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ABSTRACT

Here airborne observations of the mixed-phase regions of tropical oceanic rainfall are reported as part of
the Kwajalein Experiment. The University of Washington Convair-580 aircraft carrying upward-viewing 21-
and 37-GHz microwave radiometers spiraled down through stratiform rain. It was observed that the mi-
crowave absorption coefficient in the bright band (melting layer) in the stratiform rainfall was roughly twice
or thrice that of the rain below. Radiative transfer models of the melting layer have a similar range of
uncertainties. In addition to the potential bias from modeling uncertainties, comparison with previous
observations suggests that there is a natural variability of about the same magnitude.

The aircraft also made penetrations of a convective line at altitudes of 2.6, 3.4, and 4.5 km. From the
microwave observations, it can be concluded that the effect of supercooled water above the freezing level
was extremely small, on the order of 2% or less of the total rain signal for this case.

1. Introduction

It would be difficult to overstate the importance of
tropical rainfall. The latent heat that it releases drives
the largest scales of atmospheric circulation, and the
freshwater input it provides is a major factor in the
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thermohaline circulation of the oceans. Thus, quantita-
tive understanding of the weather and climate system of
the earth requires similarly quantitative understanding
of tropical rainfall. The measurement of tropical oce-
anic rainfall, with which this paper is concerned, is dif-
ficult. Most of the Tropics are ocean covered with the
attendant logistical difficulties in making conventional
rainfall measurements. Land areas have their own set
of difficulties. The only practical approach to measure
rainfall throughout the Tropics is to use satellite-based
measurements. Passive microwave measurements have
many advantages for this measurement and are applied
on the Tropical Rainfall Measuring Mission (TRMM)
satellite via the TRMM Microwave Imager (TMI) and
on the Aqua satellite via the Advanced Microwave
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Scanning Radiometer (AMSR-E; Kummerow et al.
1998; Kawanishi et al. 2003; Wilheit et al. 2003)

The original TRMM Level-2 (Kummerow et al.
2001) and Level-3 (Chang et al. 1999) algorithms
treated the hydrometeors as being all liquid below the
freezing level (0°C isotherm). The Level-3 algorithm
treats the hydrometeors as all frozen above the freezing
level and assumes that their impact is negligible at the
frequencies being used (19.35 and 21.3 GHz). Clearly,
this is too simple. In stratiform rain, the falling snow
melts over some distance after it passes the freezing
level causing the familiar radar bright band, and some
supercooled water is advected above the freezing level
in updrafts, especially in convective precipitation.

There has been considerable effort in recent years
(Bauer et al. 1999, 2000; Bauer 2001; Olson et al.
2001a,b) to model the radiometric impact of the melt-
ing layer of stratiform rain. These models use 1D and
2D nonhydrostatic cloud models, thermodynamic mod-
els of the melting process, and various electromagnetic
models of the mixed-phase particles to compute the
absorption and scattering within the melting layer.
Also, Liang and Meneghini (2005) have performed de-
tailed electromagnetic calculations of the radar reflec-
tivity of the melting layer. Each model includes a mix-
ture of first principles modeling and parameterization.
Since there is a range of choices for the parameteriza-
tions, the results vary. Generally, the results suggest an
increase in the absorption and extinction coefficients
within the melting layer. At 37 GHz over the typical
0.5-km thickness of the melting layer, these coefficients
are 2-3 times their values within the fully melted rain
layer below, reflecting the range of mixed media pa-
rameterizations used to calculate the bulk dielectric
properties of the droplets. At lower frequencies, the
ratio of the absorption in the melting layer to that of the
rain below is larger with a great deal of variability de-
pending on the mixed media parameterization.

Although the nominal measurement of the precipi-
tation radar (PR) on TRMM is backscatter strength
(Z), proper interpretation requires an attenuation cor-
rection because of moderately strong attenuation at
13.8 GHz. This process is described by Iguchi et al.
(2000). They assume a relationship between the attenu-
ation coefficient (k) and Z of the form k = aZP, where
B is in the range of 0.77-0.8 depending on the assumed
drop size distribution (DSD). This inherently results in
an increase in attenuation in the bright band. For typi-
cal bright bands, the excess attenuation is of the order
of a factor of 2 or 3 above the attenuation of the fully
melted rain below, essentially the same as one would
infer for the 37-GHz attenuation based on the models
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mentioned above rather than the even greater in-
creased attenuation one would infer from the frequency
dependence of the modeling studies discussed above.

In an effort to verify the effect of the bright band on
microwave radiances, Bauer (2001) located 48 events in
TRMM PR data that contained identifiable bright
bands. He ran simulations appropriate to these cases
using three cloud-resolving models, the Goddard Cu-
mulus Ensemble Model-1 (GCE-1), the Goddard Cu-
mulus Ensemble Model-3 (GCE-3), and the Meteo-
France Large Eddy Model CETP (Meso-NH). Each
model was run both with and without his melting layer
model included and radiative transfer calculations were
performed for the TRMM Microwave Imager viewing
parameters. He used the radar data to partition the
TMI observations into stratiform rain with a bright
band and stratiform rain without a bright band. He then
compared the probability distribution functions for the
brightness temperatures from the simulations and the
observations both with and without a bright band. The
GCE-1 results are typical. At 10.7 GHz, many more
high brightness temperatures (>200 K) were observed
than simulated, but the presence of the bright band
seemed to increase the brightness temperature in both
the simulations and the observations by similar
amounts. At 19.35 GHz, the observed range of bright-
ness temperatures is greater than simulated. The ob-
served bright band effect is negative for brightness tem-
peratures less than about 200 K and much greater than
simulated above 200 K. At 37 GHz, the simulated
brightband effect is small and the observed brightband
effect is negative. The ranges of the brightness tem-
peratures are reasonably consistent between the simu-
lations and the observations. At 85.5 GHz, the simu-
lated brightband effect is very small and the observed
effect is large in magnitude but negative. There were
essentially no observations below 200 K, but about 10%
of the simulated brightness temperatures were below
this value. As is often observed, the simulations give
much more scattering by ice than is observed over the
oceans, but this is a separate issue. Since spaceborne
radiometers measure an integrated effect of the entire
rain column and the surface, quantitative interpretation
of these observations is a challenge.

More direct observations are difficult and infrequent.
Two measurements were reported by Chang et al.
(1993) in stratiform rain. As with this paper, there were
no radar observations to support the presence or ab-
sence of a bright band. This paper adds to the very
sparse observational database of the radiometric effects
of the melting layer.

Radiometric observations of the effects of super-
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cooled water in updrafts likewise are scarce. Aircraft
safety considerations make an already difficult obser-
vation even more so. A token amount of emission, pre-
sumably from supercooled water, was reported by
Chang et al. (1993); the authors are not aware of any
other observations. This paper reports an upper limit to
the supercooled water that could have been present in
a convective rainfall event.

2. The experiment

The TRMM Kwajalein Experiment (KWAJEX) was
one of a series of field campaigns for the testing of
rainfall retrievals from the TRMM satellite and the
only one specifically directed toward oceanic rainfall
retrievals. The experiment was carried out near the
Kwajalein Atoll, Republic of the Marshall Islands, in
the tropical central Pacific. The aircraft involved were
based on Kwajalein. A detailed description of the over-
all experiment and its objectives can be found in Yuter
et al. (2005). We are primarily concerned here with the
observations from the Convair-580, a four-engine tur-
boprop research aircraft, owned and operated by the
Department of Atmospheric Sciences of the University
of Washington. The payload included a cloud physics
package and a pair of microwave radiometers (21 and
37 GHz) that viewed upward at a 45° angle to the right
of the aircraft yaw axis.

These radiometers are the key to this experiment;
they measure the cosmic background and the emission
from the atmosphere above the aircraft. This is a sim-
pler observation than would be provided by a down-
ward-viewing radiometer that would measure the effect
of the atmosphere both above and below the aircraft
(with different weights) and would have a variable con-
tribution from the ocean surface. In the absence of an
absorber, only the 2.7-K cosmic background, 7, would
be measured by an upward-viewing radiometer. If an
absorber is present and its approximate temperature, 7,
is known, the total optical depth, 7, along the line of
sight of the radiometer can be computed.

In the absence of scattering, the observed 7}, is given
by Chang et al. (1993) as

T,=e¢ Toy+(1—e¢ T

In rain, at 21 and 37 GHz, there is some scattering
present that is included in the radiative transfer calcu-
lations, but this equation will serve for conceptual un-
derstanding. In particular, if the observed brightness
temperature is very small compared to the temperature
of the emitter, then the sensitivity to uncertainties in
the temperature of the emitter is modest and the ob-

WILHEIT ET AL.

1521

served brightness temperature is determined primarily
by 7.

The microwave radiometers were of the Dicke
switching type (Janssen 1993). They have 3-dB beam-
widths of about 6°. The data were digitized at 1-s inter-
vals. The radiometers were calibrated every 60 s by
switching to an internal warm load and by using a noise
diode on the reference side of the Dicke switch to simu-
late a cold target. The high-altitude portions of the
flights serve as an external cold reference. Further cali-
brations of the system were performed away from the
aircraft with three different targets: blackbodies at am-
bient and liquid nitrogen temperatures, and the clear
sky. The datasets acquired from these calibration runs
and during the high-altitude portions of the flights were
used to obtain the calibrated brightness temperatures
(T},). The radiometers have a temperature sensitivity of
~0.5 K, and their calibration accuracy is estimated to
be about =4 K.

The Convair-580 aircraft was equipped with a rather
extensive cloud physics suite of instruments. The key
instruments for this experiment were the Droplet Mea-
surement Technologies hot wire device, which mea-
sured the liquid water content for drops in the 10-40-
um range, and the Particle Measurement Systems 2D
cloud (2DC) and precipitation (2DP) probes, which
measured the drop size spectra over the ranges of 25
um to 1 mm and 100 wm to 8 mm in diameter, respec-
tively. The cloud physics payload is discussed in more
detail by Rangno and Hobbs (2005).

3. Observations

a. Stratiform case

The Convair-580 successfully executed a spiral down
through stratiform precipitation on 23 August 1999.
The data from the 21- and 37-GHz upward-viewing ra-
diometers are shown as a function of altitude in Figs. 1
and 2, respectively. In each case, the spiral is divided
into four quadrants based on the aircraft position rela-
tive to the center of the spiral, and different symbols
were used to plot the data accordingly. The brightness
temperatures are reasonably constant (particularly for
the 37-GHz channel) above the freezing level (4.68
km), indicating little absorption or scattering at these
altitudes. However, as the aircraft descended below the
freezing level, the brightness temperatures increased
rapidly with decreasing altitude, indicating significant
absorption (and emission) of 21- and 37-GHz radiation.
There is some quasiperiodic variation superimposed on
the increase of brightness temperature as the aircraft
spiraled downward through inhomogeneities in the rain
field. The peaks of the variation were consistently in the
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F1G. 1. A comparison of the observed and model-calculated brightness temperatures
at 21 GHz as a function of altitude. The observations are characterized according to the
quadrant in which the aircraft is located relative to the center of the spiral. The dotted
line represents computations with the 500 m below the freezing level treated at face
value, the solid line represents calculations for which the absorption and scattering
coefficients are doubled for the 500 m below the freezing level, and the dashed line

represents tripled absorption and scattering coefficients.

southwest (SW) quadrant and the troughs in the
northeast (NE) quadrant, indicating that the quasiperi-
odic variation was primarily caused by the horizontal
inhomogeneity of the rainfall through which the aircraft
was spiraling. There were no radar observations suit-
able for the detection of a bright band, but there was,
nevertheless, a melting layer just below the freezing
level.

To compute the expected brightness temperature
through the profile, we need to characterize the absorb-
ers and scatterers. Figure 3 shows the drop size distri-
bution observed just below the bright band. Measure-
ments from both the 2DP and 2DC probes are shown.
The two probes do not give consistent results in this
case, underscoring the difficulty of airborne drop size
distribution measurements. For reference, the straight
lines indicate Marshall and Palmer (1948) distributions
for various rain rates. Integration of the DSD observed
by the 2DC probe over the fall speed as a function of

drop size (Beard 1985) yields a rain rate of 1.3 mmh '
The 2DP observations suggest an order of magnitude
greater rain rate that would be inconsistent with the
radiometric observations. The Marshall-Palmer distri-
bution corresponding to 1.3 mm h™! and the observed
temperature profile (freezing level = 4.68 km) were
inserted into the model described by Wilheit et al.
(1977) with computational improvements by Tesmer
and Wilheit (1998) and Huang (2001). The model is
plane-parallel with 20 streams for the diffuse radiation.
In the vertical it has 200 layers of 100-m thickness. It is
capable of representing arbitrary size distributions of
water or ice spheres. The hot wire probe indicated
much less cloud water than assumed in the Wilheit et al.
(1977) model (0.5 g m?). Here we have reduced the
cloud liquid water by more than an order of magnitude
to 0.04 gm > to be consistent with the hot wire mea-
surements. With this value, the cloud liquid water has
no significant impact on the radiative transfer computa-
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Fi1G. 2. Same as in Fig. 1, but at 37 GHz.

tions. No hydrometeors were included above the freez-
ing level.

The expected brightness temperatures were com-
puted with the model as described above. The com-
putational code iteratively solved the equation of
radiative transfer with scattering and generally con-
verged within two iterations. The results are given
as the dotted curves in Figs. 1 and 2. In both cases,
the fit above the freezing level is extremely good. This
supports the decision to leave out all hydrometeors
above the freezing level; water vapor and molecular
oxygen are sufficient to account for the observed
brightness temperatures. While snow is obviously
present above the freezing level, it is not sufficiently
opaque to matter in the radiative transfer. In the first
kilometer below the freezing level, the computed
brightness temperatures are below the observations for
both frequencies. With decreasing altitude, the agree-
ment gets better in both cases, but the scatter in the
observations also becomes much larger than in the
melting layer.

If the absorption and scattering coefficients of the
hydrometeors are doubled (X2) or tripled (X3) for 0.5
km below the freezing level, as suggested by the mod-

eling results previously discussed, the solid (X2) and
dashed (X3) curves in Figs. 1 and 2 result. For both
frequencies, the fit is improved through the upper
part of the rain column with the X2 computations
being near the median of the observations and the X3
being among the higher brightness temperatures.
Through the melting layer, the fit appears best for
the X3 computation. Even larger increases within
the melting layer could not be ruled out on the basis
of these observations but would not be compatible
with the modeling results. The observations are some-
what lower than these computations at the lowest alti-
tudes, but there are many possible sources for this dis-
crepancy, such as the estimate of the average rain rate
or the spatial and temporal variability of the rain. The
21-GHz observations are not very sensitive to the hy-
drometeor assumptions but the 37-GHz observations
are quite so.

Chang et al. (1993) report an experiment very similar
to the stratiform precipitation observations reported
here but in extratropical stratiform rain. They spiraled
up through stratiform rainfall with uplooking micro-
wave radiometers at the same two frequencies used in
KWAJEX (21 and 37 GHz). They examined two
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FIG. 3. The measured DSD at about 600 m below the freezing
level. The straight lines are the Marshall-Palmer distributions for
various rain rates, the dots are observations from the 2DC probe,
and the crosses are from the 2DP probe.

cases—1 February 1983 in the North Pacific and 2
March 1983 in the North Atlantic. The rain rates were
approximately 8 and 1 mm h™' and the freezing levels
were at altitudes of 1.8 and 2.5 km, respectively. There
were no radar data in support of their observations.
Microphysics observations, in the form of PMS particle
probes, were available only for the 2 March case. In
neither case did they attribute any additional absorp-
tion to brightband effects. However, on examining their
data, enhanced absorption in the 0.5 km below the
freezing level is quite obvious in the 2 March case but
not in the 1 February case. They accounted for this
enhancement with a layer of nonprecipitating cloud
with modest support from the PMS probes. Since the
rain rate was very low (~1 mm h™!), either explanation
will work. For the 1 February case, the larger rain rate
masked the impact of the same nonprecipitating cloud
assumption and there was no apparent enhancement of
the absorption in the melting layer.
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b. Convective case

On 11 August 1999, the Convair-580 flew back and
forth along a line penetrating convective rain at levels
of 2.6, 3.4, and 4.5 km. This last flight leg (4.5-km alti-
tude) was only 100 m below the freezing level (4.6 km).
The 37-GHz data for the 4.5-km altitude line, covering
a distance of about 37 km, are shown in Fig. 4. There is
a high degree of variability along the line as the aircraft
flew through rainfall of varying intensity. The horizon-
tal lines in the figure represent computations from the
Wilheit et al. (1977) model for various rain rates. These
computations assume a liquid layer thickness of only
100 m above the aircraft. Clearly, there is a significant
amount of opacity (potentially supercooled water)
above the flight altitude.

Since at the frequencies considered here, the absorp-
tion coefficient is approximately linear in the rain rate,
we can characterize the rain signal as a vertically inte-
grated rain rate (VIR) where the integral is over the
liquid portion only. The corrections due to the tem-
perature profile and scattering, while nonzero, are of
lesser significance. The rain rate for this integral is the
apparent rain rate as represented by the microwave ra-
diance. Supercooled water not properly accounted for
would make the apparent rain rate higher than the true
rain rate. The brightness temperature associated with a
given VIR depends on the observation frequency, po-
larization, and viewing geometry. Thus we will try to
estimate the impact of supercooled water by comparing
the increment of VIR contributed by supercooled water
to the total VIR. The VIR is conceptually similar to the
total overburden of liquid water. However, by express-
ing it as rain rate, the sensitivity to drop size distribu-
tion more closely reflects that of the absorption coeffi-
cient as discussed in Wilheit et al. (1977). Moreover, in
the presence of varying rain rates, the absorption coef-
ficient is not linearly related to liquid water content as
it is to rain rate.

Since the peak brightness temperature in the 4.5-km
data corresponds to 20 mm h ! over a 0.1-km thickness,
the increment of VIR above this altitude would be ~2
m? h™'. This is an upper limit to the total impact of
supercooled water since some, though probably not all,
of the water is in the first 100 m above the aircraft and
therefore above freezing. To estimate how much of the
liquid overburden is supercooled, we need to estimate
the thickness of the liquid water layer above the air-
craft. Given that the observed brightness temperatures
determine the VIR with little uncertainty, an estimate
of the average rain rate over the layer yields, in turn, an
estimate of its thickness. Thus, over the next few para-
graphs, we will marshal the available evidence to de-
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FIG. 4. The brightness temperature variations along a flight segment at a constant altitude of 4.5 km,
about 100 m below the freezing level. The horizontal lines are calculated brightness temperatures based
on the model of Wilheit et al. (1977) for various rain rates.

termine the reasonable range of rain rates above the
aircraft so that estimates of the supercooled contribu-
tion can be constrained. We will also estimate the VIR
over the entire column to elucidate the impact of any
supercooled water on a rain-rate retrieval.

The key to estimating the total VIR in the convective
cores is to choose a proper rain rate within the raining
layer. The rain rate should be representative of the rain
rates found below the freezing level. At the simplest
level, one might rely on conventional wisdom and as-
sign a rain rate on the order of 2 mmh™! (1in. h™') to
the convective rain (VIR ~ 115 m* h™!). Over the
ocean, variations by up to a factor of 2 would be com-
mon, and somewhat larger variations are certainly pos-
sible. This estimate establishes a credible range for
more quantitative estimates. Here, estimates based on
the observed DSD, on ground-based radar, and on the
microwave radiances will all be examined.

Figures 5, 6, and 7 show the drop size distributions
measured by the PMS 2DP and 2DC probes on the
Convair-580 as the aircraft penetrated the convection at
altitudes of 2.6, 3.4, and 4.5 km. Superimposed on these
measured distributions are lines representing Marshall—
Palmer distributions for various rain rates. The distri-
bution at 2.6 km is reasonably consistent with a rain
rate of 25 mm h™~' and at 3.4 km with a rain rate of 10
mm h™'. At 4.5 km (immediately below the freezing

level), the observed drop size distribution is not consis-
tent with any Marshall-Palmer distribution. The general
decrease of rain rate with height suggests warm rain
processes. On the other hand, the large number of large
particles at 4.5 km suggests that some snowflakes are to
be found at this level. Clearly, many processes are at
work on this 37-km-long, nominally convective flight line.

The drop size distribution data are consistent with
rain rates on the order of 1025 mm h™ " in the convec-
tion. If we take the estimate from 2.6 km as the average
through the column, a VIR of about 115 m* h™! results
again. If, on the other hand, we assume that the rain
rate is constant below the 2.6-km line but decreases
more or less linearly up to the freezing level as sug-
gested by the 3.4-km data, we would get a VIR of about
90 m* h™ .

An examination of the ground-based radar data from
Kwajalein (KWAJEX 1999) for 2213 UTC (early in the
penetrations) and 2237 UTC (late in the penetrations)
shows echoes for the convective cores in the 37.5-42.5-
dBZ range but none greater than 42.5 dBZ. Using the
Z-R relationship for a Marshall-Palmer distribution (Z
= 200R") yields a rain-rate range of 8-16 mm/h for the
37.5-42.5-dBZ range. Thus, the radar suggests some-
what lower rain rates than do the DSD data. Other Z-R
relationships are possible, but they would not materi-
ally change the conclusion that the maximum rain



1526

:|_0G \IIIII\IlllHlHlll‘HVIIII\Il!IIH\IllllH\IIIII‘HIIHI\I

ALT=2.6KM

Concentration (number/m3+*mm)

., ¥RR=50mm/h
100k - “". '~,.. .|. s .,
., RR=25mm/h
“.  RR=10mm/h
RR=5mim/h
102} i
10_4 \|||||\|||||\|l||||‘\Hllll\Il\||H\|||||H\||||I‘I\||Hl\l
0 1000 2000 3000 4000 5000 6000

Diameter (micron)
Period = 21:52:00-22:09:38

F1G. 5. The DSDs measured at the 2.6-km altitude in a convec-
tive rain system. The straight lines represent the Marshall and
Palmer (1948) distributions for various rain rates, the dots are
observations from the 2DC probe, and the crosses are from the
2DP probe.

rates are on the order of 10-25 mm h™' (VIR ~ 50-
100 m* h™ ).

For each aircraft flight altitude, brightness tempera-
ture—rain-rate relationships were computed for the two
channels of the microwave radiometer assuming vari-
ous thicknesses of the supercooled water layer. The
observed brightness temperatures were interpreted in
terms of rain rates using these relationships. Since we
are interpreting in terms of VIR, the inclusion of ver-
tical rain-rate variability is not necessary although the
model is capable of handling an arbitrary vertical struc-
ture. Figure 8 shows the statistics of these rain rates as
cumulative percentiles assuming 0-, 0.1-, 0.25-, and 0.5-
km supercooled water layer thicknesses as calculated
from the 37-GHz data. The rain rate so calculated rep-
resents the average rain rate from the aircraft altitude
to the freezing level plus the supercooled water thick-
ness. The supercooled water layer only has a modest
impact on the interpreted rain rates for the 2.6-km al-
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FIG. 6. Same as in Fig. 5, but at the 3.4-km altitude.

titude data. The rain rates observed from this altitude
range up to about 25 mm h™ ' in general agreement with
rain rates inferred by other means. At the 3.4-km alti-
tude, the inferred rain rates are generally lower. If no
supercooled water is assumed (layer thickness = 0 km),
the maximum rain rate is around 10 mm h™!, indicating
some decrease with altitude as was inferred from the
DSD data. A working value of 100 m* h~! for the total
VIR in the convective cores would be reasonable given
all the available observations so that the contribution to
the VIR from above 4.5-km altitude is about 2% of the
total. Since the freezing level is 100 m higher, this rep-
resents an upper limit to the supercooled water contri-
bution.

How much of the 2% VIR from above the flight level
is supercooled is another question. Including some su-
percooled water in the radiative transfer model de-
creases the interpreted rain rates; at a 0.5-km super-
cooled water layer thickness, the maximum rain rate
observed from 3.4 km is less than 5 mm h~'. The ob-
servations at 4.5 km are, of course, the most sensitive to
the layer thickness assumption. If we assume no super-
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F1G. 7. Same as in Fig. 5, but at the 4.5-km altitude.

cooled water, the 4.5-km rain rates lay between the 3.4-
and 2.6-km rain rates with a maximum around 20 mm
h™!. At an assumed supercooled water layer thickness
of 0.1 km, the statistics of the 3.4- and 4.5-km rain rates
are virtually identical. Thicker supercooled water layers
decrease the rain rates still further. If we accept the 0.0-
or 0.1-km supercooled water thickness computations,
then the 4.5-km rain rates break the vertically decreas-
ing rain-rate pattern. The 0.25- and 0.5-km computa-
tions produce a more consistent pattern in the vertical.
This (admittedly very indirect) reasoning suggests that
more than half of the 2% VIR contribution is super-
cooled. Other rain or cloud distributions between the
aircraft altitude and the temperature of spontaneous
nucleation (233 K) could also reproduce the observed
brightness.

We have ignored any scattering by ice above the
freezing level that would increase the brightness tem-
perature in this upward-viewing geometry by scattering
the relatively high upwelling brightness temperatures
back down to the radiometer. Thus, some of the bright-
ness temperature increases may have been contributed
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by ice so that the contribution by supercooled liquid
would be even smaller than we have estimated. Ice was
not included in the calculations, as there were no ob-
servations to constrain the ice assumptions.

The 21-GHz data are not shown. There was a cali-
bration shift during the 2.6-km line, invalidating part of
those data, and there was insufficient sensitivity to hy-
drometeors (due to the lower frequency) to provide
much information from the 4.5-km flight line. The 21-
GHz observations are not inconsistent with the 37-GHz
observations, but given the shortcomings, they add no
new insights.

4. Conclusions

Based on the example discussed here, the microwave
attenuation in the mixed-phase region just below the
freezing level in stratiform rain appears to be roughly
doubled or tripled for the 0.5 km below the freezing
level. The stratiform rain observations, while consistent
with the range of the modeling results, are not sufficient
to constrain the modeling. Even more attenuation in
the melting layer than what is predicted by the models
would be consistent with the observations but less at-
tenuation would not be. These observations contrast
with the two examples given by Chang et al. (1993),
where no extra attenuation was reported (one case is
debatable). In the Chang et al. (1993) examples, there
was no verification of the presence of a bright band,
although the presence of such a band would seem likely
under the circumstances. In any case, from a passive
microwave rainfall retrieval algorithm point of view,
the key observation is that sometimes there is extra
attenuation and sometimes not. It is possible that the
seasonal/regional differences among the three observa-
tions could account for the attenuation differences. For
the present, this must be left unknown.

Similarly, the possible emission of microwave radia-
tion by the supercooled water in a convective updraft
has been noted. The excess attenuation/emission
caused by supercooled water in this case is no more
than 2% of the total in the updrafts. It is possible that
this example is an extreme case; more supercooled wa-
ter could be commonplace. However, this is the only
observation in hand and aircraft safety and operational
concerns make obtaining more data difficult.

The uncertainty in the retrievals is an important is-
sue. There are many factors that contribute to the un-
certainty, and this contribution is not the largest by any
means except at very low freezing levels where the
melting layer becomes a large fraction of the total rain
column. It appears that the uncertainty in the attenua-
tion in the melting layer is about a factor of 3, ranging
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F1G. 8. Cumulative probabilities of rain rates inferred from 37-GHz brightness temperatures along three flight
lines at constant altitudes of 2.6 (solid line), 3.4 (dashed line), and 4.5 km (dotted line). The computations were
carried out for assumed supercooled liquid water layer thicknesses of 0, 0.1, 0.25, and 0.5 km.

from equal to the attenuation of the rain below to per-
haps 3 times that value. While there is significant un-
certainty in the modeling of the melting layer, the natu-
ral variability appears to be larger. More data might
allow us to understand the sources of this variability
and to account for it. The one case we have here does
not enable us to make any useful statements about the
uncertainty due to supercooled water in the convective
updrafts.

Clearly, it is important to get more observations so
that the statistics as well as the regional and seasonal
components of the mixed phase can be more clearly

defined. Upward-viewing radiometers on aircraft pro-
vide a fairly direct measure of the attenuation, but it is
difficult to observe many cases this way. Inhomogene-
ities and the realities of aircraft operation further com-
pound the difficulty of this approach. However, attenu-
ation can also be inferred from multifrequency radars.
An airborne radar, such as the recently modified Air-
borne Rain Mapping Radar (ARMAR; Sadowy et al.
2003), is able to collect more cases rapidly; data from
this instrument are just now becoming available, but
selection bias in aircraft observations is always a con-
cern. A truly global set of statistics could be gained
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from a multifrequency spaceborne radar, such as that
proposed for the Global Precipitation Mission.
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