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ABSTRACT

An algorithm for retrieving polarimetric variables from numerical model fields is developed. By using
this technique, radar reflectivity at horizontal polarization, differential reflectivity, specific differential
phase shift and correlation coefficients between the horizontal and vertical polarization signals at zero lag
can be derived from rain, snow and hail contents of numerical model outputs. Effects of environmental
temperature and the melting process on polarimetric variables are considered in the algorithm. The
algorithm is applied to the Advanced Regional Prediction System (ARPS) model simulation results for
a hail storm. The spatial distributions of the derived parameters are reasonable when compared with
observational knowledge. This work provides a forward model for assimilation of dual linear polarization

radar data into a mesoscale model.
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1. Introduction

Dual-polarization radars transmit and receive hor-
izontal and vertical polarized electromagnetic waves.
Because the sizes, shapes and spatial orientations and
the thermodynamic phases of hydrometeors in the at-
mosphere are different, their polarimetric properties
are different. A polarimetric radar has the capability
to distinguish different types of hydrometeors such as
hail, snow, and rain, and also to estimate the amount
of hydrometeors (Doviak et al., 2000). Thus, radar
has been used for quantitative precipitation estima-
tion, hydrometeor classification and discrimination be-
tween meteorological and non-meteorological scatter-
ers (Ryzhkov and Zrnic, 1996; Brandes et al., 2001;
Liu and Chandrasekar, 2000; Ryzhkov and Zrnic, 1998;
Brunkow et al., 2000; Schuur et al., 2003; Zrnic and
Ryzhkov, 1998). One of the important advantages of
dual polarization measurements is that they can be
used to assess parameters of the raindrop size distri-
bution and to estimate precipitation more accurately
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(Gorgucci et al., 2002; Vivekanandan et al., 1999).

Doppler radar data have been used to analyze and
to retrieve mesoscale structures of precipitation in pre-
vious works. Most of these works used radial ve-
locity and/or reflectivity only, which includes pure
kinematic and four-dimensional variational methods
(Xu et al., 2001; Qiu and Xu, 1992; Sun and Crook,
1997). The initial wind, temperature, moisture and
precipitation fields in the models are modified by us-
ing the Doppler radar data. The Doppler radar ob-
servations are also widely used in weather forecasting,
especially nowcasting (Dixon and Wiener, 1993; Wil-
son and Mueller, 1993; Pierce and Hardaker, 2000). It
is known that the microphysical processes play an im-
portant role in the initiation, evolution and decay of
storms. Dual polarization radar has the potential to
improve cloud physicsparameterizations in numerical
models and to create better simulations and forecasts
of severe weather.

The object of this study is to develop an algorithm
to retrieve the dual polarization radar measurements
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from a numerical model’s outputs. The cloud physics
of the model and the retrieval algorithm are described
in section 2. The experimental results are presented in
section 3. Conclusions and discussions follow in sec-
tion 4.

2. Methodology

For most mesoscale models, such as the Advanced
Regional Prediction System (Xue et al., 1995), MM5
and the Coupled Ocean/Atmosphere Mesoscale Pre-
diction System (COAMPS) (Hodur, 1997), the bulk
method is used in the microphysics parameteriza-
tion. Our current method is developed to obtain dual-
polarimetric variables based on numerical model out-
puts that include five microphysical variables: water
vapor, pristine ice, snow, rain and graupel. All these
five microphysical variables are derived from their mix-
ing ratios in the model (Lin et al., 1983). The size dis-
tribution of hydrometeors is assumed to be the Mar-
shall and Palmer distribution (Marshall and Palmer,
1948). The number concentration parameters of rain,
snow and graupel are set to be constants. The slope
factors or drop median volume diameters vary with
the mixing ratios ¢ of the hydrometeors. The size dis-
tributions and relationship between slope factors and
mixing ratios of rain, snow and graupel are

N (D) = I‘"O(r,s,g) exp(*Ar,s,gD) 3 (1)
7"-pr,s,g]\/v()(r,s,g))

Arse = ( , 2

58 P (2)

where ¢ is the mixing rate of a given hydrome-
teor in kgkg™'; the subscripts 1, s, and g are for rain,
snow, and graupel, respectively. No,=8x10%m™*, Ny,
=4x10° m™*, and Nog= 4x10° m~* are number con-
centration parameters of rain, snow and graupel, re-
spectively. p in kg m™2 is the density of air. p,=103
kg m™3, p,=100 kg m~3, =200 kg m~3 are densities
of rain, snow and graupel particles.

2.1 Reflectivity

The reflectivity Z (mm® m=3) at each model grid
point contains three components: rain, snow and
graupel. The contributions of pristine ice and cloud
droplets can be neglected because their sizes are rela-
tively small. Thus,

Z=7Z+2Zs+ Z,, (3)

where Z is equivalent reflectivity; and Z., Zs, Z, are
equivalent reflectivity for rain, snow, and graupel.
Based on Smith et al. (1975), each of the reflectiv-
ity components can be estimated as follows:
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where K;=0.176 is the dielectric factor for ice and
K,=0.93 for water; p is the density of air; and p;, pi, ps
and p, are the densities for water, ice, snow and grau-
pel, respectively. Note that the melting processes of
snow and graupel have a great impact on the reflectiv-
ity measurements. Figure 1 shows the relation between
the reflectivities of rain, dry snow and graupel and
their mixing ratios. The reflectivity of rain is about
7.0 dB higher than dry snow or graupel. The reflectiv-
ities of melted snow and grapuel are also calculated.
The results show that the reflectivities of wet snow
and graupel are 20 dB and 12 dB higher than rain,
respectively.

Rain
............. Snow
- Grapuel

60

Z (dB2)

1.00 2.00

a (ds, dg) (@ M™)

3.00 4.00

Fig. 1. Relationship between reflectivity Z and mixing
ratios ¢r, gs, and gg.
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Fig. 2. Relationship between Kpp (solid line) and Zpr
(dashed line) and ¢, for rain.

2.2 Differential reflectivity

The differential reflectivity Zpg in dB units is de-
fined as 10log(Zy/Zy). If in a radar resolution vol-
ume, the hydrometeors are mixture of rain, snow and
graupel, then Zpp becomes:

ZHr + ZHs + ZHg (9)
I + Zvs + Zvg

where Zu,, Zus, and Zug are reflectivity factors for
rain, snow and graupel for the horizontal polarization,
respectively. Zvy, Zvs, and Zy, are the reflectivity
factors for the vertical polarization. For different hy-
drometeors in a resolution volume, Zy(;s,q) and Zpgr
are known. Thus the reflectivity factors for the vertical
polarizations Zvy ;s ¢) can be obtained,

ZDR =10 log

(10)

For the Marshall-Palmer drop size distribution, the
differential reflectivity for rain (Zpg,) is given quanti-
tatively by (Seliga et al., 1981)

53.8
Ar

Figure 2 shows the relationships between the dif-
ferential reflectivity Zpg, and the specific differential
phase shift Kpp, (described in section 2.3) and their
mixing ratios. Zpg, increases sharply when ¢, is less
than 0.5 g m ™3, yet the relationship between Kpp, and
¢: is nearly linear.

For solid hydrometeors, it is difficult to find a
quantitative relationship between differential reflectiv-
ity and snow or graupel contents because of the com-
plicated shape, orientation and phase of the solid hy-
drometeors. In general, Zpg for dry snow is smaller
than that of rain and can be assumed to be 0.3 dB

ZV(r,s,g) = ZH(r,s,g) X 1070'1ZDR(Y>S-,g) .

ZpRe = — 047 A, <53.7cm™ . (11)
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(Ryzhkov et al., 1998; Schuur et al., 2003). Larger
snowflakes apparently are more likely to tumble and
wobble than small crystals as they fall in the atmo-
sphere. Thus their Zpgr is generally less than 0.2
dB. For ice crystals, their Zpr is an order of mag-
nitude larger than snow. A dual linear polarization
radar (KOUN) has observed an averaged Zpg of about
1.4 dB for ice crystals in the Joint Polarization Ex-
periments (Schuur et al., 2003). The environmental
temperature is a main factor affecting the shape of
snowflakes. Based on the observed results, the differ-
ential reflectivity for rain and snow as a function of
temperature is given by:

0.4 T < —20°C,
Zor =14 02—Tx00l, —20°C<T<0°C,
ZDRr T>0°C,

(12)

where T' (°C) is the environmental temperature. Snow
particles are melted into raindrops when they fall into
air with a temperature higher than 0°C.

Small hail particles tend to be more spherical,
therefore, their Zpg is approximately 0 dB. Large hail
particles might be spherical, or they could be prolated
to produce Zpgr < 0 dB. Tumbling motions can make
non-spherical hail of any size appear to be isotropic or
spherical. So the average Zpg is approximately 0 dB
(Hubbert et al., 1998; Vivekanandan et al., 1993).

Melted graupels have a larger reflectivity and dif-
ferential reflectivity than dry particles. Larger melted
graupels might be more prolated to produce negative
Zpr. The differential reflectivity of graupel is calcu-
lated as:

dry graupel:

Zprg = —0.5dB,

wet graupel:

00, Z<55dBZ,
Zprg =4 —025, 55dBZ < Z<60dBZ, (13)
05, Z>60dBZ,

Figure 3 is the differential reflectivity contour for
different ¢, and dry ¢,. Using the figure, the contribu-
tion to the total Zpr from rain and dry graupels can
be estimated. In the area mixed with rain and dry
graupels, rain dominates the contribution to the to-
tal Zpr. Dry graupels make the total Zpr approach
zero. In general, the contribution of dry graupels is
small. But as they melt, the corresponding reflectiv-
ity increases greatly.

2.3 Specific differential phase shift

For horizontal and vertical polarization radar
waves, non-spherical hydrometeors produce not only
different powers of back-scattering, but also different
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Fig. 3. Relationship between Zpr and ¢ and g, for mix-
tures of rain and graupel.

propagation speeds. The former is described by Zpg
as discussed in section 2.2, and the latter is described
by the specific differential phase shift Kpp.

In the area mixed with rain, snow and hail, the
total specific differential phase shift Kpp can be ob-
tained by:

Kpp = Kppr + Kpps + Kppg » (14)

where Kppr, Kpps, and Kpp, are the Kpp for rain,
snow and hail, respectively.

From the M-P drop size distribution, the relation-
ship between rainfall rate R (mm h™1!), slope factor A,
(mm~!) and Kpp for rain are given by (Sachidananda
and Zrnic, 1987; Doviak and Zrnic, 1993)

R=2035K285¢ X\ =41R7%% (mm™1). (15)
So the Kpp; [(°) km™!] can be calculated from
Kpp, = 721907549, (16)

The relationship between Kpp, and ¢, is shown in
Fig. 2. Kpp, reaches 5° km~! when ¢, equals 4 g m~3.

According to the observations of a snow storm in
Oklahoma (Ryzhkov et al., 1998), the average Kpp
of pure snow does not follow a systematic trend with
changes in the radar reflectivity factor if Z < 35 dBZ.
The Kpp of snow increases as the height increases and
the air temperature decreases. Ice crystals produce a
larger specific differential phase Kpp than dry aggre-
gated snow. The average specific differential phase of
larger snowflakes is about 0.06° km™' and the value
for ice crystals is about 0.2° km™1.

VOL. 22

For pristine and moderately aggregated snow, the
snow content is given by (Ryzhkov et al., 1998)

K
Czw = C’iD_Pl ) (17)
1—-Zpg
CiA
C=-—" 18
30m ' (18)

where C,,, (g m~3) is snow content, A (cm) is radar
wavelength, and C, C are constants.

Because the Zpr of snow cannot be obtained
directly from model outputs, the following formula
(Vivekanandan et al., 1994) is applied to calculate the
Kpps in areas of low differential reflectivity (Zpr=0.7
dB):

Kpps = 320pg; . (19)

It should be noted that for heavily aggregated
snow, Eq. (17) is expected to be less reliable and it
is likely to overestimate the actual ice content. This is
because Kpp and Zpgr are small for large aggregates
that have low density, are nearly spherical in shape,
and tumble while falling.

Several factors make Kpp insensitive to graupel
or hail. First, the dielectric constant is smaller for
ice than for liquid. Nonetheless, for large, wet hail
(D > 20 mm), the water coatings are thin and there
may be only marginal increases in the dielectric con-
stant. Second, hail is found in lower concentrations
than other hydrometeor types. Third, the propagation
through tumbling hail (statistically isotropic) should
be insensitive to polarization (Straka et al., 2000). In
this case, the specific differential phase shift of graupel
is set to be 0.25° km™1.

2.4 Correlation coefficient at zero lag |puv(0)]

In parameters observed by dual linear polarization
radar, the correlation coefficient at zero lag |puv(0)]
between horizontally and vertically polarized echoes
cannot be described by the model output quantita-
tively. |puv(0)] is affected by both the variability
in the horizontal and vertical sizes of the hydrom-
eteors and the differential phase shift. It decreases
with increasing diversity of hydrometeor orientations
and shapes (Zrnic et al., 1993). The components of
|prv(0)| for each type of hydrometeor are examined
next.

In theory, |prv(0)| for rain is generally close to
unity because of the raindrop shapes and orientations.
Slight departures from near unity are due to a con-
tinual change in shape, oscillations, coalescence, and
breakup of the raindrops (Balakrishnan and Zrnic,
1990). |pmrv(0)| for rain is set to 0.97 in the current
algorithm.
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For snow, decorrelation can be significant when
particles are wet or when they are large and irregu-
lar in shape. Moreover, |prv(0)| becomes lower in the
presence of different types of hydrometeors than just
one type (Jameson, 1989). Thus, |prv(0)| is set to be
0.95 for dry snow and 0.75 for wet snow in this study.

Balakrishnan and Zrnic (1990) showed that
|prv(0)| decreases as (1) the hail size increases, (2) the
hail protuberance-to-diameter ratio increases, (3) the
hail size distributions broaden, (4) the hail is wetted
or becomes spongy, or (5) the hail mixes with other
hydrometeors with different distributions and sizes.
For wet/spongy hail, there is a marked reduction in
|prv(0)| at D & 20 mm, and a more substantial reduc-
tion in |ppv(0)| at D > 50 mm because of resonance
effects. In the current algorithm, |ppv(0)| of graupel
is given by:

dry graupel:

|pirv (0)] = 0.93, (20)
wet graupel:
091, Z<55dBZ,
lonv(0)|=4¢ 0.89, 55dBZ < Z <60dBZ,
0.87, Z>60dBZ.
(21)

It should be noted that the above formulas are for
single components of the hydrometeors. For wet snow
and graupel, the melting process decreases |puv(0)].
Actually, several different types of hydrometeors can
coexist at the same model grid point. For example,
rain, wet snow and graupel coexist at a grid point
where the air temperature is below 0°C.

According to the definition of |prv(0)],

M
Zl Efu (i) Evv (i)
== 22
lprv (0)] i (22)

where M is the number of particles, and Eyg (i) and
Evv (i) are the back scattering electric fields of the ith
particle for the horizontal and vertical polarizations,
respectively. Syyp and Syv are the back-scattering en-
ergies. In the area mixed with hydrometeors, the total
E and S can be divided into three components for rain,
snow and graupel:

Efin (i) = Efj (1) + Efina(4) + B (@)
Eyv(i) = BEvvi(i) + Evva(i) + Evvs(i)
Sun = Sum1 + Sunz2 + Suns ,
Svv = Svvi + Svvz + Svvs -
Here, the subscripts 1, 2 and 3 are for rain, snow
and graupel, respectively. The random movements
of hydrometeors in the radar resolution volume cause
> Efyi - Evvi=o when i # j. So |pnv(0)| at the grid
point with a mixture of rain, snow and graupel can

(23)
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be rewritten as follows depending on the definitions of
reflectivity and correlation coefficients,

puvi(0
lprv (0)| = Z ~ 1Ol Z ~
H2 H3 V2 V3
14 212 CH3) (g 4 2V2 OVS
\/( Zm1 ZH1> ( VAV ZVl)
|prv2(0)]

Zay | Z Zvi | Z
<1+H1+H3) <1+V1+V3>
Zuz  Zu2 ACINAD)

Zw) .

_|_ PR

VA
(24)

3. Result analysis

A bow-shaped squall line case simulated (Nasci-
mento, 2002) by the ARPS (the Advanced Regional
Prediction System) model is selected to examine our
method. The horizontal and vertical resolutions are
2 km and 0.4 km, respectively. The numbers of grid
points in the X, Y and vertical directions are 145, 181
and 48, respectively. The microphysics parameteri-
zation includes the Kessler warm rain microphysics
parameterization and the three-category ice-phased
(cloud ice, snow and graupel/hail) parameterization
(Lin et al, 1983). The Klemp boundary layer condi-
tion is used (Klemp and Durran, 1983).

Figure 4 shows the horizontal distributions of the
mixing ratios of rain and graupel at the 2-km height
of the model grid partial squall line in the 5-hour sim-
ulation. At this level, most of the snow has melted
into rain. Five heavy rain and graupel centers are ob-
served in the figure. The heavy graupel centers are
close to the rain centers. This implies that most of the
rain is from melted graupel. Figure 5 shows the cor-
responding polarimetric variables derived from model
outputs. The maximum reflectivity of 65 dBZ and dif-
ferential reflectivity of 4.0 dB are located at the rain
and graupel centers. Note that the existence of graupel
increases the reflectivity and decreases the differential
reflectivity. The high Zpr (>3.5 dB) area in Fig. 5b
is consistent with the rain center at X=175 km and
Y=78 km in Fig. 4a. On the other hand, the graupel
center located at (182 km, 82 km) corresponds to the
0 dBZpg area. Kpp is mainly related to the rain con-
tent, while the large Kpp (> 5° km™1) is observed at
the rain centers. In the rain region, |pgv(0)| is about
0.97, and it decreases to 0.87 in the mixing region of
rain and grapuel. The decrease of |prv(0)| is due to
the mixture of different types of hydrometeors.

Figure 6 shows the vertical cross sections of rain,
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snow and graupel at y = 78 km. The large rain con-
tent (> 10 g m~3) is located at the 4-km height and
the supercooled water particles are carried to the 12-
km height by strong updraft. The maximum snow
content of 2 g m~3 is located at the 10-km height. In
the updraft region, the snow content reaches its min-
imum. The graupel content begins to decrease below
the level of 4 km and most of the grapuel is melted into
rain at the 2-km height. Figure 7 shows the poloari-
metric variables corresponding to Fig. 6. The high Zy
above 4 km is mainly contributed to by graupel, su-
percooled water and snow. Below that level, the rain
and melting graupel cause high reflectivity. An obvi-
ous “bright-band” is observed at the 4-km height in
Fig. 7a due to the melting of snow and graupel. The
Zpr of snow and graupel is near zero above 4 km and
increases with the melting of graupel. It reaches 2.5
dB near the ground. The melting processes of graupel
and snow produce more rain content and reduce the
snow and graupel contents. Both of these processes in-
crease Zpr. The two high Zpgr regions are produced
by raindrops. Kpp increases below the height of 4 km,
which is mainly caused by raindrops.

The interesting vertical distribution of |pgy (0)] is
produced by the algorithm. The |pgv(0)| of snow is
about 0.97 above 7 km, but |ppv(0)] is reduced with
height due to the graupel content increase between 7
and 4 km. The melting of snow and graupel cause a
sharp reduction of |ppv(0)] between 4 and 2 km. Be-
low the height of 2 km, most of the ice-phased parti-
cles are melted into rain, hence the high |ppv(0)|. The
vertical distribution of |pmv(0)] is consistent with the
observation results (Schuur et al., 2003).

4. Conclusion and discussion

A polarimetric variable retrieval algorithm is devel-
oped and examined by using the ARPS output data.
The effects of the melting process and temperature
on the polarimetric variables are considered in the al-
gorithm. An algorithm of |pgy(0)| for a mixture of
a varied catalog of hydrometeors is introduced. The
Zu, Zpr, and Kpp of rain are calculated quantita-
tively. But these polarimetric variables for snow and
graupel, and pyy for all hydrometeors, can only be
evaluated qualitatively. The estimated polarimetric
variables based on the ARPS model outputs are rea-
sonable in that they are consistent with the micro-
physical processes in the atmosphere. The features
of these variables near the 0°C level are reproduced
successfully. The effects of the melting processes of
hydrometeors on polarimetric variables are also repro-
duced by the algorithm.
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Fig. 7. Vertical crose sections of (a) reflectivity, (b) differential reflectivity, (c) specific phase shift, and

(d) correlation coefficient at y=78 km.

It should be noted that the microphysics processes
that occur under real weather conditions are more
complicated than those described in the ARPS model.
The drop size distribution in real precipitation is differ-
ent from the assumptions of the Marshall and Palmer
distribution used in the retrieval algorithm. In addi-
tion, the interactions between different types of hy-
drometeors are not considered in the algorithm. The
retrieval results in the paper should be compared with
dual linear polarization radar observations.
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