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SUMMARY

The results of a series of experiments with a computer procedure for reducing
the errors in radar rainfall measurements due to the effects of the bright-band
are described. This procedure, originally developed at the Meteorological
Office, Bracknell using a high-level computer language (FORTRAN) has been
donverted to a low-level computer languzge (PSEUDO, based on PDP assembly
language) for possible eventual use within 2 real-time radar data processing
system. This conversion has been successful and, although truncation errors
have been introduced, it is felt that these are of an acceptable magnitude.
The present procedure does not appear to be well suited for use with
instantaneous radar data, but existing data are too limited for further

investigation. Recommendations for future work are made.

'1. INTRODUCTION : o

The presence of sleet within the radar beam causes the power received at the
aerial to be greater than that from rain of the same rate of precipitation.

For a radar scanning in azimuth at a low elevation angle (the normal PPI scan),

" a roughly anmular band of enhanced radar echo (known as the "bright-band") is

observed at'ranges from the radar where the radar beam intersects the sleet.

The result is the introduction of an additional error into the radar estimate

 of the surface rainfall. For a given radar beamwidth and elevation angle, the

gize of this error depends upon the height and the reflectivity and thickness

of the melting layer.




As part of the work carried out during the Dee Weather Radar Project (see Harrold
et al, 1973), an objective procedure for reducing the errors in radar rainfall
measurements due to the presence of the bright-band was developed by Harrold and
Kitchingman (1975) (see Appendix 1 to this paper). The method involves calcula-
ting the radar reflectivity factor at each range element, averaged over several
degress of azimuth, and then deriving the ratio of reflectivity factor measure-
ments at elevations of 0.50 and 1.50, referred to as "lambda" ratios, together
with an off-line assessment of this procedure. Harrold and Kitchingman (1975),

revealed that out of 193 radar estimates of hourly rainfall totals in various

subcatchments of area typically 6Okm2, using one raingauge calibration site, the
average percentage difference, regardless of sign, between the radar and rain-

gauge estimates was found to be 34% when the correction procedure is applied, but
38% when the procedure is excluded. It was suggested that the procedure removed
the grosser errors over the area of radar coverage as a whole, but did little to

improve the accuracy near raingauge calibration sites.

In order to investigate the performance of the correction procedure within an
operational environment, the procedure was adapted for inclusion within a "real-
time" radar data processing system developed by a team at the Royal Signals and
Radar Establi.shment (Ball et al, 1976). This system had been used during the
last eighteen months of the Dee Weather Radar Project, but unfortunately it had
not been possible to incorporate the correction procedure before the Project was
terminated. However, between March 1976 and Septeﬁber 1976 a large number of
recordings of the raw radar video weré’made at the Llandegla Research Station in
ﬁorth Wales, in anticipation of the future testing of the bright-band correction

procedure.

/
-

Extensive pruning of the original real-time data processing system was necessary

to accommodate the new correction procedure within the minicomputer used to pro-




cess the radar signals. In fact the procedure was found to require 7K words of

core space in the PDP 11-40 computer in use, and the free core normally avail-
able in the computer, vhen the rest of the system was in residence, was 2K words.
Software controliing the real-time calibration using raingauges, the calcula-
tion of integrated subcatchment rainfall totals, and several other facilities

had to be removed from the system for the purposes of the tests.

The basic correction procecdure was written in the low-level computer language
necessary for the PDP computer at the Minicomputer Laboratory, Bracknell Met
Office. No efforts were made by the present authors to optimize this softvare,
except vhere incompatabilities were found to exist between the procedure and the
interface softare linking it to the rest of the system. The correction
procedure vas known to be very sensitive to minor software modifications. Such
changes had led to numerical instabilities during the initial development by

Harrold and Kitchingman.

The original concept of the correction procedure had been that it should be
operated at a radar network control site, upon data transmitted via CPO tele-

phone lines from a remote radar station. This would have proved difficult to

5 .implement as the procedure, in the form developed by Harrold and Kitchingman,

requires data in polar coordinates which is not saved in the radar site computer,
as core space is limited. Also, after the termination of the Dee Weather Radar

Project no remote site existed for the tests. Therefore the procedure was

implemented on a single minicomputer with video tape or manual data input,

thereby simulating an on-site correction procedure.

».  RESULTS

-~

Three types of tests have been performed on the RSRE correction procedure: -~




TEST 1: A comparison, using as input the same sel of hourly-integrated data

derived from actual meteorological situations, between the perform-
ance of the correction procedure operated in simulated real-time in
the RSRE computer, and the performance of the procedure off-line in
the minicomputer at Bracknell as reported by Harrold and Kitchingman
(1975). The data consisted of hourly integrated lambda values,
averaged over a ten degree azimuth interval, with one value every
3Km in range to a maximum range of 90km.

TEST 2: An examination of the performance of the RSRE correction procedure
using a bright-band simulation (ie lambda ratios calculated from a
horizontally homogeneous bright-band at various heights and with
various thicknesses).

TEST 3: An examination of the performance of the RSRE correction procedure
operated in simulated real-time, using as input raw radar video data
from tapes recorced at the Llandegla Research Station. This test
uses calculated instantaneous lambda ratios as input to the correction

procedure, as opposed to the hourly-integrated values used in Test 1.

The first test was necessary to investigate any changes in the model performance
~ which may have been produced by the conversion from an off-line procedure to one
operating in real-time. In fact, the off-line procedure had been written in the
FORTRAN computer language, and the results reported by Harrold and Kitchingman
(1975) were produced using the facilities, such as floating point arithmetic,
avaiiable with this computer language.v The low-level computer systgm used for
the real-time procedure does not have a floating point arithmetic option, and it
was expected that éome truncation errors might be introduced into the computations.
\
The second test was intended to reveal the characteristic behaviour of the
correction procedure for different idealized bright-band configurations. It was

hoped that the physical implications of the numerical constraints used in the

procedure could be clarified.




In the final test the performance of the procedure using actual raw data in

simulated real-time was to be examined. This would reveal any problems that

might exist using data collected under operations conditions.

Wherever possible only the low beam (0.5o elevation) correction factors are dis—
cussed as it is probably low beam data which would be corrected in any operational
system.. This is because low beam data are used in order to minimize errors in
derived surface rainfall estimates due to low-level growth or evaporation beneath

the radar beam and wind drift effects (see Harrold et al (1974)).

2.1 TEST 1

Several examples of radar data showing the effects of a bright-band, initially
analysed by Harrold and Kitchingman, have been examined. Hourly averages of the
value of lambda (the ratio of the reflectivity measured by the 0.5o elevation
radar beam to that measured by the 1.5° elevation radar beam over 'bins' 10° wide
in azimuth and 1.5km in range) were used as input to the procedure. Examples

of the variation with range of the correction factor for the off-line anaylysis
and the simulated real-time procedure are shown in Figures 1 and 2. Only the

low beam correction factors are shown in the finges for clarity (see above).

The results from the two version of the correction procedure are generally similar
with values of the correction factor which diminish the echo intensity in the
bright-band and enhance it in the area of snow at the appropriate ranges. However,
the two versions of the correction procedure do depart from each other by up to a
factor of 1.5 at ranges beyond the range at which the bright-band first intersects
the radar beams. In each case examined the correlation between the high beam

correction factors (not shown in Figures 1 and 2) derived from the two versions

of the procedure was significantly better than for the low beam (shown in Figures
§

1 and 2).
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One possible explanation of the differences in performance between the results
obtained for the low and high beams is that, for these cases, the height of the
bright-band is only about 200-300 metres above {he radar station, and therefore
the high beam reflectivity is enhanced over only a small range increment. In
this situation the bright band intersects the low beam at near ranges and
produces an enhancement over a much larger range increment. This occurs in

the examples shown in Figures 1 and 2.

The small truncation errors inherent in the RSRE procedure are known to produce
instébilities in the procedure (section 1), which alter the calculated vertical
reflectivity profile in the presence of the bright-band. Such instabilities
are held in check by the physical contraints applied to the calculation.
Nevertheless their cumulative effects in range would be manifest, particularly
at ranges beyond the ranges where enhanced bright-band reflectivity occurs.

This is the likely explanation of the differences between the two procedures.

These results give the authors sufficient confidence to assume that no excessive
irregularities in the performance of the model have been introduced by the RSRE
software interface, the different computer environmeﬁt or the software conversion
; ‘from FORTRAN to the low-=level computer language PSEUDO. However other studies,
which are recommended later in this paper, will be helpful in defining more

clearly the seriousness of the additional errors introduced.

2.2 TEST 2

Four different bright-band configurations have been considered, based on the

measurements reported by Lhermitte and Atlas (1963) (see also Battan (1973))




It was assumed that the height (either 500m or 1000m above the radar) and thick-—
ness (either 100m or 200m) of the bright-band were variable, but its vertical
reflectivity profile was otherwise as shown in Figure 3. The apparent rate of
rainfall in the bright-band was taken as five times greater than the surface
rainfall, where as the reflectivity of the snow was taken as five times'less

than the surface rainfall because of its smaller dielectric constant.

Figures 4 to 7 show the assumed bright-band configurations, the resulting
variations of lambda used as input to the procedure, and the corresponding
variation of the correction factor with range for the low (0.5°) and high (1.5°)

beams. Also shown on the Figures is the variation with range of the correction

_factor for the low beam that would have been required for perfect suppression

of the bright-band. These results demonstrate that the correction procedure

does reduce the reflectivity enhancement produced by the bright-band, and, where
snow is in the beam, the reflectivity is increased. The figures also show that
for two bright-bands at the same height, one half as thick as the other, the
correction factor for the thinner bright-band is reduced by about a factor of 1.3

compared with that for the thicker bright-band.

These tests confirm that the formulation of the correction procedure is such that

it does diminish the enhancement produced by idealized bright-bands at different
heights and with different thicknesses. However, the overall performance of the
procedure appears to be somewhat erratic, being more realistic for low, thin and
high, thick bright-bands. (Figures 4b and Tb) In some cases the correction was

in the wrong sense at some ranges, thereby causing a deterioration in accuracy.

The physical constraint of not allowing the calculated reflectivity in any layer to
exceed that in.the layer beneath it by a factor of two or more (see Appendix to this
paper), appears to be realistic at ranges where the bright-band occupies about

10% or more of the radar beam. At far ranges, where most of the beam is filled

with snow, some relaxation of this constraint might bz more realistic. This

\
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would allow an increase of the correction factor applied to the measurements
of the reflectivity of snow, giving a closer approximation to the surface

rainfall rate.

2.3 TEST 3

Harrold and Kitchingman (1975) concluded their work by pointing out the gdesir-
ability of including the correction procedure in a real-time system. Therefore,
since the procedure could not be implemented during the Dee Project, it was
decided to record raw radar video from the Llandegla radar between March 1976
and September 1976, so that the procedure could be tested later in .simulated
real-time. Unfortunately only a few examples of bright-bands occurred during

 this period.

Tests have been carried out on instantaneous radar patterns of surface rainfall

'
data, since there is insufficient capacity in the presenf computers to store
entire fields of time-integrated cdata in the required detail. The results
demonstrate that the procedure does attempt some suppression of the bright-band.
However, the corrections are not applied in a consistent way, adjacent data points
receiving quite different modification, although the absolute changes to the data
were usualli very émall. The reason for this may lie in the observation made by
Harrold and Kitchingman, that, if lambda ratios were calculated over too short
a time period, then factors other than the bright-band, namely wind shear or
movement of echoes between the times of the high and low beam observations, may
obliterate the simple profile adhered'to for the horizontally homogeneous bright-
band situation. The present work confirms this situation, and suggests the need

for some for of time integration. of the input data to the correction procedure,

or some increased spatial averaging of the lambda values, perhaps in the radial

-

direction.




3. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
The conclusions drawn and recommendations resulting from the present work are

as follows:~

1. A correction procedure which goes some way to modifying the surface
rainfall field derived from radar data, in a way which removed the
grosser errors produced by the effects of the bright-band, can be
incorporated into a "real-time" system which processes the radar data,
if the input data are in the form of hourly integrated fields. However,
this cannot be achieved with the existing on-site computer system due to

computer core limitations.

2. Small truncation errors, probably introduced into the rezl-time
procedure during its conversion from a high level to a low level com-—

puter language, have introduced small, but noticeable, effects.

3. The procedure tends to react to different bright-band configuraticns
in quite different ways. It is felt that further studies are needed to
identify the characteristic behaviour of the procedure for many diff-
erent forms of input data. In some cases the 6orrection procedure actually

causes a deterioration in the data at some ranges.

4. The use of lambda ratios calculated from instantaneous rainfall data

does not appear to be satisfactory, this result confirming the earlier
work of Harrold and Kitchingman/(1975). Thus, before a real-time scheme
can be implemented further work is needed to examine the possibility of
using time integration or spatial averaging technigues to provide the data
for the correction procedure when operated within a real-time radar data

processing environment.

‘F R R




5e In its present form the correction procedure occupies a2 large area of
computer core, and uses input data in polar coordinates. If time integrated
fields are required (see item 3 above) the core requirement will be even
greater. Futuré work should investigate the possibility of reducing the core
requirement by the use of data in cartesian coordinates. The data already
exist in the processing system in this form for other purposeé, and the
expected saving is about 4K words. It is likely that the central processoy
unit timing required by the procedure could a1§o be reduced significantly by

the use of data in cartesian coordinates.

6. Several factors influence the location of the correction procedure

within a radar network system. These include the amount of computer core
~available at a remote radar site, limitations on data transfer speeds produced
by GPO telephone lines coﬁnecting remote sites to a network centre, and the
practical problems associated with compositing data from several radars each
with their ovm bright-band correction procedure. Consideration will have to

be given to all these factors before a recommendation can be made.

T Since only a very limited amount of bright band data are available on
video tape, the above investigations require further data to be acquired, for
example, from the Llandegla radar at the proposed Clee Hill (Shropshire) site.
(This would be a suitable radar because the procedure uses data at two low
elevation angles, which are not too widely spaced, yet are essentially

independent. This requires the use of a radar with a 1° beamwidth, see Harrold

et al (1974)).

10
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LEGENDS FOR FIGURES

Figure

Figure

Figure

Figure

Figure

Figure

b

5a

5b

6a

.

Comparison of the Bracknell and RSRE correction procedure with the
lambda ratio input as a function of nange for 1100z to 1200Z, Tth
Jamiary 1974, azimuthal sector 130° to 139°. The height of the

bright-band above the radar is approximately 200m.

As for Figure 1, 1900% to 2000%, 29th January 1974, azimuthal sector
110° to 119°. The height of the bright-band above the radar is

approximately 300m.

Vertical reflectivity profile used for Test 2 (after Lhermitte and

Atlas (1963)) .

Bright-band configuration and the height of the 0.50 and 1.50
elevation beams. The bright-band is taken as 200m thick at a

height of 1000m above the radar.

The variation of correction factor for the low and high beams and
input lambda ratio with range for the bright-band shown in Figure
da. The variation of correction factor for the low beam required

for perfect bright-band suppression is also shown,

As for Figure 4a. The bright-band is taken as 100m thick at a

height of 1000m above the radar,

-~
/

As for Figure 4b using the bright-band configuration shown in Figure .

5a.

As for Figure 4a. The bright-band is taken as 200m thick at a height

of 500m abové the radar.

12




6b

Figure Ta

To

As for Figure 4b using the bright-band configuration shown in

Figure 6a.

As for Figure 4a. The bright-band is taken as 100m thick at

a height of 500m above the radar.

As for Figure 4b using the bright-band configuration shown in

Figure Ta.
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Amer. Metcor. Soc., Boston, Masc.

MEASUREMENT OF SURFACE RAINFALL USING RADAR WHEN THE BEAM INTERSECTS THE MELTING LAYER

T W Harrold and P G Kitchingman

Meteorological Office, UK

1 INTRODUCTION

In middle and northern latitudes the
accuracy of radar derived estimates of surface
rainfall is sometimes diminished becauce of the
presence of the melting layer (bright band) with=
in the radar beam., Harrold, English and
Nicholass (1974) showed that errors could be
reduced significantly by applying a statistically
derived correction factor which was a function of
the height of the melting layer and the range of
the arca of interest. iHowever, a disadvantage of
their method is that it is not clear to what
extent the corrections can be applied in areas
other than the hilly terrain in which they were
derived. In this paper an objective method of
reducing the magnitude of the errors is described

~ and asscssed. This method has the advantage over
the earlier method that it caa be applied in any
locality.

g METHOD

The correction procedure utilises
data gathered from azimuth scans (PPI mode) at
two angles of clevation sclected so 2s to provide
information from independent heights at a given
range. For the 1° wide becam (to half power
pozn;s) used in the study reported here the cleva=
tions of the beam 2xis were at 0.5%nd 1.5°
Consider the beams divided into horizontal layero
defined by the increcase in height of the top of
the upper bean between range gates, as shown in
Fig. 1. In the data presented here the range
gates were 1.5 km apart; thun the layers were
about 50 m dcep.

The input of the correction procedure
requires two sets of data, one fixed and the other

varxable. These are:

.

BEAM U
‘,,fﬂj;tna N
[
R
: // LAYER | '
| P 3 4 ] :

RANGE GATE e

Diagrau showing the definition of the
layering systeu doacr;bod in the taxte

Pigure 1

B

i The percentage of the total power transmitted
within the beam for cach of the layers, These
percentages, which are range dependent, have been
calculated from measurcments of the beam polar
diagram. The two height-range arrays of power
percentages constitute the fixed input, In the

following Py T P& U designate the percentages,
’ ’ ’ ’

at layer y, renge r, of the total power
transmitted within the lower (0.5°) and upper
(1.5°9) beams respectively.

ii The ratio of the reflectivity factors (or
received power) observed in the two beams as a
function of range. This is the variable input,
obtained from the radar scans. Az an cxample of
the ratio, Fig. 2a shows the form it would take if
there were a bright band present at and above

layer 4 in Fig. 1.

The variation of the ratio of reflectivity
factors with range is used to derive the profile
of reflectivity at ecach range, using the power
array, in the manner described below. Oace the

profile is known, the observed reflectivity with-

g 4
i
.zu »
e : AANGE
‘.o : —5-‘-..02 ;
Figura. 2 ° (upper curve) Vaxjation of ZL/ZU vith

« yongo when a melting layer ie prveciis

" *° (lower curves) Correction factors to
id velate the reflectivicy in the lowe
(s01id line) and upper (dashed .xn.)
Yeams to the reflectivity in chc lowest

layex.

-I.
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- 4 and so on,

E

in the lower beam is then related to the
reflectivity, and hence rate of rainfall, at the
base of the bcam, sce Fig. 2b.

The reficctivity profile is computed
stepping out in range from vange 3 (4,5 km) in
¥ig. 1. Ground clutter prevents measurcment of
vreflectivity at shorter rangas, so it is assumed

that Zl =2y, where Zl' ZZ are the reflectivities

in layers 1 and 2 respcctively.
have
. ’,
&y Lt (Samm 4‘ﬁ*’{lz
Z,J,L'Z = )
il P3.3,UL3 <" /‘,(./4‘4— u-. *’-ﬁ)c-l

At range 3 we

ool h
Z

v T304

where Z,, Z, are the measurcd reflectivities in

the lower and upper beams respectively. This
cquation is solved for Zq in terms of 21. all

other quantities being known, viz.

Z3 e £3 Z1
zU
where f, = — (P Z,4P 2.) -
3 P3,3,U 2y 1311253507k ;

Py,3,04 @)

The final stage of the calculation at range 3 is
to relate the observed echo in the two beams to

that in layer 1, viz, : -
S e ;
TN
el _

wvhere PL' ¥, are correction factors to be
applied to th observed reflectivity and are the
output of the correction procedure,

The calculation then steps to range
At ecach range it is assumed
initially that the values Z,, Z,, Z, etc from

the previous range apply and the reflectivity

factor in the uppermost layer (2 ) is

calculated, That is, it is assumed that changes

in zL/zU are a result of the additional echo ;

introduced at the top of thc upper beam. 8o, in
the first stage of the calculation at each range

; Z
'ZL <P):,r,1.£y) 1

mps]
Su_ <P1.r,l.fy) zl ’Pr.r,u zt

2y

@

vhich is solved fc;r zt in terms of 21.

As the calculation steps’ out inm

range a stage is reached wien the caiculated
reflectivity increasces markedly in the upper

layers. This occurs as Lhe upper beam extends in
to the higher reflectivity within the melting
layer., As the vanpe is further increascd the top
of the beam extends into the snow of lower
reflectivity above the melting layer and the
calculated reflectivity of the uppermont laver
decrecases again., In this way, as the calculations
step out in ranpe the reflectivity profile of the
bright band is derived. However it is found that
the simple proccdure above Lends to produce
increasingly unrcalistic reflectivity profiles,
and hence corrcction factors F, as the range is

32 incereased, For example the solution to cquation &

may be a negative value of Zr, which is of course

physically impossible. This can arisc because the
reflectivity in cach layer is in fact not constant
with range. To improve the correction factors a

constraint is placed on the value Zr that it must

not exceed the reflectivity in the layer beneath
by more than a factor of two. If at any range
this value is exceeded, then Z_ is fixed at the
appropriate limit, To compensate for this
adjustment the reflectivity in some other layer or
layers must be changed in order to satisfy equa-
tion 4, It is assumed that fluctuations of
reflectivity at layers within the bright band
itself are the most significant of the variations’
of Z with range. On occasions when the reflecti=
vity of the uppermost layer is constrained, the
reflectivity iA the layer with che largest value
of Z is recalculated. The recalculated value is
also constrained, this time to be no wore than a
factor of two different from the values in the
. layers immediatcly above and below, If the
constraint is applied then laycrs linked by the

“* comstraint of a factor of two ("linked laycrs")

are formed and at times, depending on whether the
echo in the layer has to be increased or decreascd
to satisfy cquation 4, these links may have to be
rotained in the calculation. A further complica=
tion arises if the layer or 'limked layers'
straddle both beam positions., Any adjustment to
the reflectivity then affects both beams and tend
to cancel in equation 4., To counteract this, a
layer or linked layers which extend into both
beans are not altered and, instead, the layer with
the next highest reflectivity is found snd its
reflectivity recalculated. In this wanner the
reflectivity profile is allowed to chenge with

rangc.(l) The model is thus rather complex in
that all calculations must be checked to ensure
that the physical constraints are maintained, but
this does produce physically more realistic
correction factors than does the simple procedure
of assuming reflectivitics invariant with range.

(1) The 'rule' of changing the highest value of
reflectivity once Zr is constrained is rclaxed id

. one other circumstance. Tnis is when there is 3
.pronounced minimum in the reflectivity profile
between the maximum value and the top layer. If

> Z.mx then Z)XIN is recalculated instead

ot
A1y Ta v
of zMAx' The effoct of this modification is to
produce a slightly smoother reflectivity prefilc
rather than any large change in the correction - |
factor ¥. 4 :
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3 A TYPICAL EXAMPLE ran(:.c

3 : | 7 8
Tn this eection an example of a pgate i
calculation is summariscd in order to illustrate
the procedure, The input to the correction Z,/ZU j 0.64 1.06
P ) :

proccdure is shown in Table 1. ;
' Equation 4 can be applied at cach

range interval in turn up to and includinp ranpe
7. At range 7 the rcflcctivity profile which is

derived is

|
Table 1 ZL/ZU for cach range gate,

Laycr No
1 2 3 4
i | .
|
Z:V/Z1 | 1,00 1300 7148517351 :2,70

i meseeimme e e el - e m——— e w

Pigura'3 a) An cxample of radar-derived hourly : : tion proécdurc included.
' c)and d) Errors in rainfall estimates

rainfall amounts when a bright band was ¥ .
: *' for (a) and (b) respectively. Dote

vithin the beam. The data were
obtained using a beam elevation of 0,5°
~oyer mont of tho dingraa, but 1,5° at
' pome azimuths to the eouth, (as {ndica=
ted) where nearby hills screen the
lover clevation, The entire ficld was i R A PR
calibrated above location Ce : A e R AL ’
- b) Same as (a) except with the corroc=

. show the locations of the rzingauges
‘ avellabla fox the cowpavison,
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showing the peak intensity of the bright band is
at or above layer 7. The correction factovs to
be appAicd to the observed cchoes in the L and U
bcams in order to rclatc the observed echo to Z1
are

range 1 2 3 4 5 6
FL 1.0 1.0 1.0 1,06 1,08 1.13
FU 1.0 1.0 1.25_ 1,23 1.52 1.68
range 7

F 1.16

PU 1.82

On solving cquat101 (4) at runbc 8 it
is found that Z < | Z Therefore 28

constrained to be i 27, ie 28 = 1.57 and 27; the

largest value of Z, is put as the unknown in
equation 4 and recalculated. This calculation
leads to the result that Z, <| 26' so it, too, is

The

layer now with the highest Z is layer 5. However
this layer is within both the lower and upper
beams, so it is not changed, and the next largest
value, layer 8, is recomputed. Further calcula=~
tions are made in this stepwise manner until the
calculated valuc does not exceed any constraints.
At this stage the reflectivity profile has
become

constrained, this time to be 1.16, ie |} Zge

Layer No 1 2 3 ; 4 %!
y Ci
zy/zl 1.00 1.00 1,67 1.35 2:70
Layer Yo
: 6. oy 8
) /Z1 1,35* 1.16 0,58 o
Yy

and the new correction factor

range 8 3 i :. : 3
F, 1.27 :
Yu 1.20'

Tho calculation continues onward in
range in this mannaey, first computing z and

then, {f nocelanry. ndjuatins the brtgh: band
profile,

4 EVALUATION OF CORRECTION PROCEDURE
The procedure has been evaluated in

two scparate ways, The first is a semi=quantita=

tive cvaluation over an eutire I'P'I dispiay in

order to determine whether the confusing e¢ffects
band can be removed sufficicatly for
be of value in mecteorology, for
instance as an input to possible futurc objective
forccasting methods utilising radar data., The
second evaluation is a quantitative assessment of

of a bright
the data to

* the accuracy of the corrccted radar estimates of

. beam,

surface rainfall over several subcatchments of
the River Dee in North Wales, the subcatchments
having areas between 20 Km? and 100 Km? in North
Wales.

a)

General assessment

Fig.3a shows rainfall totals
estimated over a 1 hour period using the C~band
radar (wavelength 5.7 cm), in North Wales, which
is described by Collier, Harrold and Nicholass
(1975). The rainfall estimates were made
assuming B » 1,6 in the relationship Z = AR®
(R being the rate of rainfall) and the entire
field was calculated by equating the radar
estimate with a raingauge mecasurcment at location
C, as described by Harrold, English and Nicholass
(1974)., The figure appears to show heavy rainfall
centred about 15 Km west and north west of tie
radar, with a marked decrcasc beyond. However,
much of this apparent decrecase is because the
beam extended in to snow at longer ranges. TFig.
3b shows the same occassion with the correction
procedure included, Correction factors were
computed from hourly values of Z, and Z, which
were averaged over 100 azimuth sectors. Rainfall
isopleths are less concentric than in Fig. 3a,
especially in the northwest quadrant, implying a
more realistic representation of the actual rain-
fall, This is confirmed by Figs. 3¢ and d,
which depict the ratio of radar to raingauge
measurements of rainfall., On this occasion the
{igurcs show that the correction procedure rcmovcd
all errors greater than a factor of 3 and
significantly reduced the extent of errors
exceceding a factor of 2. At least some of the
errors portrayed in Fig. 3d are probably due te
factors other than the melting layer, since
similar patterns have been observed on occasions
when the melting layer was not within the radar
(The estimated errors in Figs. 3c and d
are only approximata simce the radar has been
compared with a generally sparse network of
rvaingauges which might themselves be in error.)

A further advantage of the correction
procedure which is apparent in Fig. 3 is that it
is possible to obtain much better estimates to the
south of the radar, which is blocked by a necarby
hill when the radar beam axis is at an elevation
of 0.5°, This is because corrcction factors
relating observed echo to that close to the ground

' & are obtained for both the uppcr and lower bcams.

Althouzh the use of the 1.5° beam is less
satisfactory than using the lower beam, because
the precipitation can ¢hange and drift appreciably
as it falle, 4t o a conodderable {mprovenant on
simply using the 1)° data when this is largely
vithan sNOW,

O:hcr conparisonc s;uxlnr to the
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3 Figure 4 Differences between corrected radar
and raingauge estimates of 3(or 2) hour
e rainfall amounts over river sub-catch=
ments plotted against the gauge
S~ estimate on all occasions when a
= melting layer was present within the

beam at an elevation 0,59,

example shown in Fig. 3 have confirmed that the
correction procedure docs generally diminish the
large errors in estimates of surface rainfall
introduced by the presence of the bright band.

Accuracy of corrected ecstimates of
rainfall over particular sub-
catchments,

b)

P
Tl

In this section both uncorrected and
corrected radar measurcments of rainfall are
compared with cstimates based on data from the
network of raingauges within about 20 km of the
calibration gauge shown in Fig. 3¢, 58 hours of
reasurements, made when the bright band was :
present in the lower beam within a range of 50 km,

are summariscd.

.

Fig. 4 depicts differences betwcen
radar and raingauge estimates of rainfall over
periods of thrce hours (or two hours if three
hours of data were not available) over sub-
catchizents vhich vary in arca between 20 km™ and
100 km? = sce Collier et alii (1975) for map
showing the location of these areas, All the
racar peasurements were corrected for the bright
band effecct and calibrated at location C, Of the
193 radar cetimates, 42% ave within # 207 of the
gauge cstimates ond 327 diffcr by move than W
4 LO%, f%he average percentage difference, 2
Tegardless of sign, between the radar and rain- :
gauge estimates, ie the average of 1°°<(RR/RG>-1)

% wvhere Ry and R, are the radar and raingauge -

" FREQUENCY

L

G

cetimates respectively,
difference when the bright band correction j
dure is cxcluded is 38%. :

"wroce~

One of the causcs of the differences
between the two methods of measuring rainfall was
that the precipitation drifted horizountally in the
wind as it fecll from the radar beam teo the pround,
The wind speed at hill top level was typically

-1 i
15 ms = during the mcasurcments, On combining the
measurements over the subcatchments to produce a

single estimate over an arca of 7C0 kmz, the mean
difference between the radar and gauge estimates

of three (or two) hour rainfall is reduced to 167
with the correction procedure included and 197
with it excluded, partly because the cffect of the
wind drift is relatively less over the larger arca,

It was expected that the diffcrences
between radar and gauge estimates when the bright
band was intersected would be a function of the
height of the bright band, However analysis
showed that the day to day variability in the
differences at the same bright band height
obscured any such relationship.

A further assessment of the corrected
radar estimates over the sub-catchments is
presented by Collier et alii (1975).

5 DISCUSSION OF RESULTS

The results show that over the area of
radar coverage as a whole the errors in estimates
of surface rainfall introduced by the bright band
are reduced when this correction procedure is
applicd, However,over individual sub-catchments
within a few tens of km of a calibration gauge the
reduction in the differonce between radar and
gauges estimates is only a few percent,

The correction procedure would be
useful in improving an uncalibrated radar dispiay
in that intensity variations throughout the
display could be related to rainfall variations,
Wnen a calibration gauge is ueed, errors well .
away from the gauge are similarly reduced. This
is shown schematically, in Figs., 3 and also by
curves b in Fig. S. 7The solid lime porirays the
probability of an exrror in a rainfall cstimate well
away from a calibratiom site, and the dashed lime
shows the probability at the same iocatioa’ when
the correction procedure is included. However
‘within a few tens of km of a calibration gauge

I

ERRCOR

_Probability of an error occurring in

_ uncorrected (full lincs) and corrected
v {dashed dincs) vadar estduutes of Yaine
A0 . f£all for locations close o (curves &)
. . -  gand distant from (curves b) a
calibrating site

- ———

Figura 5.
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wuch of the ervor introduced by the bright band is

h
accomnted (or in the calculation precedure itsclf
and further objective correction fovr the bright
band lcads to a much smaller improvemente Thia
is illustrated by curves a in Fig. 5.

The form of the ZL/?'.U input used is

important in the performance of the correction
procedure, In the preceding analyvsis hourly
averapes over bins 10° wide in azimuth and 1} km
in ranpe were used. It is necessary that some
averaging should be performed in order to
minimise the influence of other factors which
affect ZL/ZU' for cxample windshear or movement

of ccho between the times of the upper and lower
beom observations. If ratios over too chort a
period arve used, factors other than the bright
band can obliterate the simple profile in Fig. 2,
and result in the correction procedure being
meaningless,

The correction procedure is now being
incorporated in to the real time radar system
which is being installed in North Wales (see
Taylor 1975). Once this is done the procedure
can be assessed {urther using vuch more data than
it has been possible to analyse in the past,

6 CONCLUSTON ;
|
A mcthod has been deseribed of
objectively reducing the large errors in radar
cstimates of rainfoll which scmetimes occur when

. the bright band is present within the radar beanm,

The procedure utilises data gathered during
aziwuth rotations at two angles of elcvation,
Ratios of the echo at the two elevations are the
inpul to the correction procedure, These data
must be averaged over time and space in order to
minimise the influence on the ratio of factors
other than the bright band. In the data
presented here this averaging has been performed
over atcas 10% in eziwuth X 1.5 km in range,

The results to date are cncouraging.
Once the procedure has been incorporated into the
rcal time system experience should be zained
Guickly which may lead to modifications of the
* procedure in order to improve tha procedure
further, ‘
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