microwave Integrated Circuit (MMIC) Scanning Radiome-
ter (HAMSR) [Lambrigtsen and Riley, 2002], the Advanced
Microwave Precipitation Radiometer (AMPR) [Spencer et
al., 1994], the ER-2 Doppler Radar (EDOP) [Heymsfield
et al., 1996], and the ER-2 dropsonde system [Halverson et
al., 2006]. The first three instruments measure atmospheric
hydrometeors in the microwave region of the electromag-
netic spectrum, while the dropsondes are released from the
ER-2 and measure temperature, relative humidity and wind
speed in situ as they fall toward the Earth’s surface. The
HAMSR has 8 observations between 50 and 57 GHz, plus
166, 183.3 ± 1, 183.3 ± 1.8, 183.3 ± 3, 183.3 ± 4.5, 183.3 ±
7, and 183.3 ± 10 GHz, while the AMPR observes at the
lower frequencies of 10.7, 19.35, 37, and 85.5 GHz. The
EDOP is an active radar sampling at 9.6 GHz with a vertical
range gate interval of 37.5 m and a minimum detectable
level of ��20 dBZ for this field campaign. HAMSR,
AMPR, and EDOP are cross-track scanning instruments.
[8] The focus is on the rainbands and anvil regions

associated with Hurricane Erin on 10 September 2001. As
with many Atlantic tropical cyclones, Hurricane Erin can be
traced back to a tropical wave from western Africa starting
30 August 2001. Erin continued to strengthen and became a
hurricane by 0000 UTC 9 September, reaching its peak
intensity near 0000 UTC 10 September. On 10 September,
the vertical wind shear peaked and Erin began moving over
cooler waters. In response, Erin began to weaken. By 0000
UTC 15 September, Erin had turned into a tropical storm
and eventually transitioned into an extratropical system. The
GOES satellite image of Hurricane Erin on 10 September
2001 is provided in Figure 1 with the ER-2 aircraft flight
line superimposed on top of it. The portion of the ER-2
flight line investigated in this work is identified by a thick
white line in Figure 1. The flight line begins at 33.9 N,
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66.14 W and goes to 37.22 N, 63.64 W in a straight line
and extends over about 450 km. Only the nadir or near-
nadir signatures are used in this analysis. Figure 1 also
indicates the location of dropsonde releases from the ER-2
aircraft. These were the first successful dropsonde releases
from a high altitude aircraft in a hurricane [Halverson et
al., 2006].
[9] The CAMEX-4 instrument set did include the capa-

bility to measure habits and particle size distributions
(PSDs) in situ. Such instruments were flown on the DC-
8 aircraft with a maximum altitude of �12 km. The in situ
particle sampling instruments only obtain PSDs at the
altitude of the DC-8 aircraft and spirals of the aircraft are
required to get PSDs over the vertical space of the cloud.
While CAMEX-4 had a few coordinated ER-2 overpasses
of the DC-8 spiraling through convective clouds, unfortu-
nately this did not occur on the 10 September 2001 flights
for Hurricane Erin.
[10] Figure 2 shows the EDOP, HAMSR, and AMPR

observed data for Hurricane Erin on 10 September 2001
between 16:49:59 UTC and 17:25:00 UTC, including
EDOP data (Figure 2a), selected HAMSR brightness tem-
peratures (Figures 2b and 2c), and AMPR brightness
temperatures (Figure 2d). This data was collected from the
CAMEX-4 website. For this image, the ER-2 is flying
toward the northeast as indicated in Figure 1. In the image
the hurricane eye is surrounded by several rainbands with
anvil, convective, and stratiform regions. From Figure 2c, it
can be discerned that the higher frequencies of the HAMSR
data (�166 GHz) are sensitive to the frozen hydrometeors
in the cloud (as indicated by non-zero reflectivities above
the melting layer in the EDOP image collocated with
depressions in the brightness temperatures at 166 and
183 GHz). On the other hand, the AMPR lower frequency
channels (Figure 2d) are sensitive to the liquid in the
rainbands. In fact, if the reflectivities of Figure 2a are
summed from 0 to 4 km (the liquid part of the cloud) they

have a correlation coefficient of 0.61,�0.20, and�0.28 with
respect to 10, 85 and 183 ± 7 GHz, respectively. So 10 GHz
is positively correlated with low altitude reflectivities, i.e.,
10 GHz warms when the summed reflectivity values are
higher. On the other hand, reflectivities summed from 5 km
to the top of the cloud (frozen part of the cloud) generate
correlation coefficients of 0.36, �0.52, and �0.64 for 10,
85 and 183 ± 7 GHz, respectively, meaning that 85 and 183
brightness temperatures decrease when the high altitude
reflectivities increase. Although not readily apparent in
Figure 2b, the 50 to 60 GHz band of the HAMSR instru-
ment is typically used for temperature profiling with the
lower frequencies sensing more about the lower altitudes
and vice versa for the slightly higher frequencies.
[11] The data sets from the AMPR, HAMSR, and EDOP

have been analyzed and collocated. The largest footprint of
2.8 km occurs for the AMPR 10 and 19 GHz channels at
nadir when the ER-2 is flying at 20 km altitude. Because
there is not an AMPR pixel directly at nadir, the two pixels
adjacent to nadir were averaged to simulate a nadir value.
The HAMSR footprint resolution is about 2.0 km at nadir.
However, the HAMSR data samples were separated by
about 12 s, therefore the footprint centers were separated
by about 2.5 km based on a 205 m s�1 aircraft speed. Since
the HAMSR and AMPR footprint resolutions and locations
are so similar, the collocation process was simplified. Thus
AMPR, HAMSR, and closest EDOP times were matched to
the 183 points in the HAMSR data over this flight time.

3. Cloud Profile Initialization

[12] Prior to computing brightness temperatures for these
183 observational data points, a cloud profile data set must
first be generated. The radar reflectivity can provide some
information about the hydrometeors, however additional
data about the atmospheric profile and boundary conditions
are required. There are three steps: (1) the EDOP radar
reflectivities are converted into vertical hydrometeor content
profiles, (2) the temperature, pressure, and relative humidity
profiles need to be determined, and (3) the boundary
conditions for the ocean surface and top of atmosphere
must be assigned. In order to obtain the required informa-
tion for steps 2 and 3, dropsonde and hurricane model data
is used. The role of the dropsondes is to provide detailed
information about the temperature and relative humidity
profiles that is not adequately generated by the simulated
Hurricane Erin.

3.1. Hydrometeor Content Profiles

[13] Nadir-viewed EDOP radar reflectivity profiles are
first corrected for attenuation using the technique of
Hitschfeld and Bordan [1954] and then converted into
estimates of hydrometeor content profiles. The fine (37.5 m)
resolution of the radar range gates from 0 to �18 km is
averaged to 0.25 km vertical slabs. The hydrometeor content
profiles from the radar-to-microphysical profile algorithm are
partitioned into liquid and frozen hydrometeors with expo-
nential drop size distributions, respectively. While continuity
of the precipitation flux across the freezing level is not
explicitly enforced, the masses obtained from the radar
reflectivities have smooth transitions from one level to the
next.

Figure 1. Visible GOES image with 10 September 2001
ER-2 aircraft flight track superimposed. The flight line of
interest in this work is identified with a thick white line with
an arrow showing flight direction. Stars indicate three
dropsonde release locations.
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[14] The averaged reflectivities are converted to rainwater
content using the Marshall and Palmer [1948] relationship:

MLðm; hÞ ¼ 0:0055ðZobsðm; hÞÞ0:55 gm�3 ð1Þ

where ML is the mass content of the liquid particles at the
flight pixel m and height level h associated with the
attenuated corrected EDOP reflectivity Zobs (in mm6 m�3).
Once the temperature in the vertical profile reaches 0�C a
portion of the content derived from Zobs is reserved for
frozen hydrometeors. A linear interpolation is used to
transition to all frozen hydrometeors at �22.5�C and colder
such that both liquid and frozen hydrometeors exist between
0 and �22.5�C. While there are more detailed procedures
for modeling the melting layer [Olson et al., 2001], the
linear method used in this work does not detract from the
overall results of this paper since it is applied consistently
for all cases. Because of the complexities and unknowns of
melting layer ice particle characteristics and their radiative
properties, no physically melting particles were included in

this analysis. However, the findings of Skofronick-Jackson
et al. [2002] can be used to predict the change in TB if a
melting layer were added. The conversion from reflectivity
to frozen hydrometeor content at each level is defined by the
commonly used power law relationship between attenua-
tion-corrected reflectivity observations Zobs and ice water
content, IWC, (also denoted as MF) as follows:

MF ðm; hÞ ¼ a½Zobsðm; hÞ�b gm�3: ð2Þ

As a baseline in this work, a = 0.103 and b = 0.33 are derived
from in situ observations of IWC along with reflectivity
measurements at X-band (same as EDOP) during the Cirrus
Regional Study of Tropical Anvils and Cirrus Layers-
Florida Area Cirrus Experiment (CRYSTAL-FACE) field
campaign [Jensen et al., 2004]. Figure 3 shows the fitted
data set for this Ze-IWC relationship. While the CRYSTAL-
FACE observations are from anvils and convective outflow
regions, and not hurricanes, they provide relationships in a
temperature range from approximately 0 to �60�C and for

Figure 2. Collocated EDOP-HAMSR-AMPR Hurricane Erin data set from 10 September 2001.
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reflectivities ranging from �20 dBZ to 30 dBZ [Heymsfield
et al., 2007]. Further, while it is likely that the Z-IWC
relationships (and particle size distributions) will vary over
the different regions of the storm, no adjustments were
made for convective versus stratiform regions because of
the difficulty in consistently and robustly classifying such
systems. Section 6 will have a discussion on the sensitivity
of the brightness temperature calculations to the assumed Z-
IWC relationship(s).
[15] EDOP radar reflectivities cannot provide information

on cloud water and cloud ice contents because it is not
sensitive enough. Further, the modeled data is not trustwor-
thy with respect to the implementation and resulting cloud
water and cloud ice fields. Thus cloud water and cloud ice
fields are not explicitly included as cloud particles. How-
ever, the size distributions of the rain and ice allow for
particles as small as cloud water and cloud ice. Also, it has
been known that supercooled cloud water exists only in the
strongest hurricane updrafts [Willoughby et al., 1985; Black
and Hallett, 1986]. Since there are only a few locations of
updraft in the observed data, for simplicity, supercooled
water was not added to the profiles in these regions. The
transformation from reflectivities to particle contents de-
scribed above populates the liquid and frozen hydrometeor
vertical profiles.

3.2. Atmospheric Profiles

[16] Without temperature (T), pressure (P), and relative
humidity (RH) profiles, radiative transfer calculations can-
not be performed. Simulated cloud fields from the Meso-
scale Model-5 (MM5) of Hurricane Erin [Wu et al., 2006]
were used in this analysis to help generate atmospheric
profiles. The MM5 model integration begins at 0000 UTC
7 September 2001 when Erin was an area of disturbed
weather and was developed with a resolution of 2.0 km
horizontally and ranges between 0.004 and 1.0 km verti-
cally. The MM5 time step closest to the 10 September 2001
at 1700 UTC time is selected for use within this work. The
rain rate statistics of the MM5 data (without zero values
included) and vertically summed liquid and frozen particle
concentrations are provided in Table 1. In order to extract
appropriate T, P, and RH profiles, the MM5 computed
reflectivity profiles (Zsim) generated by the model were

compared to each of the EDOP reflectivity profiles (Zobs)
to generate error values (E):

EðmÞ ¼
Xcldtop
h¼ o

jZsimði; j; hÞ � Zobsðm; hÞj ð3Þ

where m represents the mth of 183 profiles in the flight line,
h is an index to the vertical profile, and i, j are indices to the
MM5 output. The i, j indices associated with the five most
minimum values of E for each m are used to average T and
RH profiles of these five MM5 profiles for use in the
radiative transfer (RT) calculations.
[17] When these MM5 derived T and RH profiles were

used in radiative transfer (RT) calculations of Hurricane
Erin it became apparent that the modeled T profile at the
upper altitudes was not appropriate. This was determined by
reviewing the 55.5 GHz TB channel that is sensitive to only
the upper altitude temperatures. Figure 2b shows that the
55.5 GHz observations are relatively steady across the
varying cloud conditions over the flight line. The compu-
tations using the MM5 generated T profiles were uniformly
warm by about 5K. The inconsistency between the com-
puted TB using the MM5 T profile and the observations is
likely attributable to the coarser vertical resolution for MM5
profiles above 300 mb [Wu et al., 2006]. When the MM5
temperature profiles are allowed to transition to an average
(16:47:56 and 17:31:05 UTC) dropsonde profile between 7
to 18 km instead of using the MM5 temperature profiles, the
comparison is much better as will be shown in section 5.
The problems in getting the calculations of 55.5 GHz to
match the observations indicate a disconnect between mod-
els and observations. Furthermore, in the hurricane eye only,
comparisons with the clear air 10 GHz TB observed and
computed indicated consistently too cold (MM5) computed
TB. In order to compensate for the RH and cloud water, data
from dropsonde closest to the eye (1704 UTC) was
employed for the temperature, pressure, and relative humid-
ity in the first 7 km nearest the surface.
[18] To reiterate, because the MM5 model simulations

cannot absolutely represent the cloud perfectly, dropsonde
data is used to provide real constraints on the boundary
conditions and profiles. On the other hand, the limited
numbers of dropsonde measurements do not provide the
variability seen across the flight line observations. Requir-
ing that the reflectivity profiles between the observations
and simulations match ensures that hydrometeors exist at
the same vertical levels and with nearly the same IWC
amounts. The differences in IWC amounts result from
differences in the PSDs used to compute reflectivity versus
the actual PSDs of the observed profiles (which we do not
know). The computed Z for MM5 is not entirely consistent
with the PSDs used later, but the modeled reflectivity is

Table 1. MM5 Model Statistics, Zero Values Not Included in

Average

Field Average Median Maximum

Surface rain rate, mm h�1 4.8 0.2 19.1
Liquid profile total, g m�3 3.5 0.9 69.5
Ice profile total, g m�3 1.6 0.5 36.1
Surface wind speeds, m s�1 20.09 19.5 44.8

Figure 3. CRYSTAL-FACE reflectivity versus IWC and
curve fit of IWC = 0.103 Ze�0.33.
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only used to locate common vertical profiles between the
modeled data and observed data. Nevertheless, the matched
Z profiles along with the dropsonde data constraints provide
realistic variations in the temperature, pressure, and relative
humidity profiles across the flight line.

3.3. Boundary Conditions

[19] The final step is to insert boundary conditions. For
the boundary conditions at the top of the profile, the
maximum height level is 18 km near the ER-2 flight
altitude. Radiation from the cosmic background is incorpo-
rated in the radiative transfer calculations so that the effects
of scattering from the ice at the top of the clouds are
included. At the Earth’s boundary an oceanic surface is
assumed since the flight leg is over ocean during the focus
times. The RT model requires ocean emissivity and temper-
ature. The ocean temperature was obtained by using equation
(3) to average the five closest MM5 surface temperatures.
Surface emissivity was more difficult to obtain since it is a
function of surface roughness. The average wind speeds
emanating from the MM5 data as determined by equation
(3) were found to be too weak to produce breaking waves
with enough foam to increase emissivity and TB warming
even though Table 1 shows a maximum wind speed of 44 m
s�1. This discrepancy was determined using the 10 GHz
channel that is sensitive to surface conditions in clear air
regions and is caused by equation (3) selecting matching
reflectivity profiles that do not necessarily exist at similar
distances (and hence wind speeds) from the hurricane eye.
The dropsonde wind speeds were greater than those of the
MM5 model, and were released at locations within the
hurricane (See Figure 1) that permitted easy linear interpo-
lation across the flight line, with a minimum of 8 m s�1 in
the eye. Using the dropsonde data the wind speeds started
at 20 m s�1 on the left hand side of the flight path, peaked
at 40 m s�1 at the left side of the eye, dropped to 8 m s�1 in
the eye, peaked back to 50 m s�1 on the right edge of the eye
wall, and then transitioned to 10 m s�1 on the rightmost edge
of the flight path. The Monahan and Woolf [1989] static
foam model worked best in generating realistic foam
amounts for ocean surface emissivity computations.

4. Particle Habit, Size Distribution, and
Parameterizations

[20] The frozen cloud particle contents (IWC in g m�3)
derived from the EDOP reflectivities are used with three
different frozen habits and associated exponential particle
size distributions (PSDs) in order to compute the electro-
magnetic absorption, scattering, and asymmetry factors of
the frozen hydrometeors required for brightness temperature
computations. These factors describe how the incident
radiation will be absorbed and scattered. The emissive
properties of the ocean surface and raindrops are also
incorporated. One shape and size parameterization uses a
priori in situ data to derive spherical PSDs, while a second
parameterization assumes a mixture of dry fluffy spherical
snow and graupel particles. The final parameterization
assumes a non-spherical three-dimensional bullet rosette
of three columns intersecting at orthogonal angles at their
center points. The Marshall and Palmer [1948] remains
constant as the liquid PSD for all three cases.

[21] Since detailed in situ habits and PSDs were not
measured for this CAMEX-4 ER-2 flight, the three frozen
habits and PSD (or microphysical) parameterizations were
selected from published literature and/or measured obser-
vations in order to compare how changes in the PSD and
habit for frozen hydrometeors affect the computed TB and
the comparison with the observed TB. While this is a
qualitative comparison it still reveals information about
the applicability of the different frozen parameterizations
with respect to the CAMEX-4 Hurricane Erin observations
and different portions of the storm.
[22] All of the three frozen habits employ polydispersive

particle size distributions. The bulk absorption and scatter-
ing coefficients for each layer and hydrometeor are deter-
mined by integrating over the polydispersive particle size
distributions. For all parameterizations, the PSD, or number
density of the particles within the diameter range D to D +
dD, is modeled by a decaying inverse exponential function:

NðDÞ ¼ N0 expð�LDÞ ð4Þ

where N0 is a multiplier in m�3mm�1 and L = (2<r>)�1 in
mm�1 describes the average radius size parameter. At each
height interval, the relationship between the bulk (summed)
scattering coefficient and bulk absorption coefficient can be
used to indicate if radiative cooling from scattering or
warming from absorption will dominate. The asymmetry
factor describes the direction(s) of scattering with values
close to +1 indicating forward scattering, those close to �1
backward scattering, and those at zero indicating isotropic
scattering.
[23] To provide proper disclosure, the resultant brightness

temperatures are relatively sensitive to the habit, the particle
density, the prescribed PSD, and the IWC at each layer. As
will be shown later in section 6, the amount of IWC generated
through various Z-IWC relationships significantly affects the
resultant brightness temperatures. Brightness temperatures
are functions of the integrated IWC over the field of view, so
changes in IWC are expected to have a large impact. This
work does not vary the Z-IWC, habits, and PSDs for the
different parts of the hurricane (e.g., convective, stratiform)
even though hydrometeors do change in these different
regions. To make such changes requires an unavailable
robustness in classifying regions and identifying realistic
and verifiable Z-IWC, habits, densities, and PSDs for each
region.

4.1. Parameterization 1

[24] For this first parameterization, we rely on a priori in
situ observations of frozen hydrometeors to derive the
particle size distributions. This habit and particle size distri-
bution will be denoted PSDIS where the subscript ‘‘IS’’ for in
situ. The L value is determined as a function of temperature
in the profile and is obtained by curve fitting to ice data from
six separate field campaigns, including hurricane observa-
tions. (SeeHeymsfield et al. [2006, 2007] for details about the
six field campaigns and the data sets.) The LIS is:

LIS ¼ expð�0:028TÞmm�1 ð5Þ

where T is in degrees Celsius. The frozen hydrometeors are
assumed to be spheres with a particle density (rIS) that
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varies as a function of the diameter. Using the mass to
diameter relationship given by Brown and Francis [1995],
the particle density is defined as

rIS ¼ 0:00469D1:9=
p
6
D3 g cm�3: ð6Þ

In this expression, D is in centimeters. The Brown and
Francis [1995] relationship accounts for both higher and
lower moments and provides accurate Z and IWC
[Heymsfield et al., 2007]. The rIS value for a 0.5 mm,
1 mm, and 5 mm particle are 0.24, 0.11, and 0.02 g cm�3,
respectively. The N0 value is obtained by ensuring that
the IWC at each profile height is conserved for the specified
LIS and rIS values integrated for the size distribution of
equation (4). The Maxwell-Garnett [Bohren and Battan,
1980] dielectric mixing theory is used to obtain the
refractive index of these mixed phase (ice and air) particles
and then Mie theory is used to determine the absorption,
scattering, and asymmetry factors for the RT computations.
This parameterization is based on in situ observations and is
the most physically consistent with the baseline Z-IWC
relationship used to convert EDOP reflectivity to IWC
values.

4.2. Parameterization 2

[25] Here the frozen droplets use a 50%–50% combina-
tion of fluffy snow and graupel particle PSDs [Tao and
Simpson, 1993] and will be denoted PSDSG. A mixture of
snow and graupel is often seen in hurricane systems [e.g.,
Black and Hallett, 1986], though the 50%–50% mixture
may not be applicable throughout all the (convective and
stratiform) regions of the hurricane. The snow particles
(subscript s) are assumed to be 10% ice and 90% air, while
the graupel particles (subscript g) have a fixed 40% ice and
60% air with

N0s ¼ 4000:0m�3 mm�1 ð7Þ

N0g ¼ 8000:0m�3 mm�1 ð8Þ

Ls;g ¼
prs;gN0s;g

M
mm ð9Þ

where rs = 0.1 
 106 g cm�3 for 10% ice for snow, rg =
0.4 
 106 g cm�3 for 40% ice for graupel. The M is the ice
water content in g m�3 in each cloud layer interval and is
divided equally with half allocated for snow and half

allocated for graupel. The particles are spherical in shape
and use the Maxwell-Garnett [Bohren and Battan, 1980]
dielectric mixing theory and Mie theory to obtain absorp-
tion, scattering, and asymmetry factors.

4.3. Parameterization 3

[26] This third parameterization has a habit similar to a
bullet rosette with three cylinders intersecting orthogonally
at their midpoints and is denoted PSDC3. Rosettes do not
typically appear in hurricanes [Black and Hallet, 1986],
however, this study uses the rosette to represent non-
spherical particles. It would be preferable to assume an
aggregate habit, but the relationships between the physical
properties and radiative properties of aggregates are not well
known and are only beginning to be researched. The rosette
habit used herein was described by Kim [2006], with the
single cylinder aspect ratio from Auer and Veal [1970] and
Kim et al. [2007]:

D ¼ 0:197L0:414 ðmmÞ ð10Þ

where L is the length and D is the diameter of the column.
The L in equation (4) for the non-spherical particles is
equation (5) and is quite appropriate for frozen hydro-
meteors in clouds [Brown and Francis, 1995]. The
maximum size of the particle size distribution is fixed by
Kim [2006] requiring that the size parameter (pDeff l

�1)
<2.5 where l is the operational wavelength and Deff which
is the effective diameter of a spherical particle with volume
given by the three intersecting cylinders. Note that we plotted
Kim’s [2006] provided curve fits and determined that they
were good up to size parameters of 3.5. Thus the maximum L
for this PSD is 7 mm. While it is doubtful that rosettes would
attain the size of 7 mm, we use them to be representative of
non-spherical particles that do become that large.
[27] The volume for the 3 cylinder habit is given by:

V ¼ 3

4
pD2L�

ffiffiffi
2

p
D3 ð11Þ

where the intersecting center volume is removed for two of
the cylinders. The habit shape and aspect ratio fixes the
volume in each individual particle such that given the
maximum diameter the total ice water content in each layer
can be partitioned into an exponential particle size distribu-
tion and N0 can be determined using equations (11) and (4).
The increment in the L dimension for the particle size
distribution is 0.1 mm.
[28] To compute the absorption, scattering, and asymme-

try parameters for frequencies less than 80 GHz for the

Table 2. Fitting Coefficients for Equations (12), (13), and (14)

Scattering
Coefficient

Asymmetry
Coefficient

Absorption
Coefficient 85 GHz

Absorption
Coefficient 166 GHz

Absorption
Coefficient 183 GHz

A0 �0.4732 F0 �0.3464 B0 1.5E-04 1.1E-04 �6.6E-04
A1 2.7905 F1 0.9238 B1 0.0021 0.0061 0.0153
A2 �0.7234 F2 �1.9033 B2 0.0081 0.0086 �0.0032
A3 0.8752 F3 1.5002 B3 �0.0051 �0.0022 0.0062
A4 �0.8767 F4 2.7539 B4 0.002 5.35E-4 �0.0014
A5 �3.5739 F5 �1.8551 B5 �2.6E-04 �4.8E-05 8.5E-05
A6 �2.6398 F6 �3.6527 - - - -
A7 �0.6078 F7 �1.2428 - - - -
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PSDC3, spheres and Mie theory is used [Kim, 2006]. For
frequencies above 80 GHz, dielectric mixing theories are
not used, instead, the discrete dipole approximation is used
[Draine and Flatau, 1994] with the bullet rosette habit. The
procedure is similar to that described by Kim [2006] and the
DDA curve fit coefficients for this aspect ratio are provided
in Table 2. The curve fit equations are from Kim [2006] and
are reproduced here:

log10
Cscat

pr2eff

 !
¼
X7
n¼ 0

Anðlog10 xÞn ð12Þ

Cabs

pr2eff
¼
X5
n¼ 0

Bnx
n ð13Þ

log10 ðgÞ ¼
X

Fnðlog10 xÞn: ð14Þ

With these equations and relationships the scattering,
absorption, and asymmetry radiative properties can be
computed for the three parameterizations as described in the
next section.

5. Radiative Transfer Calculations

[29] An accurate and efficient radiative transfer (RT)
model is required to transform the microphysical informa-
tion into upwelling passive microwave brightness temper-
atures (TB) that are then compared to the AMPR and
HAMSR observations. The radiative transfer model used
in this work is a planar-stratified scattering based model
originally developed by Gasiewski [1993] and modified as
described by Skofronick-Jackson et al. [2003]. The RT
model used herein allows for multiple scattering among
the six different hydrometeor types (i.e., suspended cloud
water, rain, suspended cloud ice, snow, hail, and graupel). In
this work only rain and snow are allowed, though the size
distributions for rain and snow extend down to sizes

Figure 4. Bulk absorption fields at 183 ± 7 GHz for (a) PSDSG, (b) PSDIS, and (c) PSDC3. Shading
thresholds are at 0.1, 0.5, 1.0, and 2.0 nepers/km.

D06201 SKOFRONICK-JACKSON ET AL.: ICE CHARACTERIZATION IN HURRICANE ERIN

8 of 18

D06201



appropriate for cloud water and cloud ice. Flexibility exists
in that the user can select observation height, viewing angle,
frequency (tested from 6 to 425 GHz) and polarization. The
RT model requires as input instrument specifications, ver-
tical profiles of temperature, height, relative humidity, and
PSDs of the hydrometeors in the cloud or their radiative
properties. It is assumed that a planar stratified RT model is
acceptable in this work since only high resolution nadir
observations are used in the retrieval. Furthermore, since
only nadir observations are analyzed in this work, any
polarization sensitivity due to nonspherical particles is
minimized.
[30] Within the radiative transfer numerical procedure

there are settings and assumptions that add uncertainty to
the calculated values, but these add less uncertainty as
compared to assumptions in the hydrometeor profile [Kim
et al., 2004]. Further, while it would be a useful study to
determine how uncertainties scale up to affect the calculated
brightness temperatures, such a study requires a different
analysis than used in this work and would be best provided
in a future paper.

[31] Once individual absorption, scattering, and asymme-
try factors have been computed for each shape as described
in section 4, they are integrated over polydispersive PSDs as
described by Gasiewski [1993] to obtain the bulk absorp-
tion, scattering, and asymmetry factors over the vertical
structure of the hurricane flight line. Figure 4 shows the
bulk absorption coefficients for the three different frozen
habits and parameterizations at 183 ± 7 GHz. There is
essentially no difference in the absorption profiles since the
Marshall-Palmer PSD for rain was not changed and frozen
hydrometeors do not contribute much to the absorption
coefficient. For the scattering profiles of 183 GHz, the
PSDSG (Figure 5a) and PSDC3 (Figure 5c) tend to produce
more scattering for a larger vertical extent than the PSDIS

(Figure 5b). Scattering is increased for the PSDSG and
PSDC3 by their relatively large particle size, larger N(D),
and more dense (r) particles at those larger sizes. For the
PSDIS particles, scattering is reduced due to the less dense
particles at larger sizes (Figure 5b).
[32] The asymmetry parameters at 183 ± 7 GHz (and for

each frequency) play an important role in the resulting

Figure 5. Bulk scattering fields at 183 ± 7 GHz for (a) PSDSG, (b) PSDIS, and (c) PSDC3. Shading
thresholds are at 0.1, 0.5, 1.0, 2.0, 4.0, and 6.0 nepers/km.
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brightness temperature. The asymmetry factors are highly
dependent on the frequency, refractive index, size, and
temperature of the particles [Gasiewski, 1993]. In turn,
the refractive index is dependent on the particle habit. The
PSDSG particles have asymmetry in the 0.8 range in the
ice layers (Figure 6a) because they are large spheres with
rs = 0.1 and rg = 0.4. For PSDIS spheres, the asymmetry is
above 0.9 for the highest altitudes (Figure 6b) and closer to
0.5 in the mid-altitude range because the largest particles in
PSDIS are low density (r � 0.1). For the PSDC3 case, the
asymmetry factors are near 0.4 to 0.6 in most of the liquid
and frozen parts of the vertical profile (Figure 6c). Here the
rosette habit suppresses the generation of higher asymmetry
factors. Since an asymmetry factor determines the direc-
tion(s) of scattering, it works with the absorption and
scattering coefficients in numerically computing the bright-
ness temperature.
[33] At 85 GHz, the absorption fields for the three

parameterizations are as equivalent as in the 183 GHz case
and not shown in a figure. On the other hand the scattering

profiles (Figure 7a, 7c) show that the PSDSG and PSDC3

parameterization have scattering in the ice layers and it is
rather intense in the PSDSG case. In Figure 8, the 85 GHz
asymmetry shows a pattern similar to the 183 GHz asym-
metry but at lower and more isotropic values.
[34] Although not shown, the absorption, scattering, and

asymmetry factors have similar patterns for 166 GHz as at
183 GHz. At 10 GHz the asymmetry factor ranges between
�0.05 and 0.2 for all three frozen habits. This means that
any 10 GHz scattering (less than �0.05 neper km�1 for all
habits) is more isotropic, however at 10 GHz the strong
absorption coefficient (to 0.3 neper km�1 for all habits)
overpowers the weak scattering signal.

6. Comparison Between Observed and Computed
Brightness Temperatures

[35] The radiative transfer model along with the comput-
ed bulk radiative data were used to compute brightness
temperature values for the three ice parameterizations. Prior

Figure 6. Bulk asymmetry fields at 183 ± 7 GHz for (a) PSDSG, (b) PSDIS, and (c) PSDC3. Asymmetry
factors are unitless.
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to comparing observations to the calculations, a review of
Figures 2a–2d will show that the cloud structures and TB

values are quite variable in several sections of the ER-2
flight line, though in the hurricane eye all three parameter-
izations produce equivalent computed brightness tempera-
ture values. It would be best to tune the habit and size
distribution parameters for the inner and outer rainbands,
and convective/stratiform regions of the hurricane since
many investigators have noted different frozen hydrome-
teors in these various regions [Heymsfield et al., 2006;
Black and Hallett, 1986]. However, robust classification
schemes and further, an adequate understanding of realistic
and appropriate habits and size distributions are not easily
obtained, nor warranted in this study.
[36] The comparisons between computed and observed

brightness temperatures are found in Figures 9 and 10. In
general, the PSDIS particles did not produce enough scat-
tering and proper asymmetry directions to reduce calculated
brightness temperatures to the lower observed values at the
higher frequencies. The non-spherical rosettes (PSDC3)
managed to reasonably capture the observed AMSR and

HAMSR brightness temperatures, though the PSDSG per-
formed better at 85 GHz (Figure 9e). Table 3 shows that the
correlation coefficients between the observations and
PSDSG and PSDC3 for each frequency are larger than the
correlations between the observations and the PSDIS. In the
following paragraphs the results for the different parameter-
izations will be discussed for each plotted frequency. Later,
comparisons for two additional Z-IWC relationships will be
discussed.

6.1. Comparisons by Frequency

[37] For 10 GHz, all three parameterizations track the
observations along the flight line reasonably well and are
within�10 K except in the eye of Hurricane Erin (Figure 9a).
The mean differences between the observations and the three
parameterizations all are around 2.0 Kelvin (Table 3). For
19 GHz (Figure 9b), there is a similar response as for 10 GHz
except that the 19 GHz calculations are too cool by a mean
�5 K difference. For 19 GHz, brightness temperature calcu-
lations near the regions of a clearly defined radar bright band
(horizontal red lines in Figure 2a) are depressed with respect

Figure 7. Bulk scattering fields at 85 GHz for (a) PSDSG, (b) PSDIS, and (c) PSDC3. Shading thresholds
are at 0.1, 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 nepers/km.
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to the observations. This may indicate that the Marshall-
Palmer PSD used for rain and/or the vertical transitions
between all rain and all ice are inadequately modeled. For
19 GHz adding a melting layer would warm the TB values
by 2–3 Kelvin [Skofronick-Jackson et al., 2002] which
would be useful in these bright band regions. For 37 GHz
(Figure 9c), the calculations for all parameterizations track
the observations, except near the Hurricane Erin’s eye (as
for 10 and 19 GHz). For 37 GHz, adding a melting layer
would have the largest impact where TB values are
increased by up to 5–15 K [Skofronick-Jackson et al.,
2002] which would bring the mean difference between the
calculations and observations closer to zero (Table 3).
[38] For 55.5 GHz the brightness temperature observa-

tions do not change by more than 5–6 Kelvin across the
whole flight line due to the fact that this channel is sensitive
to temperatures high in the atmosphere, closest to the ER-2
aircraft. Since the sensitivity altitude exists above any
hydrometeors, there is little response of this channel to
hydrometeors. As noted in section 3.2, the MM5 generated

T profiles were replaced by the colder profiles from the
dropsondes. This was required to get the 55.5 GHz TB

calculations closer to the observations.
[39] For 85 GHz in Figure 9e, brightness temperatures

from the three parameterizations show more deviations.
This is expected since the three parameterizations differ
only in their frozen particle characteristics and 85 GHz is
responsive to frozen hydrometeor characteristics. The mean
differences for the computed minus the observed TB values
are 25, 12, and 20 for PSDIS, PSDSG, and PSDC3, respec-
tively. The PSDIS has large diameter, low density particles
such that scattering above the melting layer is almost non-
existent (Figure 7b), yet it has a high asymmetry above the
melting layer (Figure 8b). Thus the warming from low
altitude absorption is scattered upward in a forward asym-
metry direction into the radiometer, producing warm TB

values for PSDIS. On the other hand, the PSDC3 has more
scattering at upper layers in the cloud (Figure 7c), with an
isotropic asymmetry direction. Thus warming from absorp-
tion and the ice scattering mix isotropically to produce

Figure 8. Bulk asymmetry fields at 85 GHz for (a) PSDSG, (b) PSDIS, and (c) PSDC3. Asymmetry
factors are unitless.
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reductions in TB values (Figure 9e). Finally, PSDSG, have
even higher high attitude scattering that over powers the
low altitude absorptive warming, such that TBs are much
closer to the observations. It is likely that adding a melting
layer would increase TB values by �5–10 K [Skofronick-
Jackson et al., 2002] which is the wrong direction of
change if the goal is to cool calculations to match the
observations.

[40] In Figure 10a, the 166 GHz channel image is shown.
The 166 GHz channel is a window channel like 85 GHz,
however it responds to frozen hydrometeors of a smaller size
and at a higher altitude than those sensed by the 85 GHz
channel due to its smaller operating wavelength. For the
166 GHz channel, the rosette habit and its PSD produces a
better match to the observations than do the other parameter-
izations as evidenced by its slightly higher correlation coef-

Figure 9. Brightness temperature values for (a) 10, (b) 19, (c) 37, (d) 55.5, and (e) 85 GHz in Kelvin for
the observations (solid line), PSDSG parameterization (dashed line), PSDIS parameterization (dotted line),
and PSDC3 parameterization (dash-dotted line).
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ficient and smaller mean difference (Table 3). The PSDSG

case is not far behind the PSDC3 case for 166 GHz.
[41] In each of the comparisons between observation and

calculations for the 183 GHz channels (Figures 10b–10e),
the parameterizations having a larger particle density
(PSDSG and PSDC3) have a better match to the observa-
tions (Figures 10b–10e and Table 3). The PSDSG mean
differences (Table 3) are colder than the PSDC3 differences
by 4–5 Kelvin. This indicates a slight advantage of PSDC3

in matching the observed brightness temperatures; however,
a different mixture of snow and graupel (other than the
50%–50%mixture used herein) would change the computed
brightness temperatures. The fluffy PSDIS particles do not
provide enough scattering and proper asymmetry directions
at these higher frequencies for the same reasons as discussed
for 85 GHz. Using dielectric mixing models [e.g., Bohren
and Battan, 1980] for the higher frequencies for the less
dense spheres (PSDIS) seemed to produce inappropriate

Figure 10. Same as Figure 9 except for (a) 166, (b) 183.3 ± 1, (c) 183.3 ± 3, (d) 183.3 ± 7, and (e) 183.3
± 10 GHz.
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electromagnetic characteristics. For example, the fluffy
particles represented by effective medium mixing models
had large asymmetry factors in the frozen parts of the cloud
(Figure 6a, 6b) for the PSDSG and PSDIS. As stated previ-
ously, the asymmetry factor is a function of the particle
shape, size, temperature, and ice-air-water composition (i.e.,
habit) and determines the direction(s) of scattering from a
hydrometeor. Large asymmetry factors increased forward
scattering of the radiation from the warm lower layers so that
computed brightness temperatures were too warm if there is
little or no competition from ice scattering. While PSDSG

had large asymmetry factors (Figure 6a) it also had large
scattering (Figure 5a). On the other hand, the PSDIS had high
asymmetry (Figure 6b), but low ice scattering (Figure 5b),
thus the warming from liquid absorption was able to forward
scatter into the down-looking radiometer without ice scat-
tering interfering. The C3 rosette shape along with the
discrete dipole approximation produced the scattering and
asymmetry factors that led to the TB computations closest to
the observations in terms of mean differences as seen in
Table 3, though the PSDSG computations were very close to
the PSDC3 values. Adding additional Hurricane Erin data
sets will not change the results described above because the
brightness temperature differences are driven by the three
remarkably distinct shape and size parameterizations.

6.2. Comparisons by Z-IWC Relationship

[42] Since the Z to IWC relationships are fraught with
uncertainty, two additional Z-IWC relationships were imple-
mented and the brightness temperatures recomputed using
the PSDSG, PSDIS, and PSDC3 parameterizations. This
comparison showed that by far, the selection of the Z-
IWC relationship has the largest role in determining the
resulting brightness temperature values. The two additional
Z-IWC relationships were obtained by curve fitting (1)
Hurricane Humberto data from the CAMEX-4 field cam-
paign [Heymsfield et al., 2006], and (2) six field campaigns
of Z and IWC observations [Heymsfield et al., 2007]. The
resulting curve fits produce equation (2) coefficients of
aHumb = 0.102, aall = 0.066, and bHumb = 0.57, ball = 0.44.
[43] As a method of comparison, Figure 11 shows the 166

through 183 GHz brightness temperature comparisons for
the Hurricane Humberto derived Z-IWC relationship. The
significant decrease in computed brightness temperatures
for the PSDSG and PSDC3 cases are caused by the increase

in the IWC amounts and hence the scattering coefficients.
Again the highly fluffy low-density PSDIS spheres do not
produce enough scattering to cool the brightness temper-
atures. The correlation coefficients and mean differences
between the observations and the brightness temperatures
obtained using the Hurricane Humberto relationships are
provided in Table 4. The mean difference values in Table 4
show increased negative values with respect to Table 3 of
the PSDSG and PSDC3 cases reiterating the reduction in
computed brightness temperatures with respect to the
observations.
[44] Combining the six field campaign data sets

reported by Heymsfield et al. [2007] produces brightness
temperature values in between those of the Hurricane
Humberto case and the baseline CRYSTAL-FACE Z-IWC
relationship. These results are reported in Table 5. As a
simple explanation, the decreases in computed brightness
temperature may be related to the b exponent in equation (2).
As b increases, computed brightness temperatures de-
crease, but only assuming appropriate habits (more dense
particles) and PSDs. Clearly, more field observations are
needed to derive physically and radiatively consistent
relationships between the reflectivities, habits, PSDs and
absorption, scattering, asymmetry, and backscattering
coefficients.

7. Summary and Conclusions

[45] This work was undertaken in order to evaluate the
relationships between frozen cloud particles and their radi-
ative signatures for developing and improving algorithms
for retrievals of ice particle characteristics. In summary,
three different ice parameterizations were used to compute
brightness temperature values to compare with observations
from CAMEX-4 radiometers on the ER-2 aircraft. In order
to initialize the cloud profiles used in the radiative transfer
calculations, the radar reflectivities taken from the EDOP
instrument on the ER-2 were converted to mass contents at
0.25 km interval levels from the surface to 18 km in the
vertical profile. A baseline Z-IWC relationship was derived
from observed reflectivities and IWC during the CRYS-
TAL-FACE field campaign. The EDOP reflectivities were
compared to Hurricane Erin MM5 modeled reflectivities to
extract and average the five closest atmospheric profiles
such that the MM5 profiles of temperature, pressure, and
relative humidity and surface conditions were available
across the ER-2 flight path data set. Using dropsonde data,
some modifications to the modeled data were used to
improve surface characteristics and upper altitude tempera-
ture profiles.
[46] With the profile database generated by the EDOP

instrument, dropsondes, and the Hurricane Erin MM5
model, brightness temperatures were computed for three
ice habit and particle size parameterizations. The liquid
drops followed the Marshall and Palmer [1948] PSD
throughout all parameterizations. The PSDSG ice parame-
terization relied on a modified Marshall-Palmer PSD com-
posed of 50% spherical snow particles and 50% spherical
graupel particles of fixed rS and rG; the PSDIS parameter-
ization was derived from in situ observations of ice clouds
and used a variable r as a function of diameter, while the
PSDC3 parameterization was of a non-spherical bullet

Table 3. Correlation Coefficients and Mean Values Between the

TB Observations and the Three Sets of Computed TB Values Using

the CRYSTAL-FACE IWC = 0.103Ze0.33 Relationship

Obs. – PSDIS Obs. – PSDSG Obs. – PSDC3

Freq., GHz Mean Correlation Mean Correlation Mean Correlation

10 1.81 0.94 2.00 0.94 1.75 0.94
19 �5.37 0.94 �5.21 0.94 �5.45 0.94
37 �7.27 0.92 �7.82 0.91 �7.43 0.92
85 25.10 0.54 12.19 0.74 20.80 0.76
50 �5.76 0.86 �9.23 0.80 �6.48 0.88
52 �3.09 0.89 �7.88 0.68 �3.82 0.92
55 2.96 0.35 2.72 0.18 2.92 0.36
166 20.73 0.82 �5.76 0.85 2.31 0.89
183 ± 1 3.31 0.65 0.47 0.72 1.78 0.70
183 ± 3 8.26 0.78 �5.60 0.89 �1.36 0.90
183 ± 7 17.49 0.82 �5.44 0.89 0.08 0.92
183 ± 10 21.37 0.83 �3.68 0.87 1.97 0.90
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rosette particle of three intersecting cylinders. In comparing
the observations to the calculations, the overall best fit
resulted from the rosette particles of three intersecting
cylinders, though the PSDSG was better at 85 GHz and
not far behind the PSDC3 case for the other frequencies. The
mismatch of the PSDIS parameterizations indicates inade-
quate modeling of their scattering and asymmetry electro-
magnetic characteristics due to low particle densities.

[47] As would be expected, the lower frequency AMPR
observations (10 to 19 GHz) had essentially no difference
among the three parameterizations (Figures 9a and 9b).
These channels are mostly responsive to the liquid particles
in the cloud and the parameterizations discussed herein only
made changes to the frozen droplets. At 37 GHz (Figure 9c),
we expect and note a response to both liquid and frozen
hydrometeors. The 50–60 GHz temperature profiling chan-
nels (Figure 9d) of the HAMSR instrument are responsive

Figure 11. Same as Figure 10 except that the Hurricane Humberto derived Z-IWC relationship is used
to obtain the IWC profiles prior to the brightness temperature calculations.
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to hydrometeors in the cloud except at the higher frequen-
cies close to 60 GHz that sense only high altitude atmo-
spheric temperatures. The 183 GHz channels (Figures 10b–
10e) are sensitive to both atmospheric water vapor and the
frozen droplets in the cloud. For these high frequencies,
both the PSDSG and PSDC3 produced acceptable brightness
temperatures as compared to the observations (see Table 3).
[48] As a test of sensitivity to the Z-IWC relationship, two

additional reflectivity and ice water content relationships
were derived using data from (1) Hurricane Humberto, and
(2) six field campaigns. The resulting comparison of the
computed brightness temperatures shows that, indeed, the
initialization of the IWC profiles plays a primary role in
the resulting computed brightness temperatures (assuming
acceptable assumptions for habit and PSD). This means that
if the Z to IWC retrieval is not appropriate then selecting the
best habit and PSD relationship becomes more difficult.
[49] The three most significant findings of this work are

summarized here. The first finding was that the MM5 cloud
model output required adjustments to produce matches for
the clear air brightness temperature observations. The sec-
ond significant finding revealed the importance of the bulk
asymmetry parameter (that describes the direction of scatter-
ing) in the resultant TB values. Typically, passive remote
sensing has attributed TB values to the combination of the
bulk absorption and scattering parameters, essentially ignor-
ing the role of the asymmetry. The third finding was that
combination of the initial IWC profiles, along with the
absorption, scattering, and asymmetry radiative properties
derived from the IWC profiles and used in the radiative
transfer calculations all work together to produce brightness
temperature values. Thus care to ensure physical and
radiative consistency in measuring and analyzing future
field campaign data sets is paramount.
[50] This work has shown that the full channel spectrum

of electromagnetic properties of frozen hydrometeors can
be modeled using particles with larger r values or non-
spherical ice particle parameterizations and that the bulk
asymmetry factor along with the scattering plays a big role
in the resultant computed high frequency brightness temper-
atures. In reality, multiple habit and PSD models should be
necessary for a more complete vertical cloud profile and
may help with the 85 GHz discrepancies. These physical
models of frozen hydrometeors will depend on many factors

such as vertical location and atmospheric temperature,
method of forming and re-freezing, and ice-air-water ratios.
Detailed in situ observations and reliable cloud resolving
models for the ice phase particles are required and currently
underway in order to develop and validate appropriate and
more realistic frozen particle parameterizations. Discrete
dipole approximations or other methods can then be used
to convert physical properties to absorption, scattering, and
asymmetry properties for radiative transfer calculations and
this seems to help with avoiding the problems plaguing
conversions of in situ measurements of frozen hydrometeors
to fluffy spherical particles. Meanwhile this work shows
that some early non-spherical models such as the non-
spherical bullet rosette with three intersecting cylinders
can produce brightness temperatures comparable to wide-
band passive observations from 10 to 183 GHz, though
other habit and parameterizations produce acceptable
brightness temperature values as well. Future work should
and will focus on deriving relationships between the in situ
observed properties of particle habit, PSD, and IWC and the
radiatively observed properties of absorption, scattering,
asymmetry, (for passive radiometer observations) and back-
scattering (for active radar observations).
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