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ABSTRACT: Weather radar can potentially provide high-resolution spatial and temporal rainfall estimates bringing more
accuracy to flood estimations as well as having some other applications in areas with insufficient rainfall stations like
Thailand. Weather radar cannot be used to measure the rainfall depth directly; so an empirical relationship between the
reflectivity (Z) and rainfall rate (R), called the Z-R relationship (Z = AR"), is generally used to assess the rainfall depth using
radar. In this study, an optimization approach was used to find a suitable climatological Z-R relationship for the upper Ping
river basin, Northern Thailand. The reflectivity data between June and October in 2003 and 2004 at the Omkoi radar station
located in Chiangmai Province, together with the daily rainfall depths at fifty rainfall stations located in and around the basin
during the same periods were used. A climatological Z-R relationship in the form Z = 74R 1.6 shows acceptable statistical

indicators, making it suitable for radar rainfall prediction for the upper Ping river basin.
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INTRODUCTION

Conventional practice in flow runoff and flood
estimations is to use rainfall observations at selected
stations within a catchment and its surroundings as the
input data. The distribution of rainfall usually varies
significantly in both space and time'; therefore, the
area number of rainfall stations in the catchment can
have a significant impact on the accuracy of flood es-
timations®>*. This problem occurs in Thailand where
the number of rainfall stations is limited, few gauges
are automated, and gauges are not distributed evenly.

Weather radar can potentially provide spatial
and temporal rainfall data as input to hydrologic models
with the aim of increasing the accuracy of flood
estimations. The basic principles of radar meteorology
for rainfall estimation are well known> .

Weather radar has been used in hydrology for
over 50 years and is now becoming increasingly used
as an alternative tool to improve rainfall measurement®.
Weather radar measures the power of electromagnetic
waves backscattered by raindrops in the atmosphere
(P.) according to
) (1
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where C is a radar constant depending upon wave-
length, transmitted power, antenna gain, beam width,
pulse length, and sum of all losses; r is radar
range, |K is a dielectric factor depending on the

physical properties of the target; and Z is radar
reflectivity factor. The radar reflectivity factor can be
calculated using the above equation from the known
backscattering power and the other variables. Forradar
rainfall estimation, an empirical power relationship
between the reflectivity and rainfall rate (Z = AR?)
called the Z-R relationship is generally used to assess
the radar rainfall rate.

Although there are many Z-R relationships?,
they cannot be directly applied to different areas.
This is because the parameters 4 and b in the Z-R
relationshipusually change fromoneareatoanotherand
depend upon the variations of raindrop size distribution
in both space and time. Consequently, there is no
universal relationship that can be applied to all
rainfall fields”. The Z-R relationship determination
can be determined by two approaches; raindrop size
distribution (DSD) and optimization'®. For the first
approach (DSD), Z and R are calculated directly by
using raindrop size distribution data recorded by a
disdrometer. For the second approach (optimization),
the relationship is determined using reflectivity data
measured by radar and true rainfall recorded at rain
gauges. A suitable relationship is then obtained by
minimizing the errors between estimated radar and
gauged rainfall.

In this study, the upper Ping river basin
located in Northern Thailand, an area that has been
facing serious flooding problems during the lastdecade,
isselected as the study area for radarrainfall estimation.
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An appropriate climatological Z-R relationship using
an ensemble of several events at Omkoi radar station
and the corresponding rain gauge data were
investigated. The relationship is then applied for radar
rainfall estimation in the study area. Since the DSD
data has not been measured in Thailand, the
optimization approach was used to determine a suitable
Z-R relationship for this study.

DATA COLLECTION

Radar reflectivity data

The upper Ping river basin is located in
Northern Thailand within Chiangmai and Lumphun
Provinces. Two departments in this basin, the Thai
Meteorological Department (TMD) and the Bureau of
Royal Rainmaking and Agricultural Aviation (BRRAA)
collect reflectivity data at Amphor Muang Chiangmai
and Amphor Omkoi, respectively. The reflectivity
data collected by the BRRAA was chosen for an
investigation of the Z-R relationship for the following
reasons.

Firstly, the BRRAA uses the S-band Doppler
radar, whereas the C-band radar is used by the TMD.
These different kinds of radar transmit radiation at
different wavelengths, which is highly related to
beam attenuation error. The shorter wavelengths are
more attenuated in power by the vibration of particles
in the atmosphere and better absorbed by water than
the longer wavelength'. Attenuation is therefore
a severe problem for the X-band radar, which has
quite a short wavelength (2.8 cm). It can also be a
problem for the C-band radar with a wave length of
5.5 em. However, attenuation is not a problem for
the S-band radar, which has a longer wave length of
10.7 cm'>",

Secondly, the BRRAA has collected the
reflectivity data as volume scans, which are derived at
6 min interval using radar beam with different
elevation angles (0.6°, 1.4°, and 2.2°). The reflectivity
measuring instruments with a maximum range of
240 km provided by the BRRAA are in the form
of pseudoCAPPI. This pseudoCAPPI reflectivity
is the data obtained from the 2.5-km CAPPI
(Constant Altitude Plan Position Indicator) and PPI
(Plan Position Indicator) products.

At a constant altitude of 2.5 km, the data
collected within a radar range of approximately 135
km is considered as the CAPPI data, and the data be-
yond the range of 135 km is produced from the lowest
PPI (0.6°). On the other hand, the TMD has collected
hourly PPI which is extracted from the raw
reflectivity data from the beam at the elevation angle
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of 0.75°.

To avoid the bright band effect, the pseudo-
CAPPI reflectivity data belonging to the BRRAA lying
within the radar range that causes the height of the
upper beam to be below the freezing level was chosen
for the analysis. Silverman and Sukarnjanaset'
determined that the freezing levels in Chiangmai,
Thailand are 4.9-5.5 km.

The maximum radar range (calculated using
the equation proposed by Doviak and Zrnic’) that
gives the height of the upper beam below the freezing
level of 4.9 km is about 160 km. The reflectivity and
rain gauge data that lie within a range of 160 km from
the radar were therefore used for the analysis. It was
concluded that this 2.5 km pseudoCAPPI reflectivity
data is free from the bright band effect.

Lastly, the data collected by the BRRAA has
higher temporal resolution (5—6 min) than the data
collected by the TMD (every hour).

The S-band Doppler radar at Omkoi station
transmits the radiation with a wave length of 10.7 cm,
and produces a beam width of 1.2° and a 240 km
maximum range. The pseudoCAPPI reflectivity
instrument with the spatial resolution of 1 km?
between June and October in 2003 and 2004 were used
to collect data for an investigation of the Z-R rela-
tionship in the upper Ping river basin because of its
accuracy and the suitability of the rainfall data within
the same periods as the reflectivity data.

Gauge rainfall data

Most of the rainfall stations in and around
the upper Ping river basin are (non-automated)
stations providing daily rainfall data. Consequently,
the climatological Z-R relationship was determined
based on a daily data basis. There are 50 gauge rainfall
stations located in the basin and nearby area, but only
42 stations are within 160 km of the radar. The avail-
able data within the period between June and October
in 2003 and 2004 collected at these 42 stations were
therefore used for the calibration of the Z-Rrelationship.
The locations of daily rainfall stations operated by
the Royal Irrigation Department (RID) and the Thai
Meteorological Department (TMD) within the Omkoi
radar radius are shown in Fig. 1.

METHODS

Radar reflectivity measurement errors

Weather radar measures signals that are
backscattered by targets that include not only the
raindrops, but also any objects in the atmosphere
leading to some errors in reflectivity measurement.
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Fig 1. Locations of daily rainfall stations within the Omkoi
radar radius.

During the Z-R relationship calibration process, the
following errors have to be removed to improve the
accuracy of the reflectivity values.

1) Height sampling errors caused by the bright
band that result in a range dependent bias'> .

The radar antennas transmit the signals at
several elevation angles. The Earth’s curvature and the
refraction of the radar beam through the atmosphere
cause the height of the beam to increase in a non-linear
fashion with range’. Bright band contamination occurs
where the radar beam intersects the melting layer.
During the melting process in this layer, snowflakes
and hail become coated with a film of water leading
to the appearance of giant raindrops. The reflectivity
in the bright band is generally 5-10 dB stronger than
in the rain below or the snow directly above!”?124,
The pseudoCAPPI reflectivity data at the altitudes
below the freezing levels is therefore selected for
further analysis to avoid the bright band effect that
could cause radar rainfall overestimation.

2) Ground clutter

Ground clutter is non-precipitation radar echo
occurring where the main or side lobes of radar beam
encounter other targets such as mountains, ground,
buildings, and trees. The backscattered radar signals
from those objects result in strong persistent radar
reflectivity leading to an overestimation of the radar
rainfall.

Gabella and Perona® have suggested that the
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ground clutter effect can be significantly reduced
by increasing the elevation angle of the radar beam.
However, ground clutter correction using this strategy
may cause increases in height sampling error. This
study applies an easier alternative using a topography
map of known ground clutter locations and discarding
radar measurement in these areas? 2.

3) Radar beam attenuation"

Attenuation of radar power (electromagnetic
wave) transmitted into the atmosphere can be caused
by atmospheric gases in the clear atmosphere and
by precipitation. Water vapour and oxygen are the
major atmospheric gases that need to be considered as
absorbers®. The basic principle of the attenuation by
these gases was explained by Vleck? .

Attenuation caused by rain may vary strongly
according to rainfall rate®. As mentioned in the
sub-section “Radar reflectivity data”, the sensitivity of
the radar beam attenuation due to atmospheric gases
and precipitation is higher at shorter wavelength.
Since the reflectivity data used in this study is
categorized as the S-band radar with the longer
wavelength compared to the X-band and C-band
radars the beam attenuation effect is not significant for
this kind of radar and it was therefore not considered
in this study.

As mentioned earlier regarding the properties
of reflectivity values collected by the Omkoi radar,
some of the errors comprising beam attenuation
and bright band are not included. Moreover, the
errors from ground clutter and beam blocking were
already removed by using the correction strategy
recommended by Gabella and Perona® and
Chumchean®® as mentioned above in the sub section
on “Ground Clutter”.

To avoid the effect of noise and hail, the
reflectivity values that ware less than 15 dBZ and
greater than 53 dBZ® were eliminated from the
analysis*®*. Once these errors are removed, the
reflectivity values can be used for further analysis.

Radar rainfall accumulation

For a conventional practice in radar rainfall
estimation, a power empirical relationship between
the measured radar reflectivity and rainfall rate as
illustrated in the equation (2) is used to convert the
reflectivity into the rainfall intensity.

7 = AR @)
where 4 and b are the relationship parameters,
Z is the reflectivity data in mm%m?®, and R is the
rainfall rate in mm/h.

Since most of the rainfall stations in the upper
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Ping river basin are non-automatic, the daily rainfall
data were used to calibrate the climatological Z-R
relationship in this study. As the gauge rainfall data are
in mm per day and the reflectivity data are in mm®m?
per 6 minute interval, the measured instantaneous
reflectivity needs to be converted as the radar rainfall
rate in mm/h using original Z-R relationship (details
in the next item). However, the units of the radar
rainfall rate and gauge rainfall need to be expressed
as mm per day for calibrating the Z-R relationship.
Radar rainfall rates are therefore converted into
daily radar rainfall in mm unit using a radar rainfall
accumulation algorithm, which is developed in this
study and based on the method proposed by Fabry
et al®. In this method, the rainfall field is assumed
to remain stationary in space and intensity during the
sampling interval. The radar rainfall accumulation is
therefore computed by multiplying the radar rainfall
rates (mm/h) by the reflectivity data interval and
thereafter adding radar rainfall data for each interval
to become the daily radar rainfall in mm.

Climatological Z-R relationship calibration

As there was no calibrated Z-R relationship
available for the Omkoi radar, the BRRAA has been
using the relationship of Z=200R'‘ proposed by
Marshall and Palmer* to convert the reflectivity data
recorded from the Omkoi radar into radar rainfall.
In this study, the most suitable climatological Z-R
relationship of Omkoi radar for daily radar rainfall
estimation in the upper Ping river basin was therefore
calibrated using several events of the measured
instantaneous reflectivity and daily rain gauge rainfall
data during June and October in 2003 and 2004. Since
rain gauge rainfall data in the upper Ping river basin are
in the daily basis, the calibration techniques based on
daily basis proposed by Seed et al*® and Fields et al*®
were applied to attain the suitable Z-R relationship.
Using this technique, the instantaneous reflectivity
values are initially converted into radar rain rates
using the standard Z-R relationship (Z=200R'¢) and
then accumulated into daily radar rainfall. The most
suitable relationship will be calibrated by minimising
the errors between the accumulated daily radar and
rain gauge rainfall. The calibrated results obtained
by Seed et al® and Fields er al*® showed that the
multiplicative term A based on daily basis by using the
data from Sydney, Melbourne, Darwin, and Brisbane,
Australia are within the ranges of 50 to 280. Details
of the methodology in Z-R calibration used in this
study can be summarized as follows.

1) Parameters 4 and b in the Z-R relationship
were initially specified as 200 and 1.6, respectively,
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which are suitable for the stratiform rainfall®, to be
used to convert instantaneous reflectivity data into
initial radar rain rates.

2) The instantaneous radar reflectivity data
during 2003 and 2004 of all radar pixels that contain
the rainfall stations were converted into rain rates
using the initial Z-R relationship (Z=200R"¢). The
estimated radar rain rate for each time interval at a
particular rainfall station was then accumulated into
daily radar rainfall in mm using the radar rainfall
accumulation algorithm as mentioned earlier.

3) Mean gauge rainfall and mean radar rainfall
of each day were estimated using the equations (3)
and (4), respectively:

_ 1 &
Gj:N;g::/ 3)

G J is the mean gauge rainfalll on day J, g; Is gauge
rainfall at station i and on day j; and N is the total rain

gauge numbers.

R, =

Z Ty “4)

i=1

1
N
R ; 1s the mean radar rainfall on day j, and 7, is radar
rainfall accumulation computed using the relationship
Z=200R"S, for day j at the radar pixels that contain the
N rainfall gauges.

4) Estimated mean radar rainfall and mean gauge
rainfall were compared using four statistical measures
recommended by Seed er al.* as explained below.

Mean error,
ME=13®-G) (5)
nio

mean absolute error,

N

_i_Gi| , (6)

RMSE = (7
bias,

®)

where 7 is the number of mean daily rainfall records.

Several Z-R relationships would be specified by
repeating the calculation of steps 1 to 4. Whichever
relationship gives the minimum of the four statistical
measures will be chosen as the most suitable
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relationship for the study.

Many researchers suggested that parameter b
does not need to be varied as much as the parameter
A*737. Chumchean® found the suitable values of
A and b to be within the ranges of 31-500 and
1.1-1.9, respectively. To reduce complications in
the minimization process, the algorithm proposed by
Fields et al*® was applied to estimate the appropriate
parameter that would give the minimum errors. The
exponent b was fixed as 1.6 and only the multiplicative
term 4 was adjusted to minimize the errors. The new
parameter 4 can be determined from the following
equation.

4=

m

)

where 4, is the new multiplicative term 4 in Z-R
relationship; 4, is the initial parameter 4, m is the
gradient of the regression line between the predicted
radar rainfall and the observed gauge rainfall obtained
from an original Z-R relationship, and b is the exponent
in the Z-R relationship.

RESULTS

The reflectivity and gauge rainfall data between
June and October in 2003 and 2004 were analysed by
the steps as explained in the previous section. The
results of the mean radar rainfall and mean gauge
rainfall using the standard relationship of Z=200R'¢
are compared in Fig. 2. The statistical measures
comparing these two sets of data are also calculated
and summarized in Table 1. It can be noted that the
estimated radar rainfall is generally lower than the
gauge rainfall. Parameter 4 in the Z-R relationship
needs to be adjusted using the Equation (9) with the
m value equal to 1.868, which is the slope gained
from the relationship in Fig. 2. The adjusted A4
value is 74, and then the new Z-R relationship;
Z = 74R'S, was used to recalculate each step
(1 to 4) as explained above. The results show that the
modified Z-R relationship can improve the accuracy
of the mean daily radar rainfall compared to the
application of Z=200R'S. Significant reductions of

Table 1. Comparisons of the statistical measures gained
from the different Z-R relationships

Statistical Measures Z=200R"* Z=74R"
mean error (mm) -3.47 -1.23
mean absolute error (mm) 351 2.30
root mean-square error (mm) 4.65 3.14
bias (mm) 2.33 1.25
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Fig. 2 Scatter plot of mean radar rainfall and mean gauge
rainfall based on the relationship Z = 200R"*.
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Fig. 3 Scatter plot of mean radar rainfall and mean gauge
rainfall based on the relationship Z = 74R'®.
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Fig. 4 Time series plot of mean gauge rainfall and radar
rainfall in 2003 using the relationship Z = 74R"*.

the statistical measures resulting from the calibrated
relationship are shown in Table 1. Fig. 3 shows that
the scatter plot of the mean radar rainfall attained
from the adjusted relationship (Z = 74R"‘) and mean
gauge rainfall (Fig. 3) are closer compared to the
scatter plot produced using the previous relationship
(Z = 200R'®). Radar rainfall estimated using the
adjusted relationship (Z = 74R'S) and gauge rainfall
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Fig 5. Time series plot of mean gauge rainfall and radar
rainfall in 2004 using the relationship Z = 74R'S.

for the daily basis in 2003 and 2004 were plotted as
shown in Figs. 4 and 5, respectively. The figures
show that estimated radar rainfall is not significantly
lower than the gauge rainfall. An agreement between
estimated radar and gauge rainfall was examined
using correlation coefficient (r). The results show
that the overall correlation coefficients between the
estimated radar and calculated rain gauge rainfall for
the data sets in 2003 and 2004 are 0.857 and 0.912,
respectively (Fig. 4 and 5), which are acceptable.
The calibrated Z-R relationship (Z = 74R") is therefore
appropriate to be used for an estimation of daily radar
rainfall in the upper Ping river basin.

DISCUSSION

Since most of rainfall stations located in and
around the upper Ping river basin are non-automatic
stations, the climatological Z-R relationship was
therefore determined by uses of daily gauge rainfall
at 42 stations and the reflectivity data at the
Omkoi radar station. During the calibration procedure,
parameter 4 was adjusted to minimize four statistical
measures (mean error, mean absolute error, root
mean-square error, and bias), whereas the parameter
b was set as a constant of 1.6. The results showed
that the climatological Z-R relationship gave more
accurate results using A=74 than A4=200. The
climatological Z-R relationship of Z = 74R'® is
therefore the appropriate equation for radar rainfall
assessment in the upper Ping river basin. Within the
calibration period (between June and October in 2003
and 2004), this relationship produced the minimum
mean error, mean absolute error, root mean-square
error, and bias of approximately -1.23, 2.30, 3.14, and
1.25 mm, respectively. Daily radar rainfall in 2003
and 2004 were then computed using this relationship
and were compared to the daily gauge rainfall in
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the form of time series plot as shown in the Figs. 4
and 5. Even the estimated radar rainfall tended to be
a bit lower than the gauge rainfall. The overall results
are acceptable with the correlation coefficient between
the estimated radar and gauge rainfall of around 0.857
and 0.912, respectively.

This study aimed was investigate the suitable
Z-R relationship for daily radar rainfall estimation
in the upper Ping river basin to reduce some radar
rainfall errors caused by Z-R conversion. The proposed
climatological relationship (Z = 74R'6) represents
the average relationship for Omkoi radar station
and can also be used as an initial relationship to
convert measured reflectivity into daily radar rainfall.
However, the parameters 4 in the Z-R relationship
usually change in both space and time. The applications
of the proposed relationship to estimate daily rainfall
at different storm events especially in real time
environment possibly have a number of uncertainties.
To improve the accuracy of radar rainfall, the
estimated radar rainfall calculated by the proposed
Z-R relationship should be adjusted by applying
a mean-field bias correction technique®***%.  An
adjustment factor which is the ratio between
accumulated rain gauge rainfall and accumulat-
ed radar rainfall will be assessed. Thereafter, the
adjusted radar rainfall will be finally calculated by
multiplying the adjustment factor to the radar rainfall
estimated by the proposed Z-R relationship. There are
many mean field bias techniques, and each technique
can be used to correct the errors caused by temporal
and/or spatial variability. The most suitable technique
will be chosen and further applied to improve the
accuracy of the estimated radar rainfall. Radar rainfall
estimates can then be used as the input data for the
selected rainfall-runoff model for flood estimation in
the upper Ping river basin.
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