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ABSTRACT

An attenuation-based method to retrieve vertical profiles of rainfall rates from height derivatives/
gradients of CloudSat nadir-pointing W-band reflectivity measurements is discussed. This method takes
advantage of the high attenuation of W-band frequency signals in rain and the low variability of nonat-
tenuated reflectivity due to strong non-Rayleigh scattering from rain drops. The retrieval uncertainties
could reach 40%-50%. The suggested method is generally applicable to rainfall rates (R) in an approximate
range from about 2-3 to about 20-25 mm h™!. Multiple scattering noticeably affects the gradients of
CloudSat measurements for R values greater than about 5 mm h™'. To avoid a retrieval bias caused by
multiple-scattering effects, a special correction for retrievals is introduced. For rainfall rates greater than
about 25 mm h™', the influence of multiple scattering gets overwhelming, and the retrievals become
problematic, especially for rainfalls with higher freezing-level altitudes. The attenuation-based retrieval
method was applied to experimental data from CloudSat covering the range of rainfall rates. CloudSat
retrievals were compared to the rainfall estimates available from a National Weather Service ground-based
scanning precipitation radar operating at S band. Comparisons between spaceborne and conventional radar
rainfall retrievals were generally in good agreement and indicated the mutual consistency of both quanti-
tative precipitation estimate types. The suggested CloudSat rainfall retrieval method is immune to the
absolute calibration of the radar and to attenuation caused by the melting layer and snow regions. Since it
does not require surface returns, it is applicable to measurements above both land and water surfaces.
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Effects of Multiple Scattering on Attenuation-Based Retrievals of Stratiform Rainfall

1. Introduction

The CloudSat satellite, launched in 2006, carries the
world’s first nadir-pointing W-band (94 GHz) cloud
profiling radar (CPR) in space. The first year of Cloud-
Sat operations provided unique global information on
atmospheric hydrometeors (e.g., Mace et al. 2007). W-
band frequencies are the highest used in radar remote
sensing, and signals at these frequencies experience the
strongest atmospheric attenuation, especially in rain-
fall. Although the main objective of the CPR is to pro-
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vide quantitative information on clouds, it has been
suggested previously that its data also can be used to
retrieve snowfall and light rainfall parameters where
the signal attenuation is not very severe (e.g., L’Ecuyer
and Stephens 2002; Stephens et al. 2002; Matrosov
2007a; Matrosov et al. 2008).

Radar rainfall retrieval methods at attenuating radar
frequencies have a rather long history (e.g., Hitschfeld
and Bordan 1954). Typically, these methods account for
attenuation along the radar beam using special ap-
proaches and reconstruct a profile of nonattenuated
equivalent radar reflectivity factor Z, (hereafter just
“reflectivity”). Sometimes, constraints are used when
total attenuation values along the radar beam are avail-
able either from surface returns or from polarimetric
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measurements (e.g., Meneghini et al. 2000; Testud et al.
2000). Most of the existing methods rely on relations
between rain rate R (and also the attenuation coeffi-
cient «) and nonattenuated reflectivity Z,. The use of
attenuating frequencies for rainfall measurements is
common at X band (wavelength A ~ 3 cm) for scanning
radars (e.g., Matrosov et al. 2005) and K, band (A ~ 2
cm) for vertically (nadir) pointing radars such as the
Tropical Rainfall Measuring Mission (TRMM) radar
(e.g., Iguchi et al. 2000).

At W-band frequencies, attenuation becomes a dom-
inant factor responsible for vertical changes in mea-
sured reflectivities Z.,,,, observed along the radar beam
for R values greater than several millimeters per hour.
On the other hand, for R > 3-4 mm h ™!, the variability
of nonattenuated reflectivities Z, with respect to R (and
also a) becomes relatively insignificant due to strong
non-Rayleigh scattering effects (Matrosov 2007b).
These factors make the use of existing methods of rain-
fall estimation at attenuating radar frequencies not very
practical at W band except for very light rainfall.

A novel attenuation-based approach for rainfall es-
timations from CloudSat measurements was recently
suggested (Matrosov 2007b). Under this approach, the
changes in the vertical profile of observed Z,, due to
attenuation are treated as a useful signal, while other
factors such as the vertical variability of nonattenuated
reflectivity at the resolution intervals (~1 km or so) are
considered as factors contributing to the retrieval un-
certainty. Although a version of this approach was first
applied to vertically pointing K,-band radars (Matrosov
et al. 2006), its application to W band has the advantage
of much smaller changes in Z, due to R and signifi-
cantly stronger attenuation due to rain. The variability
in drop size distributions (DSDs), however, has a stron-
ger effect on the retrieval accuracy at W-band frequen-
cies than at K -band frequencies.

A relatively large CPR footprint (~1.5 km) results in
multiple-scattering contributions that increase with R
and affect CloudSat measurements (Battaglia et al.
2007). The initial version of the attenuation-based
method, as practically all other radar rainfall retrieval
methods, is based on the single-scattering (SS) assump-
tion. It has been shown, however, that this method as
applied to the CloudSat data provides reasonable re-
trievals for rain rates in a range R ~ 2-5 mm h™' (Ma-
trosov 2007b). In this study, the attenuation-based al-
gorithm is extended to higher rain rates, and the mul-
tiple-scattering corrections are introduced. The
CloudSat retrieval results are then compared to the es-
timates obtained with weather surveillance ground-
based radars, which are the traditional tool for remote
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rainfall observations and quantitative precipitation es-
timations (QPEs).

2. A description of the attenuation-based gradient
method for CloudSat

The attenuation-based method retrieves vertical pro-
files of rainfall rates under an assumption that changes
of measured reflectivity in rain (i.e., Z,,,) at a vertical
interval Ah are dominated by attenuation in rain, and
the variability of nonattenuated reflectivity 8Z, at this
interval is smaller compared to changes due to attenu-
ation. This variability contributes to the uncertainty of
the retrieval. Due to non-Rayleigh scattering at W-
band frequencies, 6Z, typically does not exceed a few
decibels for rainfall rates greater than about 3-4 mm
h™! (Matrosov 2007b).

Assuming single scattering and the dominance of at-
tenuation in shaping vertical trends of observed reflec-
tivity, the one-way attenuation coefficient in rain a(k)
is estimated from the vertical gradient of the measured
reflectivity, dZ,,,(h)/oh, in a rain layer as

a(h) = (V2)[0Zem(h)/0h] — G(h), @

where the coefficient 2 accounts for the two-way
propagation, and G(h) is the gaseous (O, and H,O)
absorption coefficient correction, which is determined
by the profiles of temperature, pressure, and relative
humidity. It is assumed that hydrometeor attenuation is
dominated by rain. Temperature and pressure profiles
for calculating G(#) are available as auxiliary CloudSat
information, and the relative humidity in the rain layer
is assumed to be 95%. The melting layer feature often
observed by CloudSat in precipitating systems (Sassen
et al. 2007) is used to fine tune the temperature profile.

The gradient (i.e., the height derivative) dZ.,,(h)/oh
is estimated as a linear slope of the Z_ (h) vertical
trend at n consecutive CloudSat sampling gates (~0.24
km) using the least squares method (LSM). It provides
the effective vertical resolution of retrievals that corre-
sponds to the height interval Ah = n X 0.24 km and is
centered in the middle of this interval. The estimates of
a(h) using (1) are performed using “sliding range win-
dow,” so they are available with 0.24-km spacing. The
CloudSat reflectivity data points that are below the ra-
dar receiver noise floor or are contaminated by the
echoes from the ground or the melting layer are re-
jected. The estimates of a(h) are deemed unreliable if
more than half of n data points used to calculate the
slope are rejected. It was shown (Matrosov 2007b) that
n = 5 generally provides satisfactory retrievals.

When the attenuation coefficient «a(h) is estimated
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from (1), a corresponding rainfall rate is obtained using
an a—R relation. While this relation is slightly nonlin-
ear, the data scatter due to the DSD variability to a
large extent masks this nonlinearity, and the following
average linear relation satisfactorily describes a corre-
spondence between « and R at W band, at least for R
values that are smaller than about 20 mm h™ "

R(mmh™Y) ~ 1.2 k(h)a (dB km ™), )

where the dimensionless coefficient k() accounts for
the changes in drop terminal velocity due to changes
with height in air density, p, [k(h) = 1.1p,(h)~**, p,(h)
in kg m 7.

Relation (2) was obtained by analyzing a large num-
ber of rain DSDs that were observed in both convective
and stratiform rainfalls in different geographical areas
and seasons (Matrosov 2007b). Note that changes in the
a—R relations with temperature at millimeter wave-
lengths are significantly less than for centimeter wave-
lengths (Matrosov et al. 2006), and these changes can
be largely neglected at W band when compared to the
data scatter due to DSD variability.

The data scatter around (2) due to the DSD variabil-
ity is about 35% (Matrosov 2007b). While this data
scatter is substantially greater than that for K, band, the
strength of attenuation effects and a very low variability
of nonattenuated reflectivity at W band compensate for
this drawback and make the CloudSat attenuation-
based retrievals of R a viable option for spaceborne
quantitative rainfall estimations. The attenuation-based
gradient method can be applicable for both convective
and stratiform rains; however, retrieval errors in con-
vective rains might be larger due to stronger spatial
variability of such rains and a generally higher influence
of multiple scattering. Stratiform rains, which typically
result from snowflake melting, provide a more conve-
nient target since they often offer a clear separation
of rain and solid hydrometeor regions as viewed by
CloudSat (e.g., Sassen et al. 2007). Since rainfall rates
could vary in the vertical even for stratiform rains, the
ability of the gradient method to resolve the vertical
structure of rainfall adds to its usefulness. Two impor-
tant advantages of the gradient method are that (a) it
does not require absolute calibration of the radar data
and (b) it is immune to the attenuation caused by the
ice phase of precipitating systems and by melting hy-
drometers that are observed above the rain layer.

Under the single-scattering assumption, the two main
contributions to the retrieval errors of the attenuation-
based method are the uncertainty in relation (2) due to
the DSD variability and the variability of nonattenu-
ated reflectivity at the gradient estimation interval Ah.
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Combination of these two factors results in possible
retrieval errors of about 40%-50% for rain rates
greater than about 2 mm h™! (Matrosov 2007b). These
errors decrease for heavier rainfalls as attenuation in-
creases. They are comparable to the uncertainties of
traditional reflectivity-based methods that are used
with scanning precipitation radars, which operate at
centimeter-wavelength frequencies (3-10 GHz). The
retrieval errors for R < 2 mm h™' might increase be-
yond 50% because attenuation in lighter rains de-
creases, and the attenuation contribution (in a relative
sense) due to cloud liquid increases. In addition, the
variability of nonattenuated reflectivity increases for
lighter rainfalls as the non-Rayleigh-scattering effects
become less significant for such rains. The radar ap-
proaches that correct observed reflectivity for attenua-
tion and then relate recovered nonattenuated reflectiv-
ity values to rainfall rates could be more appropriate
than the attenuation-based gradient method for these
lighter rains.

Unlike measurements from airborne W-band radars
(e.g., Liet al. 2004), CloudSat observations, due to their
relatively large spatial resolution, also have multiple-
scattering contributions in measured echoes. These
contributions become progressively stronger as the in-
tensity of rainfall increases, and they hamper the appli-
cation of the retrieval methods that assume single scat-
tering (Battaglia and Simmer 2008). Multiple-scattering
effects increase the power of the returned signals com-
pared to what would have been observed under single-
scattering conditions. These effects result in smaller
vertical gradients (slopes) of measured reflectivity. It
would bias low attenuation-based estimates of rainfall
rates if no correction is applied. A procedure for cor-
recting these effects is needed for successful applica-
tions of the attenuation-based gradient method to the
CloudSat measurements.

3. The influence of multiple-scattering effects on
slopes of CloudSat-measured reflectivity

CloudSat measurements in rain revealed an influence
of multiple scattering on observed reflectivities. While
it is impossible to assess multiple-scattering effects di-
rectly from measurements, modeling is one viable op-
tion to estimate the magnitude of these effects and to
develop corrections that will account for multiple scat-
tering in CloudSat retrieval algorithms. The Monte
Carlo simulator for stratiform rain described by Batta-
glia and Simmer (2008) accounts for the CloudSat an-
tenna and sampling characteristics, and it was used in
this study to model CloudSat measurements in rain of
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different intensities, assuming various heights of the
freezing level (i.e., the height of the 0°C isotherm). Fig-
ure 1 shows comparisons of modeled attenuated reflec-
tivity under conditions of single and multiple scattering.
The geometry of CloudSat measurements (i.e., the or-
bit height and spatial resolution) was taken into ac-
count. The density of snow particles above the freezing-
level (FL) height was assumed to be 0.1 g cm .

It can be seen from Fig. 1 that melting snowflakes
immediately below the 0°C isotherm height are mani-
fested by the brightband-like feature (Sassen et al.
2007), which is followed by the gradual decrease of
reflectivities in the rain layer. This decrease is governed
by attenuation under the single-scattering assumption
and by the combination of attenuation and multiple-
scattering effects when all degrees of scattering are con-
sidered. Multiple-scattering (MS) effects also cause the
surface backscatter peak to diminish compared to the
single-scattering (SS) case. For higher rainfall rates
(e.g., Figs. 1c,d), this peak practically vanishes.

The MS contribution increases with rainfall rate (Fig.
1). It is only a couple of decibels for R = 2 mm h™", but
it amounts to about 6-7 dB for R = 5 mm h™' and to
more than 12 dB for R = 15 mm h™'. One remarkable
feature is that while this contribution could be large in
the absolute sense, the slope of the Z,,, trend in the rain
layer (i.e., the vertical gradient) changes significantly
less (almost negligibly for R = 5 mm h™ ). This feature
can be explained by the fact that the net MS effect
changes with height in the rain layer rather modestly,
which is beneficial for the gradient method since it re-
lies on the Z,,, slopes and does not use the absolute
reflectivity measurements.

Another remarkable feature is that the Z,, slopes in
the rain layer are fairly insensitive to the assumption of
the density of snowflakes observed above the FL. Fig-
ure 2 shows modeling results for two snowflake densi-
ties (0.1 and 0.18 g cm*) and the resultant rainfall rate
of 9 mm h™! with the FL height of 4 km. It can be seen
that the snowflake density assumption is important for
the absolute values of Z,,, but the Z.,, slopes change
very little with variations of p,. This conclusion remains
valid for a broad range of resultant rainfall rates (R <
25 mm h™') and freezing level heights (FL =< 5 km). It
should be mentioned, however, that Z_,, slopes become
sensitive to the p, assumption for very high values of p;
(~0.5 g cm ™ or s0), which are more representative of
graupel than of aggregated snowflakes with a limited
degree of riming.

The presented modeling data indicate that the influ-
ence of MS effects on the attenuation-based gradient
method retrievals might be rather modest for light to
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moderate rainfall rates. It can be seen, for example, that g SE
smaller values of R slopes change relatively little (Fig. o 2F
1), but for R = 15 mm h™" the slope change is already '51 a3
noticeable. The difference in SS and MS slopes is even 2t
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Z.., slope due to MS effects becomes stronger as R gets 6 —
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observed Z,, slope is reasonable before applying the = B }g mm E:
attenuation-based gradient retrieval method. X 4r 20 mm h::
As rainfall rate increases and MS contributions be- 3 o) gg et 2.1
come stronger, the changes in vertical profiles of Z.,, <
become progressively less pronounced. This is seen £ 2?
from Fig. 3, in which results of the Monte Carlo simu- % 1F
lations are shown for different values of rainfall rates < ok
and FL heights. For low FL values [e.g., FL = 2 km B T R (;)-FL_ 3 km
(Fig. 3d)] the slope of the Z.,, trend becomes mono- 150 30 % 10 20
tonically steeper when R increases over the rainfall-rate reflectIVIty, Z (dB )
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As mentioned before, MS reduces the surface back-
scatter peak and eventually removes it as the rainfall
rate becomes larger and/or the rain layer becomes
thicker. While the absence of the surface peak is an
almost sure indication of the presence of MS effects, its
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FiG. 3. Simulations of CloudSat profiles with accounting for MS
effects for different FL heights: (a) 5, (b) 4, (¢) 3, and (d) 2 km.
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existence does not necessarily mean the absence of
these effects for absolute reflectivities, as seen, for ex-
ample, in Fig. 1b. The mean rainfall rate in the rain
layer and, to a somewhat lesser extent, the thickness of
this layer are the two main parameters that determine
the relative strength of MS effects that influence the
slope of the vertical trend in observed CloudSat reflec-
tivities.

4. A multiple-scattering correction for the Z,,,
slopes and its application

a. Derivation of the MS correction

A multiple-scattering correction parameter vy for the
attenuation-based gradient rainfall retrieval method is
defined as

[0Zem(R)/0R)ms = NI Zem(R)/ R, ©)

where subscripts ms and ss stand for multiple and single
scattering, respectively. The reciprocal of this param-
eter, vy !, scales the slope of the observed (i.e., attenu-
ated) CloudSat reflectivity trend modified by the ef-
fects of multiple scattering to the slope that would be
observed if only single scattering were present. The pa-
rameter vy diminishes as rainfall rate increases. Mul-
tiple-scattering effects are absent if R = 0, so y = 1
then. For R < 5 mm h™', y is usually greater than 0.9,
indicating that the MS corrections are generally less
than about 10%. The parameter vy also depends on the
FL height, because MS gets more pronounced as the
rain-layer thickness increases. It also depends on the
location within this layer, as MS effects are stronger in
the areas that are closer to the ground.

Figure 4 shows an example of y calculations as a
function of rainfall rate for FL heights of 3 and 5 km.
The vy values correspond to the middle of the rain layer.
While some amount of statistical noise is present in the
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Monte Carlo calculations, there is an approximately lin-
ear trend of vy as a function of R:

y~1-—aR, 4)

where the coefficient a is a function of the FL height.

The best linear fit relations for y were calculated for
different values of the FL heights. The corresponding
values of a are 0.012, 0.017, 0.022, and 0.027 mm h™! for
the FL heights of 2, 3, 4, and 5 km, respectively. While
these values were obtained for the snowflake density
p, = 0.1 g cm ™3, the corresponding MS corrections are
generally representative for rainfalls resulting from
melting snowflakes that have only a light or moderate
degree of riming. This occurs because the MS influence
on the slope of Z,, trends varies with snowflake den-
sity rather little for densities that are typical for such
riming (i.e., p, less than about 0.2-0.3 g cm ™). The
variability of y for such snow densities is negligible for
R <10 mm h™!, and it is generally within 15%-20% for
15mmh ' < R <20 mm h™'. For heavily rimed snow
(e.g., graupel), MS effects are stronger, and they will
require greater corrections, which, probably, should de-
pend on the snowflake density.

Data in Fig. 4 also correspond to the CloudSat reso-
lution gate, which is located in the middle of the rain
layer. There is no significant variability in data depend-
ing on the gate location inside the rain layer for lower
rain rates (R < 10 mm h™'). However, for thick rain
layers (FL = 3 km) and heavier rainfalls, the coefficient
a in (4) decreases by about 15% from values that cor-
respond to the data in Fig. 4 for the gates that are in the
vicinity of the melting layer. For such rainfalls, the MS
effects on Z,,, slopes become progressively stronger as
the radar signals penetrate deeper into a scattering me-
dium. Consequently, values of a for lower parts of the
rain layer should increase compared to those that are
suited for the upper and middle parts of the rain layer.
For shallower rains, the variability in the coefficient a,
depending on the location of the resolution volume in
the rain layer, is rather small and, most likely, can be
neglected for many practical cases. The modeling re-
sults indicate that the MS correction parameter vy is
generally larger than 0.5 (i.e., the slopes of the Z_,
vertical trends are usually not changed due to MS by
more than a factor of 2) for R <20 mm h™' and FL =
5 km.

b. Application of the method with MS corrections

Since the multiple-scattering correction parameter -y
depends on rainfall rate, the CloudSat rainfall retrievals
are performed in an iterative way. First, a profile of R
is retrieved under the single-scattering assumption from
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(1) and (2), and a mean value of rainfall rate R, for this
profile is calculated. As discussed in section 4, an ap-
propriate value of vy is then chosen based on the value
of R, and the information about the FL height and the
location of the resolution gate within a profile. The
corrected SS slopes are then calculated using (3) with
the appropriate vy, and the new profile is retrieved from
(1) and (2). The next value of R, is then calculated for
this iteration. The iterations are stopped when values of
R, does not change by more than 10%. Given that the
overall retrieval uncertainties are noticeably higher, the
threshold of 10% appears to be justified. Typically, one
or two iterations are enough to satisfy this condition.

As MS effects reduce the slopes of Z, vertical
trends, the net MS correction increases retrieved rain-
fall rates compared to the results obtained under the SS
assumption. Both MS and SS slopes monotonically in-
crease with R for R values in an interval between 0 and
about 25 mm h™! (for R = 30 mm h ™' in case of shal-
lower rains), and there is generally no ambiguity in the
retrieved values within this interval. Since the MS re-
flectivity slopes change very little for higher rainfall
rates, CloudSat retrievals are probably not practical for
R > 25-30 mm h™!. However, applications of the at-
tenuation-based method for airborne W-band radars
are quite possible for heavier rainfalls because of much
smaller MS effects.

It should be mentioned that some additional retrieval
uncertainties might be introduced because the mean
layer rainfall rate R, is used for calculating vy. If the
variability in R within a rain layer is =25%, for ex-
ample, then for the strongest MS contaminations for
which retrievals are performed (e.g., FL = 5 km, R ~
15-25 mm h™!), uncertainty in y can be as high as about
20% from the mean value of 0.5 (at R ~20 mm h '), as
seen from Fig. 4. A resultant additional retrieval error
for R could be of approximately the same amount
(~20%), which is still noticeably smaller than possible
retrieval uncertainties due to variability of DSDs and
nonattenuated reflectivities (~40%). Nevertheless, it
could be stated that the suggested procedure of intro-
ducing MS corrections is better suited to stratiform
rains, where the variability of rainfall rates below the
melting layer is usually not very significant. For such
rains, a typical variability of Rayleigh reflectivities is
only 1-2 dB, and a corresponding variability in rainfall
rates is usually smaller than that of reflectivity (e.g.,
Bellon et al. 2006; Matrosov et al. 2007).

5. Illustrations of the CloudSat rainfall retrievals
with MS correction

The first CloudSat rainfall retrievals using the attenu-
ation-based gradient method were presented by Ma-
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trosov (2007b). The MS effects were not considered
during these retrievals and typical observed rainfall
rates in a precipitating system with FL ~ 4 km were of
the order of 4-5 mm h™'. The CloudSat results were
consistent with observations of the ground-based scan-
ning precipitation radars that operate at S band (~3
GHz). It can be seen from Fig. 4 that MS corrections for
such rainfall rates are expected to be within 10%. These
corrections are small compared to the overall retrieval
uncertainty, and the introduction of the MS correction
would not significantly change the results shown in
(Matrosov 2007b).

It is instructive to analyze cases with higher rainfall
rates when the MS correction is relatively more impor-
tant. Simultaneous rainfall observations from the
ground-based precipitation radars are also helpful, as
they can be compared with CloudSat results. Compari-
sons of spaceborne and surface-based rainfall measure-
ments cannot be regarded as a strict validation effort
because of relatively high retrieval errors for both types
of measurements. Such comparisons, however, provide
a useful consistency check for CloudSat retrievals be-
cause surface weather radars and CloudSat have com-
parable sample volumes, and these radars have a long
history of QPE studies.

A cross section of measured radar reflectivities from
CloudSat, Z_,,, as it passed on 2 August 2006 over a
precipitating system in the vicinity of Green Bay near
the Wisconsin—Michigan border is shown in Fig. 5. This
overpass occurred over the waters of Lake Michigan
and over the land in Michigan’s Upper Peninsula. The
brightband features for this event can be seen near 4.5
km MSL. While the signal attenuation due to rain be-
low 4 km MSL is evident for the entire latitude interval
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F1G. 6. Vertical profiles of CloudSat reflectivities observed on 2
Aug 2006.

in Fig. 5, there are areas of differing attenuation rates
that are related to the horizontal variability in rainfall.

For this rainfall event, Fig. 6 shows three represen-
tative CloudSat reflectivity profiles that correspond to
various rainfall intensities. The brightband features in
the upper part of the melting layer are quite visible,
though they are not very pronounced. The vertical po-
sitions of reflectivity enhancements within the melting
layer vary only slightly. While presented profiles are
characterized by similar reflectivity values in the first
1-km layer above the melting layer, the slopes of the
reflectivity gradient below this layer differ very signifi-
cantly, with heavier rainfall resulting in steeper vertical
gradients of observed values of Z,,,.

The W-band attenuation-based method was used to
retrieve rainfall rates from CloudSat measurements
presented in Fig. 5. For the most part, this event could
probably be considered as stratiform, except for some
possible embedded convective cells (e.g., at a latitude
around 45.14°). Figure 7a shows how the corresponding
CloudSat retrievals compare to the nearby Weather
Surveillance Radar-1988 Doppler (WSR-88D) esti-
mates. This National Weather Service radar operates at
S-band frequency, and its signals are essentially nonat-
tenuated. It is located near Green Bay, Wisconsin, and
has the four-letter identifier KGRB. The standard S-
band Z.-R relation (Z, = 300R"*), which is often used
with WSR-88D Next Generation Weather Radar
(NEXRAD) network data, was applied to the KGRB
data.

The WSR-88D radar estimates in Fig. 7a were com-
piled from measurements at beam elevation tilts be-
tween 0.9° and 1.7°. The range resolutions of KGRB
estimates are 1 km, and the WSR-88D radar beam-
width of about 1° could result in vertical resolutions of
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FiG. 7. Comparisons of (a) CloudSat and KGRB NEXRAD
rainfall-rate retrievals and (b) CloudSat retrievals with and with-
out MS corrections.

1-2 km at the observed distances between CloudSat
samples and the KGRB radar. The time mismatch be-
tween CloudSat and KGRB values is about 1 min. To
provide a sense of vertical variability of the observed
rainfall, satellite retrievals are shown at the heights cen-
tered at 1.8 and 2.8 km MSL. It can be seen that the
vertical changes of rainfall are generally within the
CloudSat retrieval uncertainties. Comparisons with the
ground-based radar results are also quite favorable
given these uncertainties and also uncertainties of
NEXRAD estimates. The NEXRAD estimate uncer-
tainties associated with the variability of S-band Z.—R
relations could be as high as a factor of 2.

Figure 7b illustrates the importance of the MS scat-
tering correction for the event of 2 August 2006. As
mentioned before, correction values are noticeably
smaller than expected retrieval uncertainties for lighter
rainfall rates (less than about 5 mm h™!), and they



DECEMBER 2008

probably can be neglected. For higher rainfall rates, MS
corrections become appreciable. Not accounting for
MS effects for such rainfall rates might lead to notice-
able retrieval biases, resulting in underestimation of
rainfall. It should be noted also that while some rainfall
peaks observed during this event (e.g., in the vicinity of
N 45.14°) might be associated with convection activi-
ties, the MS correction for CloudSat attenuation-based
retrievals provides sensible results here. However, the
question of applicability and the appropriateness of MS
corrections, which were proposed here for stratiform
rainfalls, for convective rainfalls remains an outstand-
ing issue and needs to be addressed in the future.

6. Summary and conclusions

The attenuation-based method to retrieve vertical
profiles of rainfall rate from nadir-pointing radar data
from the CloudSat satellite has been described. This
method takes advantage of the strong attenuation of
W-band radar signals in rain and the low variability of
nonattenuated reflectivities as a function of rainfall
rate. As a result, the observed vertical gradients (i.e.,
vertical derivatives) of measured reflectivity are caused
mainly by attenuation, and the slope of the vertical
profiles of CloudSat reflectivity profiles can be related
to the attenuation coefficient. This slope is estimated
using the LSM procedure for the data at several con-
secutive CloudSat resolution gates (typically three to
five gates). The attenuation coefficient is then related
to rainfall rate.

The main sources of uncertainty of this method are
the variability of the attenuation coefficient-rainfall-
rate relation due to DSD changes, the variability in
nonattenuated reflectivities at the slope estimation in-
terval, and multiple-scattering effects. The errors due to
the first two contributions are random in nature and
can amount to about 40%-50% retrieval uncertainties
for R greater than about 2-3 mm h™!. Retrieval uncer-
tainties may increase for lower rainfall rates as attenu-
ation in rain becomes weaker, attenuation contribu-
tions from cloud liquid water become relatively more
important, and variability in nonattenuated W-band re-
flectivity increases due to diminishing non-Rayleigh
scattering effects. Application of the suggested method
to rains with R ~ 1-2 mm h™', however, indicated that
sensible CloudSat retrievals can be performed with the
attenuation-based method even for such light rainfalls.

Multiple scattering, while not an issue for airborne
W-band radars, tends to increase the observed reflec-
tivities due to the rather crude spatial resolution of
CloudSat measurements. Although multiple scattering
is manifested much stronger in the absolute values of
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observed reflectivities, the reflectivity gradients tend to
decrease compared to what would be observed if only
single scattering were present. As a result, the rainfall-
rate retrievals may be biased low if MS effects are not
taken into account.

A relatively simple approach to correct attenuation-
based retrievals for MS effects has been suggested
based on Monte Carlo simulations of CloudSat mea-
surements. The MS bias correction increases with rain-
fall rate, and it is rather minor (typically within 10% or
so for R less than about 5 mm h™'). For a given rainfall
rate, this correction increases with the height of the
freezing level. It amounts to about 20% for R ~ 8-10
mm h™' (FL ~ 4 km). For heavier rainfalls (R ~ 20-25
mm h~') and thick rain layers, the MS correction can
increase rainfall-rate estimates by a factor of 2 or so
compared to retrievals under the SS assumption. This
correction also tends to increase in lower parts of rain
layers, as MS effects there are stronger than those in the
rainfall upper parts. The suggested correction is suited
better for stratiform rains resulting from melting snow
with a limited degree of riming. Stratiform rain events
often exhibit brightband features with the highest re-
flectivity typically observed near the freezing level, and
they usually produce rainfall rates less than about 15
mm h~'. Convective rains are likely to have a strong
vertical variability, include high-density graupel, and
have significant amounts of cloud liquid water. All
these factors would affect the magnitude of MS correc-
tion and might result in higher uncertainties of the sug-
gested correction.

For rainfalls with R > 25 mm h~!, MS effects in
CloudSat measurements become so dominant that ob-
served reflectivities (and their vertical derivatives)
change little with further increases in precipitation in-
tensity. As a result, rainfall retrievals using the method
suggested here (and quite likely any other CloudSat-
based method) become very problematic except for
shallow rain layers where retrievals can, probably, be
extended to somewhat higher values of R. The combi-
nation of high rain intensity and lower freezing-level
heights is, however, not a very common occurrence.

The application of the suggested method to a case
study covering a relatively wide range of rainfall rates
indicated a general robustness of the attenuation-based
gradient method. Comparisons of CloudSat retrievals
with data from conventional ground-based scanning
precipitation radars operating S-band frequencies,
which was performed here and in previous studies (Ma-
trosov 2007b) provided a general agreement that was
well within retrieval uncertainties. While these com-
parisons cannot be regarded as a strict complete vali-
dation of CloudSat rainfall retrievals, they are a neces-
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sary step in a validation procedure, because surface ra-
dars are one of only a few tools that are able to provide
spatial rainfall estimates. The use of this tool for com-
parisons with CloudSat is also important because sur-
face radar networks are increasingly used for QPE.

The differential character of measurements of the
suggested method makes it immune to such factors as
absolute radar calibration and attenuation in snow and
melting layer, which can be substantial (e.g., Matrosov
2008). The application of the method does not depend
on the type of the surface because it does not require
surface returns. More theoretical and experimental
studies, however, are needed to fully understand the
applicability range and limitations of this method and
to refine MS corrections, especially in lower parts of
heavier rainfalls with high FL heights and for situations
when the cloud liquid water contribution is important.
Considering nonuniform beamfilling effects and devel-
oping MS corrections for special types of rainfalls such
as those when snowflake melting is not a dominant rain
formation mechanism (e.g., convective rains) also de-
serves a separate study. Other outstanding issues in-
clude assessing the influence of hydrometer nonsphe-
ricity and size distribution variations on MS correc-
tions. Future comparisons with other potential
CloudSat methods for rainfall will be a necessary step
in evaluating the attenuation-based method.
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