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Improvements in weather radar rain rate estimates at the ground
using a methodology to identify the vertical profile of reflectivity
from volume radar scans
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Abstract. A methodology to identify the Vertical Profile of is produced when estimating the rain rate at the ground from
Reflectivity (VPR) when volume radar scans are availablethe first PPI. Eventually, the first PPI intercepts the snow part
is presented. The first step in the identification of the VPRof a stratiform profile, where the reflectivity decreases with
consists of averaging the apparent vertical profiles of reflecheight, and underestimation of the ground rain rate is pro-
tivity observed near the radar. Then the Mean Apparent Ver-duced.
tical Profile of Reflectivity (MAVPR) so obtained is applied  The correction of this error related to the vertical variation
to estimate the VPR at each pixel. This is done by fitting of the reflectivity is usually solved identifying the shape of
the MAVPR to the observed values of reflectivity above eachthe original vertical profiles of reflectivity (VPR). Once the
pixel. profiles shape has been identified, it can be used to obtain the

The results of a validation study based on using the firstrain intensity at each ground pixel from the measurements of
PPI as the reference rainfall at the ground are presented an@flectivity available above this pixel. Several methods have
analyzed in order to evaluate the performance of the probeen developed to identify the vertical profile of reflectiv-
posed methodology. ity using radar data: Koinstinen (1991), Kitchen and Brown
(1994), Joss and Lee (1995), Andrieu et al. (1995), Germann
and Joss (2002).

The objective of this paper is to propose and evaluate a
methodology, in the line of those developed by Koinstinen

One of the main errors that affects radar estimates of the rain(lg,gl)’ Joss and L_ee (1_9_95)' and Germann and ‘,JOSS (20,02)'
fall field at the ground is due to the vertical variation of the This methodology identifies the shape of the vertical profile

reflectivity. Near the radar the first PPl measurements aré)f reflectivity from the apparent vertical profiles of reflectiv-

close to the earth surface and therefore they provide reasory measured in the closest area to the radar. This is done by

able estimates of the rain rate at the ground. However at fur2veraging them, obtaining what we call the Mean Apparent

ther distances from the radar, due to the earth curvature anycrtical Profile of Reflectivity (MAVPR ) in a ring around the

to the elevation angle of the radar beam, the height of the Ob_[adar._ The second.step of the methodology consists of apply—
servations increases, and then the reflectivities measured 419 this mean profile on ranges far from the radar to obtain

those altitudes may be different from the reflectivities at thet € réflectivities at the ground level at those ranges.

ground. The magnitud of this difference strongly depends Bepause correcting f[he flrst_ F.’Pllestlmates is not neces-
on the type of vertical profile of reflectivity showed by the S&TY in case of convective precipitation, we suggest to apply
precipitation event. In case of convective profiles, since theyfNis corrective methodology only to the stratiform zones, and

present a weak reflectivity gradient, the error caused by thdo preserve the first PPI estimates in case of the convective

increasing height of radar measurements is low even far awag©n€s: To identify the stratiform zones is proposed to ap-
from the radar. On the contrary, in case of stratiform precip-P!Y the algorithm designed byaBichez-Diezma, and Steiner

itation, whose profiles show a maximum peak of reflectivity &l90rithm is suggested to identify the convective ones. The
at the height of the melting layer, a critical situation happens™&an profile obtained near the radar is computed from only
when the first elevation beam intercepts the so called brighfhe apparent vertical profiles registered in zones identified as

band peak. Then a significant overestimation of the rain-ratetratiform. So the distorting influence of the convective pro-
files, which might smooth the bright band peak of the com-

Correspondence tavl. Franco puted mean profile, is eliminated. Next this mean profile is
(franco@grahi.upc.es) applied only on the stratiform zones far from the radar to

1 Introduction
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a) Observed values of reflectivity ~ b) Normalized values of reflectivity c) Estimated MAVPR
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Fig. 1. Application of the proposed algorithm to estimate the Mean Apparent Vertical Profile of Reflectivity (MAVPR) on an annular sector
around the radar: a) observed values of reflectivity inside the considered sector and the chosen reference height level href; b) normalizec
reflectivity values,Z*, associated to the observed values of reflectivity; c) MAVPR obtained applying a moving average process.
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Fig. 2. Estimation of the local VPR at one local pixel by applying alternative (e), which consists of extrapolating the tendency of the observed
local VPR above the bright band to the top of the bright band, and then fitting the MAVPR at this point.

estimate there the rain rates at the ground. In case of theithin the sector by the reflectivities at a common reference
convective zones, the first PPI estimates are preserved. height level. This step is applied in order to make possible

The evaluation of the proposed methodology has beerthe comparison of the information associated to each appar-
based on observed data. It has been done using the first PBht profile of reflectivity measured on the sector. Therefore,

radar image as the reference rainfall field. a value of apparent normalized reflectivity (7 h) is as-
sociated to a value of apparent reflectivity X", 1), as fol-
lows:
2 Estimation of the MAVPR in a sector around the (7 )
radar " Z(X.h
Z*(X,h) = ———— Q)
1= 205 )

An algorithm has been designed to estimate the Mean Appar-

ent Vertical Profile of Reflectivity (MAVPR) on annular sec- wherex andh are the horizontal radial vector and the ver-
tors of variable azimuth and radial widths placed at a certaintical coordinate of the center of the volume measured by the
distance from the radar. The MAVPR algorithm uses polarradar, anc(?, h,ef) represents the projection of this point
data and it is made of two steps, which are shown in Fig. 1.at the reference height level. The problem is that the value
The first step consists of normalizing the apparent profiles in-Z (7 h,ef) is usually unknown and has to be estimated by
side the annular sector by dividing the reflectivities measurednterpolating the measured values of reflectivity close to the
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point (7 h,ef). This leads to the need of choosing the nor-  The fit could be done following two approaches: (1) using
malization reference level at a height where the vertical grathe values of the estimated mean profile without prior modi-
dient of the reflectivity is as weak as possible. When this isfication, or (2) degrading the MAVPR by convolving it with
done, it is achieved that the interpolating neighbor measurethe beam pattern and using these values in the fitting process.
ments are as similar as possible to the original reflectivity In relation to the second approach, the degraded values ob-
at the reference level point. Moreover, being more accuratetained by convolution of the MAVPR with the beam pattern
in case of weak vertical gradients of reflectivity around the at a certain distance represent how the radar would see the
reference level, the influence of the smoothing beam effecMAVPR at that distance. If the MAVPR reproduces accu-
on the neighbor interpolating measurements is reduced. As eately the original profile on a pixel at the considered dis-
consequence, the influence of the smoothing beam effect otance, including the bright band of the original VPR, these
the obtained reference values is also reduced. Therefore thdegraded values will be representative of the observed reflec-
interpolated reflectivity at the reference point will be a good tivities on this pixel except for a normalizing factor. Once
estimate of the corresponding original value. According tothe degraded values have been generated, they are compared
this need of choosing the normalization reference level at ao the observed values of reflectivity on the corresponding
height with a weak vertical gradient of reflectivity, the refer- pixel and a renormalizing parameter is obtained. This value
ence level is chosen as the minimum height common to alis added to the MAVPR for estimating the VPR at that pixel.
the apparent profiles inside the sector. This height indeedince this fitting approach has been showed as the most effi-
turns out to be the height of the first PPI at the furthest edgecient from a previous simulation study, it has been chosen for
of the sector. If the external range of the chosen sector ispplying our methodology. However another issues must be
not too far from the radar, the lowest PPIs intercept the orig-considered too. In case of stratiform rain, the vertical profiles
inal VPRs bellow their bright band. It can be expected thatof reflectivity are strongly varying above the bright band. Be-
the radar data around this chosen reference level are not exause of this, the MAVPR computed near the radar may not
cessively affected by the bright band gradient Consequentlybe representative of each local profile at those heights, and
the interpolated values at the reference level may reproducthey may distort the ground rainfall estimation at each pixel.
fairly well the original ones. So, not to use all the available observations and test different

The second step consists of applying a moving averagélternatives may be very convenient from a practical point of
process with a variable size window over the normalized re-View.
flectivities inside the sector to obtain the number of points of The proposed alternatives consist of:
the mean profile sought out.

Finally, a continuous MAVPR line is obtained by linear
interpolation between the discrete MAVPR values calculated b) using only the values affected by the bright band
by the moving average process.

a) using all the available observations

¢) using only the values located above the bright band

In case of pixels placed at distances where the first elevation
beam rises above the bright band, observations at bright band
are not available. In this case, the proposed alternatives for
not to be influenced by the distorting effect of the no repre-

_ _ sentative MAVPR above the bright band are:
As stated before, we propose to identify the VPR shape ap-

plying the MAVPR algorithm, explained in the previous sec- d) using only the lowest observed value
tion, on the nearest sector that has measurable rainfall. Once
the MAVPR has been obtained, its shape is used together
with the observed values on each pixel over the earth sur-
face to estimate the local profile on that pixel. As a conse-
quence the rain-rate at ground level on that pixel is obtained.
To do this, we propose to fit the normalized MAVPR shape
to the observed values of reflectivity above each ground po4 Results

lar pixel. In this way, a Vertical Profile of Reflectivity at

any considered pixel can be obtained adding the renormalThe only available observations of the rainfall field at the
izing term obtained in the fitting process to the normalizedground, are the rain intensity data registered by the raingauge
MAVPR, in case of reflectivity values expressed in dBZ. If nets. However, raingauge data and those obtained from radar
the reflectivity values are expressed in fim?® it would be  observations are not comparable in fact. The main reason is
done multiplying the normalized MAVPR by a renormaliz- that raingauges register the rain intensity at one point while
ing factor. Therefore, all the estimated local profiles showeach value of reflectivity measured by the radar corresponds
the same shape, the shape of the MAVPR, but they preserib the whole set of rain drops inside an approximated volume
different values at the ground level, which usually varies be-of 1 km?. Because of this, we have applied a validation pro-
tween 15 and 50 dBZ. cess based on using the first PPI radar image as the reference

3 Obtention of the Vertical profile of Reflectivity on
each pixel by using the MAVPR shape

e) extrapolating the tendency of the observed apparent pro-
file above the bright band to the bright band top. Then
the MAVPR is fitted using only this extrapolated point
(see Fig. 2).
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Table 1. Comparison of the errors of the rain-rate estimates ob-Table 3. Comparison of the errors of the rain-rate estimates ob-
tained using the first PPl and three proposed fitting alternatives irtained using the first PPI and three proposed fitting alternatives in
case of applying the proposed methodology to region 1. case of applying the proposed methodology to region 3.

duration (min) 70 ALTERNATIVE ME (mm) SDE (mm) EFF duration (min) 70 ALTERNATIVE ME (mm) SDE (mm) EFF

1*elevation 0.3 PPl g 33.6 20.7 -11.05 1" glevation 0.8 PPl g -26.1 7.3 -10.16
elevation g 2.3 (a)all -2.6 10.5 0.10 elevation g 2.3 (@all 14 7.0 -0.58
range (km) [31,53] (b)only bb -0.7 6.7 0.65 range (km) [63,79] (d) lowest -78 5.6 -0.40
hpbb (km) 25 (c) only abb -0.3 114 -0.01 hpbb (km) 25 (e) extrapolating —5.7 5.95 -0.04

Table 2. Comparison of the errors of the rain-rate estimates ob- The performance of the methodology is expected to de-
tained using the first PPI and three proposed fitting alternatives irbend on the range of distances where it is applied. The reason
case of applying the proposed methodology to region 2. is that as the pixels are further from the radar, less number of
observations is available to fit the MAVPR. Therefore, three
different regions have been considered:

ALTERNATIVE ME (mm) SDE (mm) EFF

1. region 1, where the PPI which works as it was the lowest

dutration (min) - 70 PPl 285 8.6 -2 one, which we call from now on PP} g intercepts the
1" elevation 0.8 (a)all -10.8 9.2 -131 briaht band (Table 1

elevation g 2.3 (b) only bb -12.8 9.4 -1.89 9 ( )

range (km)  [5363] (cjonlyabb ~ -94 88 -0.92 2. region 2, where PPgéntercepts the MAVPR above the
hpbb (km) 25 (e) extrapolating —4.7 9.7 -0.24

bright band, but its measurements are still affected by
the bright band (Table 2)

3. region 3, where the PP} eises above the bright band

of the rainfall field at the ground. In case of stratiform rain, and also itis not influenced by the bright band (Table 3)

the vertical .profiles use to keep roughly constant with heightthe results have been obtained by applying the several alter-
from the bright band bottom to the ground level, except for patives of the proposed methodology, previously described in
orographic enhancement or evaporation next to the groundsect. 3. They concern to the observed values used for fitting
So, while the first elevation measurements are not affecteghe MAVPR on each local pixel.
by the bright band, the first PPl radar image can be consid- |n particular, for region 1, where observations at bright
ered a good estimate of the reflectivity field at the ground.  pang are available, three fitting alternatives are tested: a)
In particular, once the MAVPR has been computed next toysjng all the available observations, b) using only the ob-
the radar, for fitting the MAVPR to the observed values on seryed values at the bright band, c) using only the observed
each pixel, the third PPI, or a PPI higher, has been considya|yes above the bright band. In case of region 3, where
ered as the lowest available PPI. Meanwhile the first PPI hag| the available observations rise above the bright band, an-
been reserved for working as the reference rainfall field at thgyiher set of fitting alternatives has been tested: a) using all
ground level. The useful validation domain extends itself toihe observed values (all of them placed above the bright
the distance where the first PPI (used here as the referenc%nd), d) using only the lowest observed value, e) extrapo-
starts to be affected by the bright band. ~ lating the behaviour of the measured apparent profile above
The results presented here correspond to the applicatioghe pright band to the top of the bright band and fitting there
of the proposed methodology to one event registered by thgne MAVPR. In case of region 2, since it is between the other
INM radar in Barcelona between the 14 and the 19 of J_uly, INtwo regions, alternatives a), b), c) and e) have been checked.
2004. The fit of the VPR has b(_aen done for e_ach horizontal The corrective methodology has been proposed for obtain-
polar pixel centered at each azimuth and radial value of theng the rainfall field at ground only in those zones presenting
volume scan. _ ~stratiform precipitation. These are the zones where is nec-
In Table 1, Table 2 and Table 3, the rainfall accumulation essary to correct the first PPI rainfall estimates as has been
atthe ground from fields obtained by applying the correctionmentioned in introduction. In the convective zones, as they
methodology is compared to the rainfall accumulation of thespqy vertical profiles of reflectivity with weak gradients, the
reference rainfall field (first PPI radar image). The error hasgsi ppj provides reasonably good estimates of the rain rate
been calculated as de difference between the rain rates at thg e ground. Therefore, for testing the performance of the
ground provided by the fitted profiles and the rain rates ofmethodology the domains where the correction methodology
reference rainfall field. has been tested are only formed by the zones which keep as
stratiform during the whole event.
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Fig. 3. Scattering plots of the rain rate estimates at the ground obtained by several procedures, versus rain rates from the chosen rainfall
reference field (first PPI), in case of region 1. a) using PRiit was the first PPI, b) applying the proposed methodology by using all the
observed values, and c) applying the proposed methodology by using only the observed values affected by the bright band.
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Fig. 4. Scattering plots of the rain rate estimates at the ground obtained by several procedures versus rain rates from the chosen rainfall
reference field (first PPI), in case of region 2 plus region 3. a) using P&y # was the first PPI, b) applying the proposed methodology by

using only the observed values affected by the bright band, and c) extrapolating the local observed VPR above the bright band to the top of
the bright band and fitting the MAVPR at this point.

As can be noticed from a first comparison between the erthis alternative improves considerably the results provided by
rors corresponding to apply each proposed alternative and thine rest of alternatives. According to this, extrapolating the
errors corresponding to the PPlestimates, all the proposed observed local VPR may provide the best results in case that
alternatives improve the PPY estimates. the lowest point of the VPR belongs to the varying profile

By the other hand, all the proposed alternatives do notP@'t which is placed above the bright band.

show the same quality of results. In case of region 1, best
results correspond to apply alternative (b), which consists of5 Conclusions
using only the observed values affected by the bright band for

fitting the MAVPR. It provides efficiencies of 0.6. This im- A methodology to identify the shape of the Vertical Profile
provement may _be du_e to the fact that this fitting alternatl_veof Reflectivity (VPR) from observed data and to apply this
eliminates the distorting influence of the no representative g resentative profile shape for estimating the rain rate at the
part of MAVPR above the bright band. In Fig. 3 can be bet- 4.,,nq has been proposed. Once the MAVPR shape has been
ter observed how this correction solves the underestimatioRypained near the radar, it is fitted to the apparent reflectivity
of the PPI & estimates. values measured above each local pixel in order to estimate

In case of region 2 and region 3, alternative €) seems tdhe rain rate on this pixel. To do this, the MAVPR is degraded
provide the best results (see Fig. 4). This alternative consistby convolving it with the beam pattern at the distance of the
of extrapolating the observed local VPR tendency above theixel. These degraded values are fitted to the observed values
bright band to the top of the bright band and then fitting theon the pixel and as a consequence the joint MAVPR is also
MAVPR at this point. For the event presented in this paper,fitted.
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