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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

with

A = 229R704° [em™] (3)

where R [mm/h] is the precipitation rate.

The maximum diameter of the melted particle is assumed
to be D,,.. = 7 mm, which is the same as the maximum
diameter of raindrop, and is regarded as a constant, meaning
that D,,,.., does not change with height. Then, Eq.(3) alone
uniquely determinesV,(D) becauseN,; in (2) is automati-
cally determined in such a way th&tin (3) is consistent with
the precipitation rate which is calculated from (1) and (2), that
is

In radar observation of rain from space, such as in the, Dmaz g DN 3 4
case of the Tropical Rainfall Measuring Mission (TRMM)%*/O ?(5) vs(D)N5(D)dD x 1077 x 3600 (4)

[1], information about the bright band (BB) becomes vergi, o (4) is expressed in terms of melted diameter, (4) also

important for a successful retrieval of rainfall rate becau§1e'0|dS in the case of BB and rain when the subsctigit

the radar signal passes through the bright band which Caua?ﬁpped fromv. and N.. ‘

app_remable attenuation. o The melted mass fractiorf’, in BB is numerically com-
Literatures [2][3] show that the precipitation rate of snow, yeq py integrating a heat budget equation described in

which may exist above BB, is at most a few mm/h whereag,,ovama and Tanaka [4] by using the fall velocity of a

the precipitation rate of rain which accompanies BB is mu%lhowflake computed by (1) and the fall velocity of a raindrop

higher and sometime§ can be larger than 10 mm/h. Unfortllflé [cm/s] computed by the formula given in Foote and Du
nately, however, existing BB models do not seem to explaif;; [5].

the difference between the small precipitation rate of sNOWy\yhen 7 is obtained. the volume water conteft,, and the

above BB and the large precipitation rate in the lower part BEnsity,pB [g/c?], of a particle in BB is shown to be given
BB. This paper tries to develop a model which can handle tQg ¢ iows:

change of precipitation rate in height from upper snow region F g
. . . . PIU = A pw 1 1T (L))
to rain region with BB in between. F+Le(1-F)

2. DESCRIPTION OF THE MODEL Pw (6)

PB = T pw i1 _
We adopt the model by Sekhon and Srivastava [3] as the basic F+ 53(1 —F)

model for snowfall: The fall velocity of a snowflake, [cm/s] wherep,, [g/cn?] is the density of water, angdy, [g/cn?] is
is assumed to be the density of snow at the top of BB whefe= 0.

vs(D) = 207D"3 (1) The fall velocity of a particle in BBy [cm/s], is
. . . . PB 1/3 X
where D is the melted diameter in [cm]. The drop size vg(D) = vR(D)<—) T —1TF (7)
distribution (DSD) of snowflakesN, (D), is assumed to be Pw +(X-1)
expressed by where
- X = (@)Q(ﬂw)m ()
Ns(D) = Nysexp(—=AD)  [mm~ m™”] (2) . D50
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SR 7. [dBZ] Fig. 1 shows a height profile of the radar reflectivity factor
Z which is obtained by averaging a one month amount of
Fig. 1: Averaged profile of BB observed by TRMM PR TRMM Precipitation Radar (PR) data. We use the version 6
The height is measured relative to the height of BBtop. TRMM PR data. The figure is obtained by using the PR data

in the nadir direction only. All the data both over land and
gyer ocean are used. The averaging is made by adjusting each
coefiicient of a BB particle is a linear function af [4]. pe%lk value ofZ in the BB profile to appear at the same relative
We assume that the BB particle is a uniform mixture qti.elght'.The TRMM PR [1.] has a range resolution of 25.0 m, but
. . . S ig. 1 is obtained by using the over-sampled data with a 125
water, ice, and air. In this study, we use Nishitsuji mod%l] interval. The footprint size of the TRMM PR antenna beam

[61L7](8]. (qu o_the_r_ uniform mlxturt_e mod_els, see e.g. [9]) is about 4.3 km in diameter. The frequency of the TRMM PR
In the Nishitsuji model, the dielectric constant of BB

L . . ) Is 13.8 GHz.
particle is calculated by the following Wiener’s formula We need to determine the upper boundary of bright band,
eg—1 _ p fw -1 L p& -1 Lpfa -1 ) BBtop, where the melting of snowflakes starts. Numerical
eg +U Yew+U Ye; +U Yea+U results indicate that the value ¢f at the BBtop should be
smaller than the value of at the rain top, otherwise the
model would predict a strange and unacceptdblprofile of
BB. From a practical point of view, we assume that the height
of BBtop in Fig.1 is 375 m (i.e., 1263 m) higher than the
peeight of BB peak.

The above (7) and (8) are obtained by assuming that the d

whereeg, €., €, ande, are the dielectric constant of BB
particle, water, ice, and air, respectiveR,,, P;, and P, are

the volume content of water, ice, and air. respectively, &nd
is the form factor. Since, is very close to 1.0 so that the
last term in the right side of (9) can be ignored. We compu

. . . . In our approach, two quantities in BB, that is the precip-
€ by using the Debye formula with parameters given in [10]_ ..
ande; by using the formula in [11] for the real part, and thélatlon rate 3 and the DSD slopel ;, are connected from

formula in [12] (or in [13]) for the imaginary part. Snow region to thg rain regiqn in linear functional forms with
The quantityP,, is given by (5) andP; can be shown to be respect to the height (see Fig. 2).
given by w ¢ In Fig.2, two heightshy and h; are introduced below
BBtop. From BBtop down to the heiglit,, i.e, in the region
Fi = (pB=Pu)/pi (10) (a), the above mentioned linear interpolations are made. Note
wherep, is the density of ice (=0.917 [g/cH). that the heighti, is located inside the BB, but; is located

The form factorU is assumed to be computed from; in the rain region. The heigtit; should belong to rain region

by the following expression, which is obtained by fitting th ut Sh?”'d be.close to the lower boundary.o.f .BB,.BB.bottom.
tabulated values off in [7]; We will not discuss BBbottom, whose definition is different

for authors [14][15]). From a practical reason, we choose the
2.0 for pp <0.09 heighth, to be located at 1000 m below BBtop. In the region
U= 2.013:0(0a=009)  for 51 > (.09 11) (b) in Fig. 2, precipitation rate and DSD slope are constant
and they are equal t®, at h; andA; at hy, respectively.
The above (11) also can be used for obtainirigin the Let us denote the precipitation rate and the slope of DSD
upper snow region whepp is replaced with the density of aat BBtop asRs, and Ay, respectively. Let us also denote
snowflakeps. these two quantities at the relative height as Ry, and Ay,
With these preparations, we can now go on to describe ttespectively,
essence of our new approach. But before doing that, we willln the snow region, Eq. (3) holds so that eithy, or Ay
briefly explain the test data (see Fig. 1). is the only free variable.
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) ] o Fig. 3 shows the model result (solid line) which is compared
Fig. 3: Computed profile o (solid line) 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 several,o, which is the density of snow
In the rain region, we assume an exponential type DSD gp BBtop. Fig. 3 shows the case fpr, — 0.14 [glcm?]
that the following relation [16] holds for raindrops.

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

. . . . In the snow region, attenuation due to snow is ignored so
Z?r?zirZZ?oﬂf (12), eitheft or A is the only free variable in the that the modeled’ is the same as the observed data. In other
s - C Ifsvords, we trust observed of snow and calculatd? and A

In the region (b) in Fig.2, the precipitation rate and DS f snow (see Figs. 5 and 6). In this calculation, the density of
slope are assumed to be constant so that (12) also holds when © ) : . - "

R is replaced withR, and A with A snow is assumed to be constant in height and is equalgto

| thp ) L Fiao h L there d ¢ existe ™ detailed examination of Fig. 3 shows that there exists a

n edreglon_ (azj ml 9. ,b owever, d/(\a're 0€s Nno _eX|s£§na” gap in the slope of at BBtop. Fig. 4 shows that about
Enyhp];e- ffi”.’”'”ﬁ re a_1t|on etwesnand A: we can assign a 100 m difference exists between the height of computed BB

ot an in the rgglon (a).. ) . peak and that of measured peak. On the whole, however, it
We need to determine the height which separates regionsy, 5y pe said that our model can produce a reasonable value
(a) and (b). We assume that, [m] is given by the following ¢ ~ i BB.

formula

A = 41R7% [em™! (12)

Fig. 5 shows computed profile of precipitation rate R.
hy = —100Z%17 —100 (13) The figure indicates that R shows only a gradual downward
increase at higher altitude but the increase of R becomes
whereZ;, [nmSm~?] is the reflectivity factor ah,. WhenZ, appreciable as the height decreases. It should be noted that
is replaced withZ at BBbottom, Z, the first term on the a very rapid downward increase of R already begins above
right side of (13) becomes the BB width given by KlaasseBBtop. The downward increase @t continues in the upper
[14] (times a minus sign). We assume here tHatwould be part of BB until the height reaches tg, (by our assumption
very close toZ;. A 100m offset is introduced in (13) becauser changes linearly with respect to height from BBtop down
Klaassen’s BB width is thought to be too narrow [15]. to hr).
Since the observed in Fig. 1 contains the attenuation, the Fig. 6 shows computed profile df. In the higher altitude,
observedZ at h, is not Z;. We computeZ; in the following A shows a large value, which means that small drops are

iteration. dominant in the upper snow region. The slapelecreases as
From the observed at h, Z1,,, we obtain the first guessthe height decreases which implies a formation of large drops
of R, Ry, by the following relation [16] as the snowflakes fall. The slopereaches to the minimum
value at BBtop, implying that the formation of large drops
Zim = 200RLS (14) may occur most intensely at BBtop. From BBtop dowrhiq

A increases (linearly with height by the assumption).
Run the program with this initial guess value, and obtain the

computed value ofZ..;. Make a correction taR;,; using 4. DISCUSSIONS
Z1est/Z1m. Though this process can be repeated, makingThe most interesting finding of this study would be the fact
correction only once seems to be sufficient. that the precipitation rate which is smaller than the value
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at BBbottom can produce the BB peak iy this fact is
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