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Abstract

This paper proposes a bright band (BB) model in which the
radar reflectivity factor (Z) shows a reasonable connection to
that in the upper snow region. The model assumes a linear
change of precipitation rate with hight and also a linear
change in slope of drop-size distribution with height in the
upper part of BB. A comparison of the model with an averaged
height profile of Z obtained by the TRMM precipitation radar
shows a good agreement.

1. INTRODUCTION

In radar observation of rain from space, such as in the
case of the Tropical Rainfall Measuring Mission (TRMM)
[1], information about the bright band (BB) becomes very
important for a successful retrieval of rainfall rate because
the radar signal passes through the bright band which causes
appreciable attenuation.

Literatures [2][3] show that the precipitation rate of snow,
which may exist above BB, is at most a few mm/h whereas
the precipitation rate of rain which accompanies BB is much
higher and sometimes can be larger than 10 mm/h. Unfortu-
nately, however, existing BB models do not seem to explain
the difference between the small precipitation rate of snow
above BB and the large precipitation rate in the lower part of
BB. This paper tries to develop a model which can handle the
change of precipitation rate in height from upper snow region
to rain region with BB in between.

2. DESCRIPTION OF THE MODEL

We adopt the model by Sekhon and Srivastava [3] as the basic
model for snowfall: The fall velocity of a snowflake,vs [cm/s]
is assumed to be

vs(D) = 207D0.31 (1)

where D is the melted diameter in [cm]. The drop size
distribution (DSD) of snowflakes,Ns(D), is assumed to be
expressed by

Ns(D) = Nos exp(−ΛD) [mm−1m−3] (2)

with
Λ = 22.9R−0.45 [cm−1] (3)

whereR [mm/h] is the precipitation rate.
The maximum diameter of the melted particle is assumed

to be Dmax = 7 mm, which is the same as the maximum
diameter of raindrop, and is regarded as a constant, meaning
that Dmax does not change with height. Then, Eq.(3) alone
uniquely determinesNs(D) becauseNos in (2) is automati-
cally determined in such a way thatR in (3) is consistent with
the precipitation rate which is calculated from (1) and (2), that
is

R =
∫ Dmax

0

4π

3

(D
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)3

vs(D)Ns(D)dD × 10−4 × 3600 (4)

Since (4) is expressed in terms of melted diameter, (4) also
holds in the case of BB and rain when the subscripts is
dropped fromvs andNs.

The melted mass fraction,F , in BB is numerically com-
puted by integrating a heat budget equation described in
Yokoyama and Tanaka [4] by using the fall velocity of a
snowflake computed by (1) and the fall velocity of a raindrop
vR [cm/s] computed by the formula given in Foote and Du
Toit [5].

WhenF is obtained, the volume water content,Pw, and the
density,ρB [g/cm3], of a particle in BB is shown to be given
as follows:

Pw =
F

F + ρw

ρs0
(1 − F )

(5)

ρB =
ρw

F + ρw

ρs0
(1 − F )

(6)

whereρw [g/cm3] is the density of water, andρs0 [g/cm3] is
the density of snow at the top of BB whereF = 0.

The fall velocity of a particle in BB,vB [cm/s], is

vB(D) = vR(D)
(ρB

ρw

)1/3
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(7)

where
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vR

)2( ρw

ρs0

)2/3

(8)
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Fig. 1: Averaged profile of BB observed by TRMM PR
The height is measured relative to the height of BBtop.

The above (7) and (8) are obtained by assuming that the drag
coefficient of a BB particle is a linear function ofF [4].

We assume that the BB particle is a uniform mixture of
water, ice, and air. In this study, we use Nishitsuji model
[6][7][8]. (For other uniform mixture models, see e.g. [9].)

In the Nishitsuji model, the dielectric constant of BB
particle is calculated by the following Wiener’s formula

εB − 1
εB + U

= Pw
εw − 1
εw + U

+ Pi
εi − 1
εi + U

+ Pa
εa − 1
εa + U

(9)

where εB , εw, εi, and εa are the dielectric constant of BB
particle, water, ice, and air, respectively,Pw, Pi, andPa are
the volume content of water, ice, and air. respectively, andU
is the form factor. Sinceεa is very close to 1.0 so that the
last term in the right side of (9) can be ignored. We compute
εw by using the Debye formula with parameters given in [10]
and εi by using the formula in [11] for the real part, and the
formula in [12] (or in [13]) for the imaginary part.

The quantityPw is given by (5) andPi can be shown to be
given by

Pi = (ρB − Pw)/ρi (10)

whereρi is the density of ice (=0.917 [g/cm3]).
The form factorU is assumed to be computed fromρB

by the following expression, which is obtained by fitting the
tabulated values ofU in [7]:

U =

{
2.0 for ρB ≤ 0.09
2.0e13.0(ρa−0.09) for ρB > 0.09

(11)

The above (11) also can be used for obtainingU in the
upper snow region whenρB is replaced with the density of a
snowflakeρs.

With these preparations, we can now go on to describe the
essence of our new approach. But before doing that, we will
briefly explain the test data (see Fig. 1).

Fig. 2: Several heights in BB

Fig. 1 shows a height profile of the radar reflectivity factor
Z which is obtained by averaging a one month amount of
TRMM Precipitation Radar (PR) data. We use the version 6
TRMM PR data. The figure is obtained by using the PR data
in the nadir direction only. All the data both over land and
over ocean are used. The averaging is made by adjusting each
peak value ofZ in the BB profile to appear at the same relative
height. The TRMM PR [1] has a range resolution of 250 m, but
Fig. 1 is obtained by using the over-sampled data with a 125
m interval. The footprint size of the TRMM PR antenna beam
is about 4.3 km in diameter. The frequency of the TRMM PR
is 13.8 GHz.

We need to determine the upper boundary of bright band,
BBtop, where the melting of snowflakes starts. Numerical
results indicate that the value ofZ at the BBtop should be
smaller than the value ofZ at the rain top, otherwise the
model would predict a strange and unacceptableZ profile of
BB. From a practical point of view, we assume that the height
of BBtop in Fig.1 is 375 m (i.e., 125×3 m) higher than the
height of BB peak.

In our approach, two quantities in BB, that is the precip-
itation rateRB and the DSD slopeΛB , are connected from
snow region to the rain region in linear functional forms with
respect to the height (see Fig. 2).

In Fig.2, two heightshL and h1 are introduced below
BBtop. From BBtop down to the heighthL, i.e, in the region
(a), the above mentioned linear interpolations are made. Note
that the heighthL is located inside the BB, buth1 is located
in the rain region. The heighth1 should belong to rain region
but should be close to the lower boundary of BB, BBbottom.
(We will not discuss BBbottom, whose definition is different
for authors [14][15]). From a practical reason, we choose the
heighth1 to be located at 1000 m below BBtop. In the region
(b) in Fig. 2, precipitation rate and DSD slope are constant
and they are equal toR1 at h1 andΛ1 at h1, respectively.

Let us denote the precipitation rate and the slope of DSD
at BBtop asRs0 and Λs0, respectively. Let us also denote
these two quantities at the relative heighthL asRL andΛL,
respectively,

In the snow region, Eq. (3) holds so that eitherRs0 or Λs0

is the only free variable.
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Fig. 3: Computed profile ofZ (solid line)

In the rain region, we assume an exponential type DSD so
that the following relation [16] holds for raindrops.

Λ = 41R−0.21 [cm−1] (12)

Because of (12), eitherR or Λ is the only free variable in the
rain region.

In the region (b) in Fig.2, the precipitation rate and DSD
slope are assumed to be constant so that (12) also holds when
R is replaced withRL andΛ with ΛL.

In the region (a) in Fig.2, however, there does not exists
any pre-determined relation betweenR andΛ: we can assign
both R andΛ in the region (a).

We need to determine the heighthL which separates regions
(a) and (b). We assume thathL [m] is given by the following
formula

hL = −100Z0.17
1 − 100 (13)

whereZ1 [mm6m−3] is the reflectivity factor ath1. WhenZ1

is replaced withZ at BBbottom,ZR, the first term on the
right side of (13) becomes the BB width given by Klaassen
[14] (times a minus sign). We assume here thatZR would be
very close toZ1. A 100m offset is introduced in (13) because
Klaassen’s BB width is thought to be too narrow [15].

Since the observedZ in Fig. 1 contains the attenuation, the
observedZ at h1 is not Z1. We computeZ1 in the following
iteration.

From the observedZ at h1, Z1m, we obtain the first guess
of R, R1st, by the following relation [16]

Z1m = 200R1.6
1st (14)

Run the program with this initial guess value, and obtain the
computed value ofZ1est. Make a correction toR1st using
Z1est/Z1m. Though this process can be repeated, making a
correction only once seems to be sufficient.

Fig. 4: Dependence of computedZ on ρs0

3. RESULTS

Fig. 3 shows the model result (solid line) which is compared
with the observed averaged data of TRMM PR at 13.8 GHz;
the data points here are the same as those shown in Fig. 1. We
run the model with severalρs0, which is the density of snow
at BBtop. Fig. 3 shows the case forρs0 = 0.14 [g/cm3].

Fig. 4 showsZ in BB calculated for differentρs0 together
with observed data points. Among the three curves, the one
for ρs0 = 0.14 seems to fit the data best.

In the snow region, attenuation due to snow is ignored so
that the modeledZ is the same as the observed data. In other
words, we trust observedZ of snow and calculateR and Λ
of snow (see Figs. 5 and 6). In this calculation, the density of
snow is assumed to be constant in height and is equal toρs0.

A detailed examination of Fig. 3 shows that there exists a
small gap in the slope ofZ at BBtop. Fig. 4 shows that about
a 100 m difference exists between the height of computed BB
peak and that of measured peak. On the whole, however, it
may be said that our model can produce a reasonable value
of Z in BB.

Fig. 5 shows computed profile of precipitation rate R.
The figure indicates that R shows only a gradual downward
increase at higher altitude but the increase of R becomes
appreciable as the height decreases. It should be noted that
a very rapid downward increase of R already begins above
BBtop. The downward increase ofR continues in the upper
part of BB until the height reaches tohL (by our assumption
R changes linearly with respect to height from BBtop down
to hL).

Fig. 6 shows computed profile ofΛ. In the higher altitude,
Λ shows a large value, which means that small drops are
dominant in the upper snow region. The slopeΛ decreases as
the height decreases which implies a formation of large drops
as the snowflakes fall. The slopeΛ reaches to the minimum
value at BBtop, implying that the formation of large drops
may occur most intensely at BBtop. From BBtop down tohL,
Λ increases (linearly with height by the assumption).

4. DISCUSSIONS

The most interesting finding of this study would be the fact
that the precipitation rate which is smaller than the value
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Fig. 5: Computed profile ofR

at BBbottom can produce the BB peak inZ; this fact is
obtained by comparing Figs. 3, 5, and 6. The maximum
value of Z, Zpeak, appear about a 100 m aboveht. The
precipitation rate at the height whereZpeak appears is smaller
than the precipitation rate atht, hence smaller than the value
at BBbottom.

Below ht, Z shows a value larger than that of rain because
melting of larger drops does not end atht, so that the actual
size of a melting drop is larger than the melted size, and the
fall velocity is smaller than that of a melted drop (see (4)
on the effect of velocity on DSD). Contribution of such still
melting drops causes the tailing part of BB peak.

A care should be taken on the fact, however, that TRMM
PR has a 250 m range resolution so that the observedZ is a
range averaged quantity. If the range average were not made,
the actual peak value ofZ would be slightly larger than the
observed one and the width of the peak would be slightly
narrower than the observed one.

5. CONCLUSIONS

We have developed a BB model in which the precipitation rate
is changed from a small value in the upper snow region to a
larger value in the rain region in a reasonable way. The model
can successfully explain the averaged profile ofZ observed
by the TRMM PR. However, there are rooms for possible
improvement in the model, such as in the choice of parameters,
inclusion of the reported dependence ofρs on the drop size
[9][14] into the model, and also in the selection of composite
dielectric model. Further works are necessary. Application of
the model to other experimental data with different frequencies
and comparison with Doppler data is also important.
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Fig. 6: Computed profile ofΛ
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