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ABSTRACT

This paper is a continuzation of an earlicr papert. In this paper. we investigate the stability and the
representativeness of the rainfall rate k determined by the B.*-h relationship in the scintillation method of
remote sensing of rain parameters, develop an adcquate scheme for retrieving rainfall rate and raindrop
size distribution (DSD), and finally characterize the technique by numerical simulations. The results show
that the B,*—# relationship is quite stable for all the raindrop size distributicns used in present sitnulations:
the measured rainfall rate is not severely affected by the distribution of the path-weighting function of B,*.
The retrieving of DSDs is successful even if the obscrvation errors are assumed in simulations. The rainfall
rates derived from the ratricving of DSD is moere accurate than these determined by B, -h relationship. This
method is superior in heavier rains.

1. INTRODUCTION

The measuremcnis of rainfall rate and raindrop size distribution (DSD) are of great
importance in various fields such as meteorology, hydrology and radio wave propagation
etc. Conventional rain-measuring instruments are less representative for mesoscale meteor-
olegy because of their very small sampling area and inaccurate sampling time. In 1975,
Wang et al.*! proposed a promising rain-measuring technique making use of the rain-induced
scintillations of a laser beam. The instrument they developed gives path-averaged rain
parameters with not only much larger sampling area but also better time resolution, never-
theless there are some weaknesses in the derivation and application of their basic equations.
In an earlier paperll, we pointed out the weaknesses and established a set of remote sensing
equations in which the measurable quantity, the scintillations of the line-integrated iniensity
were used. Based on our equations, four ways to obtain rainfall rate have been found
and the characteristics of the kernel functions for measuring DSD have been discussed. This
paper is a continuation of our earlier work!'). In this paper, we will deal with some
unsolved problems and characterize the technique by various quantitative estimates and numer-
ical simulations. These problems are as follows:

(1} The stability in the measurements of rainfall rate by B¥. The change of the shape
of DSD will affect the stability of the relationship between the incohcren:tlcomponent of the
scintillation and the rainfall rate because rainfall rate is approximately proportional to a™*®
whereas the incoherent component 8% to 4, where 4 is the radius of the raindrop. We
will give the range of the 5*-h relationship by. numerical simulations,
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(2) As the incoherent component B¥ is obtained from an integral over L. the distri-
bution of ihe path-weighting function will give rise to unequal contributions to BY from
drops of the same kind at different distances. Both factors cause errors in retrieving the
rainfall rate. These effects will be numerically investigated.

(3) Develop an adequate retrieval scheme and carry out numerical experiments in re—
trieving the DSD and rainfall rate.

1. BASIC EQUATIONS

The physics of the method will be briefly given here (Reference [1] for details). A raindrop
scatters visible light with the phase function concentrating intensively in forward directions.
Falling through a horizontal laser beam, the raindrop will induce a transient scattered light
pulse (raindrop-induced light scintillation) on the detectors placed in front of the beam (see
Fig. 1). Freely falling drops of random distribution within the beam will couse statistical
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Fig. 1. The geometrical configuration of the experiment in remote sensing of rain-
fall parameters by laser scintillations. 1. a laser; II. the aperture
of the transmmitier, AB=CD=/,
scintillations. As the falling velocities of the raindrops of different sizes are different, two
detectors seperated vertically at a distance z, will receive different scintillation patterns at
the same time. These patterns contain the information of the falling raindrops. There-
fore it is expected to obtain rain parameters from certain statistical characteristics of the
detected light signals. We have deduced in [l] the coherent component BY and the in-
coherent component B* of the line-integrted intensities received by two detectors, which
can be expressed as:
(> 1 (Dy
Bf(zo,r)=_3%i=0.zl7u \ Nt,(a)wdaI dxt|” dy*Q
n A1 L0 -
N2
X exp{ —0,1350Q"° (—?—-—-%) }
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- ooy B2 _0.922° N (N -1 . 0 (Dt . P
B:‘kzu)—————“ =TT VL.«ln n,(a)a*da }“ o ju dyrI{x% ,_y"",zn,a)._|j

:_17 1)2 o 1 Dz H
o~ 0'9224::—L :—I:Iﬂ daa‘Nu(a)L dx* 50 ' darl{x®, g, 2, a)j .

+erf[0.2598Q<(f‘/l+ ';' — iy f, )]}
% {erf[0.25980Q(1— y*)]+erf[0.2698Q(1+ »*) 11, (2)

where 7, is the incident light intensity; z, the vertical distance between two detectors; ¢ the

time lag; L the distance between laser and detectors; ¢ the radius of raindrop; N, (@) is

DSD; ()= N {a)/N,, N, is the number density of the raindrops; x, y, z are the coordi-

— nates defined in Fig.1; v is the terminal velocity of raindrop with radius a;[ the length of

detectors; D the radius of the cross section of the beam; N the total number of raindrops
within the beam at time r. The length is measured in meter and the time in second.

I(x*,y*,zn,a)={erf[ 0.25980(J1+ ‘j: -y —
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—_ Fig. 2. B,*-h relationship for different DSDs. & —M-P
distribution; x —L-P distribution; - —BJ distribution.
The solid lines are the regression curves correspend-
ing the distributions as indicated.
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Fig. 3. Some of the DSD used in the numerical simulations.
The rainfall rate for M-P (2nd curve from the left) is 2 mm/hr.

An excellent relationship between 5% and rainfall rate £ was found through numerical
simulation"],  When DSD is subject 1o Marshall-Palmer distribution, the relationship is
ln B¥=—13.2397+41.3158Ink, (3)
The correlation coefficient is 0.9998 (the coefficients in (3) are different from those in
Fig. 7 of Reference [l], because we adopt here an experimental expression for u(a)t?
instead of the approximate one, u{2)}=200./ 7 used in [I]).

B¥ iz related to N, (a) by
B¥z.t) = “ Wzysrsa) VN .(a)da. {4)
. Jo

Eq. (4} is a linear integral equation with the kernel function ¥ (z,, 7, a). Ulilizing the inver—
sion methods in atmospheric remote sensing'*'*), we can obtain the rainfall rate 4 and DSD
from B*, and BF.

[Il. EFFECTS OF THE SHAPE VARIATION OF DSD ON B;

It s clear from Eq. (2) that the incoherent component B% is a functional of DSD,
therefore the relationship between B¥ and # is affected by the shape of DSD. In other words,
the relationship (3)deduced from the assumption of M-P distribution may not remain the
same accuracy as applied to a rain with DSD of other distributions. In order to investigate
the effects,we substituted Marshall-Palmer distribution (M—P distribution) of various rainfall
rates, Law—Parsons distributiont! (L-P distribution) and 289 samples of DSD with the
filtering-paper in Beijing (BJ distribution) respectively for N, (2) to deduce the corresponding
B%*-h relationships (see Fig. 2). It turns our that the shape of DSD does affect the rela-
tionship to some extent. Two conclusions can be drawn from the results shown in Fig. 2:

(1) The B¥-h curves derived respectively from L-P and M-P distributions are quite
close to each other. Corresponding to the same B*, the relative deviation of the rainfall
rates from the two different distributions is about 0% in heavy rains. In light rains the
relative deviations are slightly larger but the absolute deviations are not. The relative de—
viations decrease with increase in rainfall rate. However, the value of BY from L-P
distribution is always less than that from M-P distribution. The reasen for this can be
explained from Fig. 3 as follows. Although the épectral density of L-P distribution is
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sometimes slightly larger than that of M-P distribution when the drop radius a is less
than a_, the N (a) of L-P distribution vanishes when #>>a, (g, is the radius of maximum
drops in L-P distribution). On the other hand, the M,{a) of M-P distribution still remains
meaningful value when a is larger than 4,. As B¥cca* and hoca®™s, it is expected that
8% of L-P distribution will be less than that of M-P distribution at the same rainfall rate.

(2) As for BJ distribution, the relationship between B* and k is rather disperse,
which, besides the change of the shape of DSD,is mainly due to the statistical fluctuation
caused by the insufficiency in samples. This hardly eliminated by the filtering—paper method
with too small sampling areas. The linear regression between In B} and In / gives

Inf%=—13.98+1.429 [nh. 3
The correlation coefficient is 08725, The parameters in E9.(5) is close to the those for
M-P distribution as shown in Fig. 2 (the regression curve from L-P distribution is
In B¥=—13824+1404 In /).

The above results show that the rainfall rate can be determined from BY with certain
accuracy. I is worth pointing out that it is the scintillation method which greatly compresses
the dispersion in the results of BJ distribution. The “sampling area’™ of the scintillation
method is 2-—3 orders larger than the areas of filter papers, and the sampling time interval
is also longer. As a result, the statistical fluctuation in DSD will be deminished, and a more
stable B*-h relationship close to our average results ¢an be expected.

1¥. PATH REPRESENTATIVENESS OF THE RETRIEVED RAINFALL RATE

B* is derived from the integral with respect to x*. Therefore the 4 deduced from
B* is path-averaged. We can estimate the contribution of the path-varying rainfall at
certain distance from the detectors in the following way. Rewrite Eq. (2) as

A e

=ﬂ: dxD(x%,z) ], (6)

where we assume that N,(g,x*) = N,(c) and D (x*, z,) represents the contribution of the
rainfall rate at x* to B* (see Fig. 4). It can be seen that D (x*, z,) is a monolonic
function of x*. The largest contribution always comes from the terminal of the path where
the detectors are placed and the smallest at the starting point because the scattered light by
a raindrop is attenuated as the scattered light travels farther. Fortunately, the difference
between D (1, z,) and D (D, z,) isnot very largeas shown in Table 1 with the nonuniformity
of D(x*, z,) described by 80/D). Thus the rainfall rate can be considered as reasonable
average over the whole path. Especially at rainfall rates larger than 10 mm/hr, D (x*, z,)
changes slightly. On the other hand, the rainfall rates below 0.1 mm/hr come mainly
from stratiform clouds which distribute very homogencously over a large area. Therefore
the change ‘of the path-weighting function may not severely influence the rainfall rate mea-
sured.

Table 1 Nonuniformity of D (x*, z,)

k& {mm/hr) 0.1

8D/ D(%) 25.1 15.7 7.86 " 4.80
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1 k=10mm /hr (r=3)
£
=3
X
’@2_ o.amm/hr (n=4)
3-
2 100 /hr (n=2)
L
1mm/hr (n=3)
{. 1 i
) 0.5 1
x*

Fig. 4. The path-weighting functions of B,*(z,).

V., NUMERICAL SIMULATIONS

I. Retrieving Rainfall Rate and DSD by BY and B}

(1) Differentiate the coherent component B* and incoherent component BF from
the correlation function By (z,, ©) of the line—integrated intensities received by the upper
and the lower detectors as mentioned in Reference][l].

(2) Make first guess h,, We have obtained three relationships between B} and /.
But as discussed in [II, there maybe exist considerable errors in the rainfall rates determined
directly from the relationships, no matler which relationship is utilized. However, these
relationships are accurate enough to esiimate the magnitude of rainfall so that we can select
the suitable channels for retrieving. M-P distribution is adopted for this purpose because
it is more commonly used than BJ distribution and its analytical form is more convenient to
calculate than L-P distribution. Therefore, the first guess A, is made from the relationship
from M-P distnibution.

(3) Divide the first guesses of rainfall rates into four groups: A<0.5 0.5<CA <5, 5<CA<50
and 30<C#, then select the channels { B%(z,,v;}} i=1, 2, «»-, M and the radial intervel
(0, a.) based on the characteristics of the weighting function B’ (z,, 7, a} in Eq. (4) corre-
sponding to each group.

(4) Calculate the following DSD at rainfall rate 2,:

NCa)=1.6x10"exp{ —82004;%%"q). (7)
(5} Form a new weighting function
I’Vh'(znsfya)=W(20)715)1V{v”(ﬂ) (3)
{6) By Phillips-Twomey (P-T) method!), retrieve the following equation
BY(zyyr) =\ " S(a)W x(20,7:,0)da, (9)
Tp

and obtain the slowly-varying functic;n 5(a).
(7) Finally get the desired quantities
N.(a)=S(a N a), (10}

N TP
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h-—f”— \” ¢ No(a)v(a)da. (11)

The Lagrange multiplier 1 in the retrieving is sclected as

=1 Z lay? (12)

with a slightly modification to minimize (B”;-J;S‘}')/B2 , where N is the numer of the nodes

in radius, a,=3.5x107°, B¥ is calculated by substituting the retrieved N,(g} for the

N(a) in Eq. (2) whereas B¥ is calculated from the actual N,{a) assumed. g; is the

column vector of the matrix obtained from discretizing Eq. (%) and || || symblizes the
N

v (s
norm of a vector, defined as |a| =(Zai) .

2. Selecting DSD to be Retrieved

In order to represent the actual DSD we refer to three types of DSD summarized
by Gul™. They are: Type I, the number density of drop decreases exponentially as radius
increases; Type II. a peak of number density locates al the radius varying from 0.15 to
0.25 mm; Type IiI, occurring in rains heavier than 1 mm/hr, and having two or more
peaks in this distribution (the secondary peak is usually at 1 mm or so).

Several functions are applied to imitate the three types. For Type I, M-P distributions
at rates h=0.5, 1, 2, 5, 10, 20, 50 100 mmy/hr are wsed. For Type 11 and 11, the following
formula is used with different parameters

‘ { 2, (1000a) “exp( —1000ba) + a.exp( —820047""a}, (a=0)

N.,(a)=<l (13)
a,ta,. (a=0)
The symbols used here are the same as above. The parameters are as follows:
I-1; =7, b=23.2,hA=2,a,=0,9145X10"%, g, =1.463x 10%
0.8249x10', a=0
i-2; a=7, b=23.2,h=2,al={ a;=2.639x 10%
0.8249, a=0
0.8145x 19, a=0
[-3: a=7, b=23.2,h=2, a1={ a,=1.463x10°%,
0.4573, a=0
I-1; a=7, b=7.8,hk=50,a,=0.7224 X 10°, a,=1.155x10%,
-2, a=7, b=7.8,A=100,0,=0,1347 X 10'°, a,=2.1552 x 10°,
3, Results

Random errors of normal distribution with a standard deviation of 5%, measured values
have been added to B* and B¥ calculated from Eqs. (1) and (2) as the errors in measure-
ments laking into account. The values of B% and B} with errors areregarded as measured
data-to retrieve the rainfall rate and DSD, The results shown in Table 2 and Fig. 5 in-
dicate that the retrieved rainfall rates A, in most cases are more accurate than ’,, especially
under the condition of non-M-P distribution in heavy rains. The relative errors of the
retricved rainfall rates are generally less than 10% except three cases with Type Il distribu-
tion which changes more rapidly and deviates greatly from M-P distribution. The errors
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are up 10 12% in Type I cases. But even in these cases the ¢rrors are not too serious
to meet the present demand of accuracy in the measurement of rainfall rate.

108

Ny (aym)

ai{mm)
Fig. 5 {a). The retrieved result {or M-P Fig. 5 (b). The retrieved result for non-M-P
distribution. distributions.
& —1 mm/hr; «—10 mm/hr; a4 —type I11-3; x—type 111,
. —100 mm/hr; &—100 mm/hr . —type IIT-2.

{using anoiber set of channels).

The average unweighted errors in retrieving DSD are about 40%. Fig. 5 shows that
errors are larger at two ends of the radial interval whereas they remain smaller over a wide
range between them. As raindrops at the iwo ends make little contribution to rainfall,
the rainfall rate % calculated from the reirieved DSD are not severely affected. Table 2
indicates thar the errors weighted by the relative contribution to rainfall have an average
value less than 6%, Moreover, it is obvious from Table 2 that in the cases of non-M-P
distribution the errors of retrieved distribution are less than that of the initial distribution
derived from #, according to Eq. (7) and the peak value and its position are re~established
quite correctly as seen in Fig. 5 (b). This demonstrates that the retrieved DSD by the pre-
sent method, o a certain extent, can reflect the deviation of an actual DSD from M-P dis-
tribution, :

Vi. COMNCLUSIONS

Based on the numerical simuiations of retrieving rainfall rate and DSD and the discussion
on some relevant problems described above, the scintillation method can be further charac-
terized as follows:

{1) The relationship B%-A is statistically stable, no matter which distribution in our
computation is used. Therefore, rainfall rate & can be roughly determined by B7.

{2} There is a quite uniform path-weighting function in the scintillation method. In
heavy rains the path-weighting funciion changes about 10 % from the initial points of the
detecting paih to the terminal. Since rainfall can be regarded as uniformty distributed over

LI
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Table 2 Results of the Numcrical Simukations

Type | ). J fy n, | Ak, fh Ah ik ‘ E, ’ E, | Eaw E..
0.5 | 0.4976 | 0.4996 | ~-0.0048 © —p.oops 0.06383 ‘ 0.5084 0.0009-2 n.uzﬁs
1.0 0.97147 1.(?00 _77—703677- _DEH_- 0075543 0.52;17 70.0065587 de
5.0 | 4890 1 487 | —0.0812  ~0.0238 | 0.07871 0434l | 0.0018 | 9.02713
M-P 157 9?4; i Eﬁi 7—70.[)6 —Iﬁ-zm _6.0994717 70.471107 -0.1_11.011 5.762_037
20.0 r_la_.ns_ E?‘ —D.0455 7;0‘072; o.[m-r; \0.520 : (;.043;3 0‘.70;150—
a0 4ds |48z | —0.m7 | —o.0878 | ootst | oazrz | o.ooras  o.ozers
C Jrome s [ssew | ems | ool | bowsz | o.asss  voosizs  0.oaszs
I-1 2.07 ' z.208  1.756 0.-1015_ -;0.1220 ;.:13 7 7[).-&185 [ ﬂmfﬂ&f
L-2 72; -.z‘-”—ﬂ 1..7?9 - 0. D863 —40.1105 3.822 ' 1770.4324 0.005051_ 0.002186‘
I-3 2.0 i 72% 1.756 0.1015 —0.1220 _ 7-52;7 ) D.4156 0.005603 ‘ 0.002349
m-1 ; 50.0 —22-.2—4‘ 1-49.07_- —70.;552 k —~0.0186 ;5.73 __0_.::‘.563 N n.13175 o 0.02402 .
-2 100.07 ;;.05 Vlisﬁ.wk 7—7.3.5; fo.;]asia_l 1.940 |7—0.4756 I 0.09433 - o.uuaBA

Motes : h is the actpal rainfall rate; A, is the first guess of rainfall rate; 4, is the retrieved

rainfall rate;

—
Ahofh=Che— k)7, AR h=(h ~h)/h; Eu=\/%2 [N e —N.(ad]

=1
E, is the same as E, except that V. is substituted for N (N, is the DSD which is
deduced when #, is used instead of &, in Eq. {T});

N
E”’=\/}Tl 3 AeOINP(e)-Nu(a ) I ;

=1

E,, is the same as E,, except that N, is substituted for N§?,

a several-hundred-mreter path, the effect of the distribution of the path-weighting function on
the measurement of rainfall rate is negligible.

{(3) It is demonstrated by numerical simulations that the characteristics of several types
of DSD can be retrieved even if the sufficient errors in measurements are assumed. Also,
the retrieved rainfail rale is more accurate than that from the BY-# relationship.

It should be pointed out that the retrieval accuracy is expected to be further improved by
better selection of the channels and the first guess. '

We are grateful to Lin Hai who kindly provided us with all the DSD observations and some DSD
information used in this paper.
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