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VPR adjustment using a dual CAPPI technique

I. Holleman
Royal Netherlands Meteorological Institute (KNMI), P.O. Box 201, NL-3730 AE De Bilt, The Netherlands

Abstract. A straightforward technique for VPR adjustment e.g. Michelson et al. (2000). Because the height of the radar
based on the analysis of accumulated pseudoCAPPI data ékeam increases approximately quadratic with range, these
two different heights is proposed. The extracted VPR gradi-gauge adjustment techniques basically correct for a gradient
entis used to perform a range and azimuth dependent adjusin the vertical profile of reflectivity.

ment using a purely analytical expression. The application of In a flat country, like the Netherlands, application of the
the dual-CAPPI technique is illustrated using a case of stratsophisticated VPR adjustment techniques may be overdone
iform precipitation and a strong bright band interference. Abecause at 150 km range a translation from 2 km altitude
preliminary verification indicates that the dual-CAPPI tech- down to ground level is needed, which is actually within the
nique performs rather good for cases with stratiform precipi-radar beam width at that range. It is therefore expected that
tation. The development of the dual-CAPPI technique will bethe main effect of the VPR on the radar precipitation esti-
continued by a semi-operational implementation and a moranates can be described by a gradient parameter only, just like
detailed verification. it is implicitly done in some gauge adjustment techniques.
Here we present a straightforward technique for VPR ad-
justment of radar precipitation estimates using pseudoCAPPI
data at two different altitudes. PseudoCAPPIs with target
altitudes of 0.8 and 1.8 km are produced from 4-elevation
volume scans every 5 minutes and are accumulated over 3-

higher latitudes, the major source of error in quantitative pre-hourly and daily periods. The gradient in vertical profile of

cibitation estimates deduced from radar observations (Josrainfall is then determined from the two accumulations ob-
P S . ts'ained at the different target altitudes. The adjustment factor
and Waldvogel, 1990; Koistinen, 1991). Many different tech- :
: : as a function of range for the lower pseudoCAPPI accumu-
nigues have therefore been developed to estimate the ve

tical profile of reflectivity and to subsequently correct the [anon, including the gradient effect and beam broadening, is

radar precipitation estimates for this profile. The vertical described by an analytical expression.
profile of reflectivity can be estimated using climatological In this paper the theoretical details of the dual CAPPI tech-

profiles, mean reflectivity profiles or local profiles obtained nique w '”. be highlighted flrs_t. Using a case O.f st_rat|form
at short ranges (Vignal et al., 2000; Vignal and Krajewski, precipitation and a strong bright band, the application of the

2001; Koistinen et al., 2003). Alternatively, the VPR can dual CAPPI technique will be discussed step-by-step, and the

be determined using a sophisticated technigue based on ins_tab|I|ty of the deduced gradient and the effect of bright band

verse theory (Andrieu and Creutin, 1995; Vignal et al., 1999).mterference will be shown. Finally a quantitative assessment

Kitchen et al. (1994) have developed a method to assign aﬁ)f the adjusted radar precipitation estimates is made by com-

idealized VPR profile to each radar pixel based on satellite?2"'5O" wﬂh_daﬂy_gauge acgumulatlons, and prellmlna_\ry re-
. i . . sults from this verification will be presented together with an
derived cloud top height, model freezing level height, and

orographic contribution dependent on model winds. outlook.
On the other hand, gauge adjustment techniques have been

developed which amongst others correct the radar precipi-

tation estimates using a second-order polynomial in range,

1 Introduction

The Vertical Profile of Reflectivity (VPR) is, especially at
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estimate the gradient of the vertical profile of reflectivity be-
tween the two target heights. For this an exponential form of

30/ 20 11 03 the radar site. The observations in this region are used to
|
I
} the precipitation intensity with height is assumed:
I
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tr /2 08kmy 7 e v where R(z) represents the observed accumulated precipita-
| } tion in mm at height andG the gradient in the vertical pro-
o T } ‘ ‘ file of rainfall intensity in dBR/km. Note tha® is a factor of
0 50 100 150 200 b (exponentin Z-R relationship) smaller than the correspond-
Range [km] ing VPR gradient in dBZ/km. Assuming that the gradiént

is constant within a certain aref it can be estimated using

: . _ the following equation:
Fig. 1. This figure shows the calculated height of the radar beam as

a function of range for all elevations in the volume scan. The ranges.. 1 Z(i‘j) ea Ru(i, J)
where the 0.8 and 1.8 km CAPPIs can be calculated are marked b§f = In RG
the bold horizontal lines and the overlap region is indicated by the 2. jyea Rili. J)
dashed vertical lines. The vertical arrows symbolize the adjustmen;,\,hereRu(i, j) and R;(i, j) are the accumulated precipita-
of data a_Ioft in or_der to represenF the precipitation intensity at thejoy gt pixel (i, j) from the upper and lower pseudoCAPPI
target height (horizontal dashed line). images, respectively. In this way the gradient can be calcu-
lated for the whole doughnut region or for certain azimuthal
. . sectors.
2 Description of the Dual CAPPI technique The VPR gradienG estimated in a certain azimuthal sec-
tor is used to adjust the accumulated precipitation obtained at
The KNMI radars in De Bilt and Den Helder perform a 4- |gnger ranges. In Fig. 1, the two arrows symbolize the adjust-
elevation reflectivity scan every 5 minutes. From these scangnent of the precipitation accumulations beyond the “true”
pseudoCAPPI images are produced with a spatial resolutioc APP| region of the lower pseudoCAPPI images to the tar-
of 2.5 km and a target height of 0.8 and 1.8 km above an-yet height;. In this way the range dependent bias within the
tenna level. Ground clutter is removed from the pseudo-radar-based precipitation accumulation products is removed.
CAPPI images using a stepwise procedure based on a sta- Tg calculate the adjustment factor as a function of range
tistical method (Wessels and Beekhuis, 1997). The reflectivfrom the VPR gradient, one has to consider the shape of
ity values are converted to rainfall intensities using a fixedthe radar bean:
Z-R relationship,Z = 200R16. In this way, 3-hour accumu-
lations are produced every hour and 24-hour accumulations (2> 2x, A2) = foexd—4In2(z — 2,)%/Az?] 4)

are produced at 08 UTC. wherez is the height,?, is the pseudoCAPPI height with
The radar estimates of the accumulated precipitation (3- ¢ (u,1), and Az is the beam width in km. The pseudo-
hour or 24-hour) based on the pseudoCAPPIimages with tarc APp height is equal to the target height in the true CAPPI
get heights ot; = 0.8 km andz, = 1.8 km above antenna  region, and it follows the highest and lowest elevation at
level are primary input for the dual-CAPPI adjustment. In shorter and longer ranges, respectively (see Fig. 1). The ob-
Fig. 1 the calculated beam height as a function of range isserved precipitation accumulatighcan now be modeled as

shown for the four elevations used to construct the pseudog function of range and target height using Egs. (1) and (4):
CAPPIl images. These four elevations are 0.3, 1.1, 2.0and 3.0

degrees. The two solid horizontal lines in the figure marktheg (s A7) = foo R(2) - f(z, 2, A% dz (5)
regions where reflectivity values at the CAPPI target heights 0 '
can be obtained by interpolation of the data at the differentyhere the range enters the equation implicitly via the pseu-
elevations. It can be seen that the target height of the lowesjjocappi height and the beam width. The modeled accu-
pseudoCAPPI can be reached up to a range of 80 km onlymyjation is basically a beam shape weighted average of the
At longer ranges the height of observation will increase andprecipitation intensity with height. The/8-exponent of the
in the presence of a significant gradient in the vertical profileheam shape in the equation reflects the double occurrence of
of reflectivity, this will give rise to the well-known increas- the peam shape in the radar Eg. ((Doviak and Zrip93))
ing underestimation of the accumulated precipitation with in-and the non-linear relationship between reflectivity and pre-
creasing range. cipitation intensity. Using Egs. (1) and (4) the modeled pre-

In Fig. 1 the region where both pseudoCAPPI images carcipitation accumulation can be written as:
be interpolated to their target heights, i.e. the true CAPPI .
regions, has been marked by the two vertical dashed Iines]é(2 52) = Ro exp{é oy (G . (Sz)z} %

X -] X
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This doughnut-shaped region ranges from 33 to 80 km from
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Table 1. This table lists the parameters used to calculate the VPR } } ‘ ]
adjustment factor as a function of range. 8 \ | T omRem e
| | -
. | | ——- -3 dBR/m P

Parameter Value % ® | |~ 6 dBRAkm s ////

Elevations 0.3, 1.1, 2.0, 3.0 degrees é 4 | | T il

Lower pseudoCAPPI 0.8 km I } }

Upper pseudoCAPPl 1.8 km g \ \

Angular beam width 1.0 degree - TL: [

Z-R exponenb 1.6 \ \

4/3 earth’s radius 8495 km } ‘ } ‘ ‘

0 50 100 150 200
Range [km]
% erfc = G-éz (6) Fig. 2. This figure shows the simulated adjustment factor as a
8z 2 function of range using an initial VPR gradient of 91, —3, and

- —6 dBR/km. The overlap region between the 0.8 and 1.8 km CAP-
where Rg is an arbitrary constant. The “erfc” refers to the pis is indicated by the dashed vertical lines. The parameters used
complementary error function (Press et al., 1992) and théor the simulation are listed in Table 1.
scaled beam widthz is defined as:

[ b
6z = 8|_r12 Az (7)

which is only introduced to make the previous equation easin Fig. 3 two radar images with the accumulated precipita-
ier to read. tion between 08 UTC 12 January 2004 and 08 UTC 13 Jan-
The modeled precipitation accumulation as a function ofyary 2004 are shown. This period contained an episode of
height and beam width can be used to derive an expressiogignificant stratiform precipitation caused by the subsequent
for the adjustment factor as a function of range and the obpassage of a warm front and an occlusion front. The radar
served VPR gradient. The adjustment factois defined as s located in De Bilt (5.17 E,52.10 N) which is in the center
the ratio between the modeled accumulation at target heightf The Netherlands and the antenna is mounted at a height
z andéz = 0 (dashed horizontal line in Fig. 1) and that for of 44 m above mean sea level. From the 12 UTC 12 January
the lowest pseudoCAPPI: 2004 radiosonde launch at De Bilt, the height of theO!-
Rz.0) 2 Ro exdC -z siu_s isoth_erm was determined to bfa 0.80 kr_n. Th(_a accumu-
= T = — (8) lation period matches that of the climatological rain gauges
R(z1,62) R(z1,62) of KNMI which report daily at 08 UTC. This network con-
where the following property of the complementary error Sists of about 325 stations and it has a density of roughly 1
function has been used: effeco) = 2 (Press et al., 1992). station per 100 krh The accumulated precipitation observed
The modeled adjustment factor as a function of range for sevby this climatological network will be used for verification of
eral VPR gradients are plotted in Fig. 2. It is evident from the dual-CAPPI adjustment technique. The left image of the
the figure that in absence of a VPR gradient hardly any adfigure shows the accumulated precipitation determined using
justment is done, while the adjustment becomes significanthe lower pseudoCAPPIs (0.8 km) and the rightimage is de-
(up to 10dBR) for the larger gradients and longer rangestermined using upper pseudoCAPPIs (1.8 km). Note that the
For larger gradients (e.g:6 dBR/km) an attenuation at short bright band is clearly visible in the right image at short range
ranges £80 km) is observed which compensates for the in- (13 km) from the radar, i.e within the smallest circle. In the
homogeneous beam filling caused by the VPR gradient. Théeft image a maximum accumulation of roughly 23 mm is

parameters used to calculate these adjustment factor curvgbserved while at the same location in the right image an
are listed in Table 1. accumulation of only 9 mm is seen. This large difference

In the following section, the ratio between accumulated between the accumulations deduced from the lower and up-
precipitation from the lower and upper pseudoCAPPI imagesPer pseudoCAPPIs and the evident decrease of the observed
will be analyzed as a function of range. Using the equationvalues with increasing range are clearly due to the vertical
for the modeled precipitation accumulation, thisratjpcan  profile of reflectivity.
be expressed as: The gradient in the vertical profile of rainfall intensity is

Ry, 82) estimated from lower and upper pseudoCAPPI accumula-
= —" (9) tions shown in Fig. 3 using Eg. (3). The gradient is deter-

R, 82) mined as a function of azimuth within the doughnut-shaped
where the range dependence is again implicitly in the pseueverlap region of the lower and upper CAPPIs using az-
doCAPPI height, and the radar beam width. imuthal bins of 1, 30, and 360 degrees. For this the azimuth

3 Results

F(z) =

ul
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Fig. 3. This figure shows two images with the accumulated precipitation from 08 UTC 12 January 2004 till 08 UTC 13 January 2004 as
observed by the radar in De Bilt (marked with a cross). The left accumulation is determined using pseudoCAPPIs at 0.8 km altitude and
the right accumulation using pseudoCAPPIs at 1.8 km altitude. The doughnut-shaped overlap region between the 0.8 and 1.8 km CAPPIs is
indicated by two circles (radii of 33 and 80 km) centered at the radar site.

roughly between-6.5 and—4.5 dBR/km. The 360-degree

- éé’gg;‘iges averaged gradient is4.89 dBR/km, which corresponds to
_4 | — 360 degrees ] a VPR gradient of-7.8 dBZ/km. The observed VPR gradi-

ent falls within the range of values;7.5 to —12 dBZ/km,
reported by Koistinen (1991) for the snowfall gradient above
the bright band.

The (ratio between the) lower and upper pseudoCAPPI ac-
0 20 180 270 360 cumulations of Fig. 3 can be analyzed as a function range
Azimuth [deg] from the radar. For both accumulations the mean precipi-
tation accumulation is calculated as a function of range us-
ing 1 km range bins. The result is depicted in Fig. 5. The
Fig. 4. This figure shows the VPR gradient as a function of azimuth ypper frame of the figure shows the mean accumulated pre-
as det(_arminec_i in the overlap region of tht_a 0.8 and 1.8 km CAPF"Scipitation for both the lower and the upper pseudoCAPPIs
from Fig. 3 using 1, 30, and 360 degree bins. as a function of range and the lower frame shows the ratio
between the lower and upper pseudoCAPPI accumulations
as a function of range. The two curves in the upper frame
and range with respect to the radar of each pixel in the Carteare overlapping at short range and at long range, and in be-
sian image are reconstructed using the azimuthal equidistanttveen they exhibit some pronounced features. The curve for
projection. In Fig. 4 the obtained VPR gradient is plotted as athe upper pseudoCAPPI shows a sharp peak at 13 km range
function of azimuth for the 3 different bin sizes. It is evident and a broad feature with a long tail around 120 km range,
from the figure that the gradieut is rather stable over the while the curve for lower pseudoCAPPI shows two sharp
analyzed domain. At 1 degree azimuthal resolution the noisg@eaks and a broader peak with again a long tail. For all el-
on the gradient is only a few tenths of dB (apart from a few evations, the calculated range where the radar beam crosses
spikes). The 30 degree running average is rather smooth buhe height of the © Celsius isotherm (0.80 km) is marked
shows a clear dip in easterly direction. The absolute value ofn the figure by a bar. It is evident that most features in the
the gradient in the vertical profile of rainfall intensity varies two curves can be attributed to bright band amplification of

VPR gradient [dBR/km]
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Table 2. In this table the results of the preliminary verification of

€ 15
E [ the dual-CAPPI adjusted radar accumulations against those of the
5 [ climatological gauge network. The bias and standard deviation of
g 10 the radar accumulations before and after adjustment are given in
g I mm. The first column contains the end date of the daily accumula-
3 [ tion and the second column the 360-degree averaged VPR gradient
& 57 in dBR/km are listed.
&
g L T
A R e B Bias Std. Dev.
0 I } } ] End Date Ga3go Before After Before After
o -2 } } ] 13 January 2004 -4.89 -16 -0.3 46 2.8
S \ \ 1 30 January 2004 —0.96 -21 -16 3.0 24
% -4 | ¥ Observed 01 February 2004 —1.58 —6.4 —4.4 6.0 41
T i | -~ Modeled | 07 April 2004 ~430 -22 -15 21 20
=6 | 7 03 June 2004 1799 -04 -10 3.3 3.3
I | ]
_8 L L L 1 L L L L 1 L L L L 1 L L L L
0 50 100 150 200

Range [km]

the lower pseudoCAPPI. So a bright band interference can
Fig. 5. The upper frame of this figure shows the mean precipitationbe detected quite well (and possibly also corrected for) us-
accumulation as a function of range for the upper and lower pseudoing the analysis of the accumulations as a function of range
CAPPI accumulations of Fig. 3. The mean accumulation has beemyn fortunately the influence of the bright band on the VPR

calculated by averaging of all pixel values over all azimuths usingadjustmem at long range seems to be limited
a 1 km range bin. The bars mark the range where the beam crosses

the height of the ® Celsius isotherm on 12 UTC 12 January 2004  Using the obtained VPR gradient as a function of azimuth
(0.80 km) for all elevations. The lower frame shows the observedand the equation for the adjustment as a function of range
and modeled ratio between the upper and lower pSE‘udOCAPPl aC(Eq 8), a” p|Xe|S in the prec|p|tat|on accumula“on based on
cumulations as a function of range. The model curve has been Calfhe lower pseudoCAPPIs are adjusted. The 30-degree aver-
culated using a VPR gradient of4.89 dBR/km. aged VPR gradient (see Fig. 4) has been used for the actual
adjustment. The dual-CAPPI adjusted radar accumulation

. . . between 08 UTC 12 January 2004 and 08 UTC 13 January
the radar returns. In accordance with expectations the brigh, . - X
; 004 is shown in Fig. 6. The range of the adjusted radar ac-
band features broaden with range due to the smaller eleva:

tion angle of the radar beam and to beam broadening. Th cumulation is limited to 200 km. Comparing this image with

. . . . e unadjusted one in the right frame of Fig. 3 it evident that
amplitude of each bright band feature is determined by thethe obseJrved values at Ion% range have ?ncreased substan-
pseudoCAPPI weighting factor and thus by the difference be-,

tween the 0 Celsius isotherm and the pseudoCAPPI height.tla”y and that the increasing underestimation with range has

. i red. The maximum rv mulation in th
The broad feature in the curve for the upper pseudoCAPPfj sappeared € maximu observed accumulatio t ©
. ) ) .. southern area has increased to about 32 mm (from 23 mm in
is attributed to the southern area with a large precipitation

accumulation just outside of the largest circle. the unadjusted image).

The lower frame of Fig. 5 shows the ratio between the The performance of the dual-CAPPI technique has been
lower and upper pseudoCAPPI accumulations (solid line) aevaluated quantitatively by verification of the (un)adjusted
a function of range. The ratio in dB is zero at short rangeradar accumulations against those of the climatological rain
(<15 km) and at long range-(135 km) where both pseudo- gauge network of KNMI. The calculated biases and standard
CAPPIs overlap. One sharp peak and two broader dips whiclleviations are listed in Table 2 for 5 days. For all days where
clearly coincide with the bright band features identified in the the VPR gradient is negative, application of the dual-CAPPI
upper frame of the figure are observed on top of a broad featechnique results in a moderate-to-large reduction of the bias
ture. The dashed line represents the ratio between the loweand/or standard deviation. For the case of convective precip-
and upper pseudoCAPPI accumulatiatyg which is mod- itation, i.e. the day with a positive VPR gradient, application
eled using Eg. (9) and a VPR gradient-e#.89 dBR/km.  of the dual-CAPPI technique results in a slight increase of the
This VPR gradient is equal to the 360-degree averaged grabias. So it appears, in accordance with expectations, that the
dient determined previously for this case. It is evident from dual-CAPPI technique performs rather good for stratiform
the figure that the significant deviations are due to the brighttases and has problems with convective cases. Of course one
band interferences and that the range-dependent correctiozan decide to only apply the dual-CAPPI adjustment when
is rather insensitive to the overestimation of precipitation inthe VPR gradient is negative.
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