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ABSTRACT

Two variants of a polarimetric method to determine ice water content are presented. One uses specific dif-
ferential phase and differential reflectivity and the other uses specific differential phase; both quantities are for
a 10-cm wavelength. Theoretical considerations indicate that these polarimetric methods are suited for pristine
ice crystals. Ice water content of lightly to moderately aggregated crystals might also be estimated. Verification
of the proposed method is made using in situ data collected by the T-28 instrumented aircraft. Comparison with
two estimators that use the reflectivity factor suggests that the polarimetric methods are better and can quantify
correctly ice water content in the range above 0.1 g m=2.

1. Introduction

There have been a number of studies to estimate ice
water content (IWC) of snow clouds using radar re-
flectivity factor Z [e.g., starting from early works of
Sekhon and Srivastava (1970); Heymsfield (1977); and
otherg]. A review of different IWC-Z relationsis given
by Sassen (1987), and a recent paper by Atlas et al.
(1995) summarizes the results obtained for cirrus
clouds. All of these studies show extreme variability in
the IWC—Z relations, which appear to vary from day to
day and cloud to cloud. Furthermore, substantial dif-
ferences in these relations exist for different reflectivity
ranges. Thus, the relations obtained for cirrus clouds,
with a reflectivity factor usually under 5 dBZ, are quite
different from those for snowfall with reflectivities up
to 45 dBZ. High diversity in the IWC-Z relations is
primarily due to the fact that the reflectivity factor is
proportional to the product of IWC and mass of average-
sized ice hydrometeor; therefore, at least one more in-
dependent measurement is needed to resolve this am-
biguity.

Because ice and snow hydrometeors are nonspherical,
use of polarimetry is a natural way for estimation of
bulk properties of snow clouds. Matrosov et al. (1996)
explore elliptical depolarization ratio at Ka band (8-mm
wavelength) as a function of an antenna elevation angle
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in an attempt to distinguish between various types of
ice crystals. Vivekanandan et al. (1994) suggest use of
specific differential phase Ky, to estimate IWC and
claim that K, is hot sensitive to size distribution; hence,
it might be used for IWC estimation, provided that the
average density and axis ratio of the ice crystals are
known. However, the latter provision is seldom, if ever,
fulfilled. Vivekanandan et al. (1994) model crystals as
oblate spheroids. Aydin and Tang (1995) discuss the
possibility to derive IWC of the cloud composed of
pristine crystals from combined measurements of K,
and differential reflectivity Z,; with a stipulation that
the density of crystalsis equal to the density of ice.

Polarimetric datain snow (Vivekanandan et al. 1994;
Ryzhkov and Zrnic 1995) indicate that at least for re-
flectivities below 35 dBZ, distinct signaturesin thefields
of Kyp and Z,, usually exist and can be recognized.

In this paper we develop a radar polarimetric model
for acloud of ice hydrometeors and obtain apolarimetric
relation for computing IWC. We account for the diver-
sity of crystal shapes and use reported assumptions on
the shape and density of scatterers as a function of their
size (Matrosov et al. 1996). Eleven categories of ice
crystals are considered with different dependencies of
shapes and densities on the size. We examined the per-
formance of the proposed polarimetric method for es-
timating IWC using in situ data collected by the T-28
instrumented aircraft in Oklahoma.

2. Assumptions

We model ice particles as oblate and prol ate spheroids
with axes a and b, where axis a is the axis of rotation.
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TABLE 1. The coefficients a and B for different classes of crystals.

Crystal class a B

1. Dendrites 0.038 0.377
2. Solid thick plates 0.230 0.778
3. Hexagonal plates 0.047 0.474
4. Solid columns (L/h = 2) 0.637 0.958
5. Solid columns (L/h > 2) 0.308 0.927
6. Hollow columns (L/h = 2) 0.541 0.892
7. Hollow columns (L/h > 2) 0.309 0.930
8. Long solid columns 0.128 0.437
9. Solid bullets (L = 0.3 mm) 0.250 0.786
10. Hollow bullets (L > 0.3

mm) 0.185 0.532
11. Elementary needles 0.073 0.611

Thus, a < b for oblates and a > b for prolates. The
oblates are assumed oriented so that the axis of rotation
is vertical, whereas prolates are considered to be ran-
domly oriented in the horizontal plane.

We consider dry snow for which dielectric constant
& can be computed from the following relation (Matro-
sov et al. 1996):

e—1 peg—-1

=L ’ 1
e+t 2 pegt+2 )

where p is the density of snow, p, = 0.92 g cm—2isthe
density of denseice, and ¢, is the dielectric constant of
dense ice. We describe the density versus size relation
in the transition from elementary pristine crystals to
aggregates by the equation (Matrosov et al. 1996)

p = 007D 11, )

where D is the equivolume diameter of the particle. In
(2) and throughout the paper, p is in grams per cubic
centimeter and D isin millimeters. Therelation (2) cited
by Matrosov et a. (1996) was originally derived from
the mass—size relation appropriate for ‘““aggregates of
unrimed bullets, columns, and sideplanes” given by Lo-
catelli and Hobbs (1974). For pure crystals, Matrosov
et al. (1996) in their Table 1 report very weak (if any)
dependence of the bulk density on the crystal size. Re-
cent studies, however, show that this probably applies
only to small crystals with maximal dimensions less
than 0.1-0.2 mm. For example, Kajikawa (1989),
Mitchell et al. (1990), Detwiler et al. (1993), and Brown
and Francis (1995) present evidence that the relation M
~ L2, where M isamass of particleand L isitsmaximal
dimension, is approximately valid for both aggregates
and crystals with L > 0.1-0.2 mm. Only part of this
dependence could be caused by the change of the axis
ratio with size, which decreases dlightly [Fig. 1 in Ma-
trosov (1991)]. We submit that most of the dependence
is due to the change of p with size. Therefore, we apply
relation (2) to all snow particles under consideration
and then examine how the change in the p(D) assump-
tion affects our final results.

The shape of ice hydrometeors is highly variable. It
depends on the type of crystal and its size. Following

JOURNAL OF APPLIED METEOROLOGY

VoLume 37

— crystals aggregates
'4-> -

| ~ ~

o
el \
) \
< AN

\
\
~
‘ ~

Fic. 1. Dependence of Re(f, — f,) on the size of snow
hydrometeor in the presence of aggregation.

Matrosov et al. (1996), we consider 11 categories of ice
particles (in Table 1) with distinctly different depen-
dencies of their aspect ratios on size. The relation be-
tween the smaller and larger dimensions (h and L, re-
spectively) of crystals can be expressed by the power
law

h = al®”. 3

The coefficients « and B in (3) are listed in the second
and third columns of Table 1 for h and L expressed in
millimeters. Several investigators (Pruppacher and Klett
1978; Heymsfield 1972; Auer and Veal 1970; Jayaweera
and Cottis 1969; Jayaweera and Ohtake 1974) have de-
termined experimentally the coefficients « and 8 and a
summary of theseisin Matrosov et al. (1996). The plot
of the aspect ratio for different types of crystals as a
function of their size can be found in Matrosov (1991).
Strictly, validity of (3) with the coefficients specified in
Table 1 becomes questionable as crystals start to ag-
gregate. Nevertheless, as aggregation proceeds, thereis
a rapid decrease of snow density, and therefore, polar-
imetric variables such as specific differential phase and
differential reflectivity tend to be less affected by the
shape. For that reason, convenience, and lack of a better
relation, we apply (3) even to lightly or moderately
aggregated crystals.

Note that contrary to our approach, Vivekanandan et
al. (1994) assume no dependence of shape and density
on the size of snow particles and consider oblate par-
ticles only.

3. Basic relations

The modeling is done in the Rayleigh approximation,
and therefore, the final results are valid for at least the
centimeter wavelengths. In the Rayleigh region, the
scattering amplitudes of spheroidal particles in the for-
ward and backward directions are equal and can be ex-
pressed as (van de Hulst 1981)
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m2D3
fa,b = fa,b(o) = fab(’n-) = 6/\2 ga,b’ (4)
and
1
ga,b = 1 [ (5)
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where ) isthe wavelength in millimeters, f, isthe scat-
tering amplitude if the electric field vector is parallel to
the axis of rotation of the hydrometeor, and f, stands
for the scattering amplitude if the electric vector is per-
pendicular to the axis of rotation. The parameter L,
determines the shape of the hydrometeor. For the pro-
lates, L, is obtained from the formula

n1+e—1), ©)

where e = [1 — (b/a)?]¥2. For the oblates, L, is given by

1+ f2
L, = (1

L
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where f = [(b/a)? — 1]¥2. Here, L, is equa to (1 —
L)/2.

The radar cross section o, of a snow particle is

B arctgf)

D8

o4

Oap = 4m|f |? =
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We consider the case of hydrometeor illumination at
low-elevation angles. The generalization for arbitrary
elevations can be done easily. Thus, the expressions for
radar reflectivity factors at orthogonal linear polariza-
tions and specific differential phase are as follows:

Z,, = f 7,,N(D) dD ©

and
Kop = 1804 Re(f, — f,)N(D) dD, (10)
where f, = f,, f, = f,, 0, = 0, and o, = o, for

oblate hydrometeors. In (9), K = |(&, — D/(e, + 2)|
and ¢, is the dielectric constant of water. The value of
Z,, isexpressed in mm® m=23, and K, is in degrees per
kilometer.

For prolates randomly oriented in the horizontal
plane,

f, = fu,
f, = (f,cos2¢p + f,sin2¢p) = V2(f, + f,), (11)

where the brackets mean averaging over all azimuthal
angles ¢. Hence, f,, — f, = %(f, — f,). Similarly,
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o, = 4mf2,
o, = 4m(f3) = 477(3/8f§ + 14f f, + 3/8f§>. (12)

Our objective is to obtain the relation between IWC
and radar variables Z,,, Ky, and either Z,, = Z, — Z,
or Zr = Z,/Z,that arereadily availableif measurements
are performed in linear vertical-horizontal polarization
basis. First, we outline the strategy in a qualitative man-
ner and then proceed with a more rigorous derivation.

It follows from (2) that the density p of the ice hy-
drometeor is usually quite low if its size is larger than
0.5 mm. At low densities, ¢ — 1 isroughly proportional
to p, and ¢ — 1 = up, where w is a coefficient of
proportionality. Furthermore, L,, < 1/(¢ — 1) in (5)
and the expression for &,, can be expanded as follows:

Ep = mp(1 — L,y up). (13)

At first approximation for oblate particles, o, = o, ~
p?D® ~ M2, where M is the mass. Therefore, for a
narrow interval of particle size (or mass M), the re-
flectivity factor is proportional to the product of particle
concentration N and the square of mass Z, ~ NM?,
whereas the IWC is proportional to the product of con-
centration and mass, IWC ~ NM. Both IWC and Z,, do
not depend on the shape of ice hydrometeors. To esti-
mate IWC, we need to determine N and M indepen-
dently; thus, it is necessary to find an independent po-
larimetric parameter from which either N or M can be
derived. Such a parameter could be the ratio Z,/Kpp,
which can be written as

Note that both K, and Z, are highly dependent on the
particle shape because &, — &, = u?p3L, — L,) ac-
cording to (13), whereas their ratio does not depend on
the shape and is determined only by the mass of the
particle. Combining Z,, and Z,./Kyp, We obtain

IWC ~ Z,Kpp/Zpp = Kppl(1 — ZpR). (15)

Thus, IWC can be estimated using K, and Z,5. Next,
we obtain the relation for IWC in a more rigorous man-
ner.

Using formulas (4)—(8) and (11)—(12), we derive pow-
er-law relations between the mass of the particle M and
the parameters o, and Re(f, — f,) for al 11 categories
of hydrometeors, assuming the dependency of density
on equivolume diameter defined by (2)

5

aw
o, = @alMQ (16)
and
T2
Re(f, — ) = Z-a,M"™, )
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where M is expressed in milligrams. These relations are
valid for arange of maximal size L of particles between
0 and 4 mm. The coefficients a,, and b, are different
for different categories of crystals. The exponents b,
are between 0.48 and 0.58, which is at variance with
the conclusion by Vivekanandan et al. (1994) that Re(f,
— f,) is amost linearly proportional to the particle
mass. This discrepancy is a consequence of different
initial assumptions regarding shape and density of ice
crystals. Remarkably, the ratio (o}, — o,)/Re(f,, — f,)
is amost linearly proportional to the mass of the ice
particle and is approximately given by

0 2T (18)
Re(f, — f) axea™

In (18), a, = 5.2 and practically does not depend on
the type of ice crystals. Using (16)—(18) we arrive at
the following formulas for Z,,, Kyp, and Zyp:

7, = giKlZ M2N(D) dD, (19)
0.037a,
o= JM"ZN(D) dD, (20)
and
7, = a2—a3f Mb=-:N(D) dD. 1)
9K?

The final goal is to establish a relation between the
radar variables (19)—(21) and the ice water content:

IWC = 10—3f MN(D) dD, (22)

where IWC is expressed in grams per cubic meter. As-
sume that the particle size distribution N(D) is expo-
nential:

N, D
N(D) = D. exp<—5>, (23)

where D, is the mean hydrometeor diameter.

Therelation between particle massand itsequivolume
diameter is determined by (2) and can generally be writ-
ten as M = yD?. The exponent § is equal to 1.9 if the
dependence of p on D is specified by (2). The integrals
in (19)—«(22) can be easily expressed via gamma func-
tions:

J M"N(D) dD = NM:L(87 + 1),  (24)

where M, = yD3.
After integrations, we can write
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"TOK? T(5 + 1) MoIWC, (29
Zoe Aag  I[8(b, + 1) + 1]
Zop _ M 2
Kop 0.277K2  T'(8b, + 1) o (20
and finally
A KDP
IWC = —C,——Z 27
C 30wC12Dp s (27)
where the coefficient C, is
a I'(6 + 1) I'[8(b, + 1) + 1] (28)

ta,I'(26 + 1) TI'(8b, + 1)

For a given value of 6 = 1.9, that is, for a fixed de-
pendence of p on D, the average value of the coefficient
C, is equal to 0.42 and appears to be quite stable; its
fractional standard deviation is about 20% for all types
of crystals examined. Variahility of the p(D) relation
affects the coefficient C, through the coefficients a,, b,,
and 6 in (28), which depend on the exponent of the p(D)
power law relation. The change of the exponent within
the range from —0.7 to —1.5 [which is a reasonable
estimate considering the mass-dimensional relationsfor
snow particles reported by Locatelli and Hobbs (1974),
Mitchell et al. (1990), Detwiler et al. (1993), Kajikawa
(1989), and Brown and Francis (1995)] leads to the
change of C, of only 10%. Therefore, in spite of the
high diversity of ice particle shapes and densities, the
relation (27) for determining IWC turns out to be quite
stable. Independence of p on D leads to a 50% increase
in the coefficient C,.
We can write (27) in a slightly different form:

IWC = CKo/(1 — Z5d), (29)

where C = C,A/30; that is, the ice water content es-
timate can be obtained solely from the measurements
of Kyp and Z,; [expressed in linear scale in (29)]. Be-
cause the absolute value of the radar reflectivity factor
is not involved, the method is immune to radar cali-
bration errors. For the sake of simplicity, we consider
only the case of side incidence; that is, elevation angles
are close to zero and there is no canting of particlesin
the vertical plane. A more detailed analysis shows that
elimination of these restrictions has little effect on the
Z-p/Kpp ratio; canting in the vertical plane and/or in-
crease in the elevation angle causes nearly proportional
changes in the numerator and the denominator. As a
matter of fact, Z, in (27) is ailmost independent of the
elevation angle vy, and the width ) of the canting angle
distribution. Both Ky, and Z,, are proportional to the
same factors—cos?y, if nonzero elevation angleis con-
sidered or exp(—2Q2) if canting angle distribution is
accounted for (Oguchi 1983). Of course, to estimate the
ratio reliably, Z,, and K, must differ sufficiently from
zero.

Strictly, therelations (17) and (18) arevalid for lightly
or moderately aggregated crystals with orthogonal di-
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mensions specified by (3). However, as aggregation pro-
ceeds further, snow particles become more spherical,
their orientation becomes more random, and density de-
creases; hence, the polarimetric contrasts f,, — f, and
o, — o, decrease with size, as shown in Fig. 1. This
means that the contribution of relatively large aggre-
gates to K, and Z,; vanishes. Note that this transition
from crystals to aggregates does not affect the relation
(16) for o,,. Consequently, the parameter M, in (25) still
represents the average mass of snow hydrometeors (in-
cluding both aggregates and crystals). But M, in (26)
is lower than the true M, by an unknown factor n > 1
because it mainly contains contributions from small-
oriented ice crystals. Thus, the right part of (26) should
be divided by a factor 7. As aresult, the coefficient C
in the final relation (29) has to be divided by the same
factor 7 if heavy aggregation is present.

At low Z,, the denominator in (29) becomes too
small, therefore, even minor errorsin Z,, lead to large
biases in the IWC estimate. Thus, there isa certain Z;
threshold below which the proposed method is not ex-
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Fic. 2. Composite plot of Z, Z,g, and Ky, in the RHI cross section
of the snowstorm on 8 March 1994. The time is 1415 UTC; the
azimuth is 50°.

pected to work well. In the next section, the selection
of the threshold is justified by the analysis of the po-
larimetric data.

4. Experimental evaluation

Measurements of specific differential phase and dif-
ferential reflectivity made with the NSSL's 10-cm-wave-
length polarimetric radar reveal quite large values of
Koe @nd Z, in thunderstorm anvils and ice parts of
winter snowstorms (Ryzhkov and Zrnic 1995). The val-
ues of Ky, up to 0.8 deg km=* and Z, up to 3 dB are
sometimes observed in the zones of low radar reflec-
tivity (less than 20 dBZ), where elementary or lightly
aggregated horizontally oriented crystals comprise the
majority of scatterers. The probability of occurrence of
large Kyp and Z, increases with increasing height and
decreasing air temperature. This vertical dependence of
Kpe and Z, is very typical for snowstorms. Figure 2
illustrates vertical cross sections of Z, Z,g, and Ky, in
the range—height indicator presentation of the snow-
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storm observed on 8 March 1994 in central Oklahoma.
Higher altitudes of the storm are characterized by sub-
stantially larger values of K, and Z than near ground,
where both polarimetric variables are close to zero due
to abundance of low-density aggregates. Thereis a def-
inite positive correlation between Ky, and Z,; that is
generally better pronounced at lower temperatures.

To determine what is arelation between K, and Z,,
in snow, we have examined 10 Oklahoma snowstorms
that were observed during the period from December
1992 until March 1996. Five are classified as ** cold”
because the surface temperature was below —5°C, and
pristine or moderately aggregated crystals were the
dominant scatterers. These storms have larger Z, and
lower Z for fixed values of K., than the other five
storms that constitute the second class of ‘“‘warm”
storms. The rain—snow boundary in the warm storms
was near the radar so that both rain and snow precip-
itation were observed simultaneously within the cov-
erage area. The surface temperatures for warm snow-
stormswere close or slightly below 0°C, and the storms
contained heavily aggregated snow and therefore had
larger reflectivities and, on the average, lower K, and
Z,r- The average Z,—K, relations for the two classes
of snowstorms obtained from analysis of many volume
scans of the K., and Z,, data (for each storm) are
plotted in Fig. 3. Because the observed K, valueswere
of the order of a few tenths or even hundredths of a
degree per kilometer, intense filtering had to be applied
to the differential phase data to estimate K,,. The
choice was a wide running average window over 48
successive range gates (range interval of 7.2 km). The
standard deviation of the K, estimate is about 0.05
deg km~* for this type of averaging (Ryzhkov and
Zrnic 1996). Differential reflectivity data were aver-
aged over 24 successive range gates. The resulting
standard error in Z, isabout 0.10-0.15 dB (depending
on the magnitude of the cross-correlation coefficient).
Addititonal spatial averaging of the K., and Z, data
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is performed while transforming the data from polar
to rectangular coordinates with a grid resolution of 2
km X 2 km. It is evident from Fig. 3 that in the low-
reflectivity cold storms, Z,; is about half a decibel
larger for agiven K, than in the warm high-reflectivity
snowstorms. The borderline values of Z,, between 0.5
and 0.7 dB separate cold storms (for which the pro-
posed method is expected to work well) from warm
storms (for which it is likely to fail). This estimate of
the Z., threshold is subjective and intuitive; a more
appropriate criterium can be established by comparing
the polarimetric estimates of IWC with in situ mea-
surements. For the typical values of Ky, = 0.2 deg
km-* and Z,; = 1.0 dB in cold storms (Fig. 3), the
standard errors of the K, and Z,; measurements cause
afractional standard error in the estimation of IWC of
about 40%—45% if the proposed algorithm (29) is used.

A comparison has been performed for the case of 21
May 1995 that was observed during a period of the
VORTEX experiment in Oklahoma (Rasmussen et al.
1994). The Cimarron S-band (10-cm wavelength) po-
larimetric radar detected a region of high Ky, aoft in
the trailing precipitation behind the squall line that was
moving away from the radar (Fig. 4). The radar is lo-
cated to the left of the precipitation core in Fig. 4. A
well-pronounced region of high specific differential
phase is centered at the height of 6 km and extends
about 20 km in the horizontal direction. The maximum
Kppe in this region is about 0.6 deg km~* and the max-
imum Z, isslightly above 1 dB, whereasthe reflectivity
factor is less than 25 dBZ. The melting layer, identified
from images of Z,, and p,, (Figs. 4b,d), is at a height
of about 3.0-3.5 km. Note that K, in the stratiform
rain below the melting level is significantly lower than
in the ice region aloft.

The instrumented T-28 aircraft of the South Dakota
School of Mines and Technology penetrated the region
of high K, at an average altitude of 6.3 km. The aircraft
trajectory projected on the conical surface at 4° eleva-
tion angleis shown in Fig. 5. Contours and shaded areas
arethe Z and K, fields at approximately midflight time.
During the penetration flight time of about 20 min, the
zone of enhanced K, moved to the east-northeast, while
the temperature of ambient air at the level of cloud
penetration was between —15° and —16°C. The 2D-P
probe data from this height indicate presence of pristine
crystals and small aggregates with maximum sizes be-
low 3 mm (see Fig. 6). No graupel or large snowflakes
were encountered. Thus, the observed scatterers con-
form to the basic assumptions of the suggested polari-
metric method for IWC determination. | ce water content
from the 2D-P probe was computed using the empirical
relation between particle mass M and its maximal di-
mension L (Detwiler et al. 1993):

M = 3.41 X 10-2L*97, (30)

where M is expressed in milligrams and L is in milli-
meters.
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FiG. 4. Composite plot of Z, Z,, Ky, and p,, in the RHI cross section of the storm on 21 May 1995.

Radar polarimetric data along the flight path were
reconstructed from four successive volume scans. Be-
tween the times of coincident radar and aircraft data,
the radar data were extrapolated (advected) forward up
to A,v,/2 and backward up to —A,v,/2 centered on the
coincident time t;; Here, A, is the time between suc-
cessive volume scans. The advection velocity v, was
determined from the motion of the 15-dBZ contour at
the aircraft height.

Besides the polarimetric method, we also applied two
IWC-Z relations. One, IWC = 0.088Z°%, was sug-
gested by Atlas et al. (1995) and represents the best fit
for cirrus clouds in the range of reflectivities between
—50 and 10 dBZ. The other relation, IWC = 0.035Z°5,
suggested by Heymsfield (1977), summarizestheresults
obtained for stratiform ice clouds in the Z interval be-
tween —15 and 25 dBZ. The latter relation is close to
the one recently obtained by Thomason et al. (1995) for
aggregating snow particles (IWC = 0.034Z2°%),

Two variants of the polarimetric algorithm are tested.
In one, the differential reflectivity is set to 0.7 dB in
(29) for data that have Z,; < 0.7 dB so that IWC =
3.22K» applies in areas of low differential reflectivity.
In the second variant, the formula IWC = 3.22K; is
used throughout. Note that this is aimost identical to
IWC = 3K, that ensues from the basic formula (18)
in Vivekanandan et al. (1994):

47.4

Kop = —=(1 = 1)1 o=IWC, 31

in which the axis ratio r is set to 0.2 and A = 109.7
mm. Although different assumptions are behind the two
approaches, the similarity of resultsis only for an axis
ratio of 0.2. This might not be a chance coincidence
considering that 0.2 is about the average of axis ratios
for the six types of crystals (L > 0.5 mm) reported by
Matrosov (1991, Fig. 1). We believe that in regions of
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Fic. 5. The T-28 aircraft flight path in the observational area of
the storm. Shaded areas represent the zones of K, exceeding 0.4 and
0.5 deg km~1; the contour labeled with 10 encircles the area where
Z isover 10 dBZ. The B and E correspond to the beginning (14:29:
20) and ending (14:49:00) locations of the aircraft. Only the first two-
thirds of the first NW-SW flight leg are compared with the radar data
presented in this figure; later volume scans are used to compare the
remainder of the T-28 measurements.

differential reflectivity higher than about 1 dB, use of
the joint Ky—Zpr @gorithm (29) is more appropriate
(see the Kp—Zp curve for cold snowstormsin Fig. 3).

Ice water content computed from the measurements
on board the T-28 aircraft and the radar estimates are
illustrated in Figs. 7 and 8. The aircraft data have been
uniformly averaged over 9 s. Vertical lines on these
figures indicate coincident times of the in situ and radar
observations; between these times, the radar data had
been extrapolated as previously explained. For the Atlas
et al. relation, considerable overestimation of the actual
IWC is seen in the period between 800 and 1000 s. This
could be partly due to the fact that radar data from two
elevations were spliced because the elevation at which
the aircraft path was centered was changing from 3.8°
to 3.2° and back to 3.8°, whereas scans were made at
3° and 4°. From about 100 to 400 s, the Atlas et al.
relation agrees very well with the in situ measurements,
whereas Heymsfield's algorithm shows significant un-
derestimation of actual IWC. This is somewhat unex-
pected because the observed Z's of 15-24 dBZ fit the
range for which Heymsfield's (1977) relation is sup-
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FiG. 7. Comparison of the results of in situ measurements of IWC
(thick solid line) with the IWC estimates derived from radar reflec-
tivity data using two IWC-Z relations (thin, solid, and dotted lines).
The vertical lines are at the times when the location of the T-28
aircraft and the region the Cimarron radar antenna was scanning are
coincident.

posed to be valid and are outside the region for which
the Atlas et al. (1995) formula was derived. Correlation
coefficients between the in situ and radar-derived IWC
are 0.52 and 0.51, whereas the rms differences are 0.50
gm~3and 0.55gm-2for the Atlas et al. and the Heyms-
field formulas. As can be seen (Fig. 7), the differences
between in situ and radar measurements at and in be-
tween the coincidence times are not systematic. We,
therefore, speculate that the spatial sampling and sen-
sitivity of the IWC-Z relation might be significant caus-
es of the differences.

The polarimetric algorithms yield better agreement
with in situ measurements (Fig. 8) than the algorithms
that use the IWC—Z relations (Fig. 7). The correlation
coefficients between the in situ and radar-derived IWC
are 0.62 and 0.69, whereas the rms differences are 0.46
g m~2and 0.40 g m=2 for the IWC(K,) and IWC(Kyp,
Z-r) methods. The polarimetric estimate of the IWC has
a positive bias of about 0.26 g m~2 and a standard error
of 0.4 g m~3for this particular case. Note that inclusion
of Z,, slightly improves the agreement between the in
situ and radar estimate of IWC. Again, we conclude that
time coincidence, or lack thereof, is not a major con-
tributor to the difference between in situ and radar-de-
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Fic. 6. An example of 2D-P images for the data collected on board the T-28 aircraft. The bar length corresponds to 6.4 mm.



FEBRUARY 1998

ST 728 ') T

........... IWC(K ]
—— WClKper 7o) i
2F ]

lce Water Content (g m™)

0 200

1

400

800

1000

600
TIME (s)

1200

Fic. 8. Comparison of the results of in situ measurements of IWC
(thick solid line) with the IWC estimates derived using K, (dashed
line) and the joint Ky, and Z,; measurements (thin solid line).

rived IWCs. Because both polarimetric algorithms cap-
ture well the variations of the IWC, we submit that in
this case these algorithms are less sensitive to variations
of ice crystal distributions and shapes. The limited
amount of data precludes identification of the major
reasons for the difference between the in situ and po-
larimetric measurements. Still, unequal sampling prob-
ably plays a significant role, and further comparisons
with in situ data are needed before more definite con-
clusions can be made.

To check bias and sampling errors, we compared the
reflectivity factor measured by the radar and the one
computed from the 2D-P probe data (Fig. 9). The re-
flectivity factor Z from the 2D-P probe was determined
using the relation (19). With a, = 7.3 and K? = 0.928,
the formula for Z is

Z = 0.87 >, M2(L,)N(L), (32)

where L, is the maximal dimension of the particle (3),
N is the concentration of particles in the ith size cate-
gory, and M(L,) is the mass abtained from (30). In (32),
Z is expressed in mm® m=3, M isin mg, and N isin
m-2. As can be seen from Fig. 9, the in situ and radar
estimates of thereflectivity factor arein reasonably good
agreement, especially at larger reflectivities, in spite of
large differences in sampling volumes and evolution of
particles between the times of coincidence.

Given the accuracy of K, estimates achievable at the
10-cm wavelength, our results suggest that reasonable
estimates of IWC should be possible for IWC exceeding
about 0.1 g m=2. To quantify lower IWCsusing asimilar
technique, shorter radar wavelengths are needed.

5. Conclusions

The weakness of current methods for IWC determi-
nation from reflectivity factor measurements is in the
fact that the radar reflectivity is a product of IWC and
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FiG. 9. Reflectivity factor estimated from the in situ measurements
and the radar.

the average mass of scatterers. Thus, one more inde-
pendent measurement is needed for estimating IWC.
Such measurement can be provided by a polarimetric
radar. We have shown that the ratio between the reflec-
tivity difference Z,, = Z,, — Z, and the specific differ-
ential phase K, is a good estimator of the mass of the
average-sized pristine or moderately aggregated ice
crystals.

Modeling was performed taking into account different
shape and density dependencies on the size of scatterer
for 11 categories of ice crystals consisting of three ob-
late and eight prolate types. It is shown that the ratio
ZolKpp is practically insensitive to the shape and den-
sity of ice hydrometeors and is determined by their av-
erage mass. The combination of Z, and Z,./K,, yields
asimple formula for IWC as a function of Ky, and Z,
with the coefficient of proportionality virtually not af-
fected by the ice particles’ shape or density.

For heavily aggregated snow hydrometeors, the sug-
gested method is expected to be less reliable and likely
overestimates the actual ice water content. This is be-
cause polarimetric contrasts in K, and Z, are vanish-
ingly small for large aggregates that have low density,
nearly spherical shape, and tumble while falling.

Experimental check of the proposed method was
made using in situ 2D-P data collected on board the T-
28 aircraft during penetration into an ice cloud. In this
case, where pristine and moderately aggregated crystals
constitute the majority of scatterers, the polarimetric
algorithms exhibited a noticeably better performance
than two IWC—Z relations. | ce water content in therange
above 0.1 g m—3 was correctly quantified with an S
band polarimetric radar. Addititonal in situ data are
needed for verification of the proposed method.
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