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Abstract. The present study develops a method calledrainfall is often regarded as the true or reference rainfall.
window correlation matching method (WCMM) to reduce However, inaccurate rainfall estimates based on rain gauges
collocation and timing errors in matching pairs of radar are due to inadequate spatial coverage or configuration and
measured reflectivityZ., and gauge measured rainfall in- inadequate gauge density especially in mountainous regions
tensity, R, for improving the accuracy of the estima- (Borga, 2002). Satellites are an attractive alternative to ob-
tion of Z,—R relationships. This method was compared serve rainfall at a global scale from space with large spa-
with the traditional matching method (TMM), the proba- tial and temporal resolution. However, it is difficult to apply
bility matching method (PMM) and the window probabil- satellite rainfall in small scale basins (less thad k%% and

ity matching method (WPMM). The calibrated relationship in real time operation (Linsley et al., 1988; Collier, 1996).
Z,=18.05R1-4> obtained from %7 km of space window and In addition, the accuracy of satellite rainfall estimation de-
both present and 5 min previous time of radar observation foicreases when the time scale is reduced (i.e., from monthly
time window (S77T5) produces the best results for radar rainto daily to sub-daily). Weather radar overcomes some of the
fall estimates for orographic rain over the Mae Chaem Water-disadvantages associated with rain gauges and satellites as it
shed in the north of Thailand. The comparison shows that therovides a rain field with high spatial and temporal resolution
Z.—R relationship obtained from WCMM provide more ac- and large areal coverage. Also, it measures rainfall closer to
curacy in radar rainfall estimates as compared with the othethe ground level than the satellite. Application of radar mea-
three methods. The&,.—R relationships estimated using sured rainfall in hydrological and environmental modeling,
TMM and PMM provide large overestimation and underesti- including real-time hydrological forecasting, has become an
mation, respectively, of mean areal rainfall whereas WPMMactive area of research by hydrologists (Collinge and Kirby,
slightly underestimated the mean areal rainfall. Based on thd987; Bell and Moore, 1998; Sun et al., 2000; Vieux, 2003).
overall results, it can be concluded that WCMM can reduce In measuring rainfall by radarZ—R relationships are
collocation and timing errors iZ,—R pairs matching and  widely used to convert radar measured reflectivity to rainfall
improve the estimation of,— R relationships for radar rain-  intensity, hence the accuracy of the estimatio efR rela-

fall. WCMM is therefore a promising method for improved tionship is important (Rosenfeld et al., 1993; Collier, 1996;
radar-measured rainfall, which is an important input for hy- Atlas et al., 1997). The true radar reflectivit{){ which
drological and environmental modeling and water resourcegan be measured by distrometer, is determined based on the
management. drop size distribution (DSD) of rainfall and is related to rain-
fall intensity (R) to estimate the tru& — R relationship (At-

las, 1964; Battan, 1973). However, non-availability of rain-
drop size distribution information restricts the determination
of the trueZ—R relationship based on DSD.

Rainfall is measured based on three sensors- rain gauge, Calheiros and Zawadzki (1987) and Rosenfeld et
weather radar and satellite. Rain gauges are traditionall?!- (1990) applied a regression analysis technique to deter-

used for measuring rainfall at ground level. Gauge-measuredine the relationship of synchronous datasets between mea-
sured rainfall intensity by rain gauge and measured or ef-

Correspondence to: T. Piman fective reflectivity by weather surveillance radat,} at the
(st100803@ait.ac.th) pixel over the rain gauge (defined as the traditional matching

1 Introduction
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method, TMM, in this paper). However, in reality perfect 2 Study area and data collection
synchronization betweef, and R is unachievable, except
at the closest range and nearest to the ground. The norp.1  Description of the study area
synchronousZ.—R pairs are due to: 1) the large discrep-

ancy betvyee_n the sample vo_Ium_e of the rain gauge and th%he study area, Mae Chaem Watershed is located in the
radar, 2) timing and geometric mismatches, and 3) the Iarg%orth of Thailand with a geographical area of 385%km
variability of the Z—R relationships mainly due to differ- Fig. 1). The study watershed is contained withirt Q&—
ences of rainfall characteristics, locations and times (Joss 9°i0(l\i and 9804-9834 E which comprises mountain-
al., 1970; Battan, 1973; Chumchean,.2004). These pmblemaus and forested terrain. The highest point in the Mae Chaem
red_uce the accuracy df.—R conversion for radar rainfall |\, <hed is the Doi Inthanon summit, 2565m above the
estimates. . .. mean sea level, the highest altitude in Thailand. The low-
Tohgvercomﬁ (tjhese problemsdln TiMMc’j the probi?blhty est point in the watershed is 282 m above the mean sea level.
matching method (PMM) was developed to matc NON"The water flows through the Mae Chaem Watershed areas for

fsynchronous datasetlshﬁ andR using CUTUIaﬂVG .denlsity 135 km before joining the Ping River, one of the tributaries of
unctions (CDF) (Calheiros and Zawadzki, 1987; Atlas et the Chao Phraya River, the main river of Thailand. Rainfall

al., 1990; Rosenfeld et al., 1993). The PMM eliminates the;, yis region is characterized by a large seasonal and inter-
;ampllng volumg, collocation and timing errors by match- annual variation. The average annual rainfall in the study
ing Z, and R pairs of non-synchronous, and R datasets ;04 yaries from 1000 to 1200 mm and more than 80% of it
Fhat hgve ihe same CDF: Th|s.method provides better resu"éccurs during the southwest monsoon and tropical cyclones.
in estimatingZ,—R relationships for non-synchronoi&  ,ii et al. (2004) and Dairaku et al. (2002) reported that the
and R datasets as compared t0 TMM (Atlas et al., 1997). ina)l in the Mae Chaem Watershed is orographic. The av-
_Howgvei, I(_rgjewskl and S_m'th (19_9_1) found tha_t the TM_M erage annual runoff at the watershed outlet is 2007% m3
is still_significantly superior, providing much higher rain o 4'ah0ut 700 of it occurs during the rainy season from May
estimation accuracy, as compared to PMM for estimating,, 6ctober.
Z.—R relationships of synchronoug,—R pairs. Rosen-
feld et al. (1994) developed the window probability match-
ing method (WPMM) to surmount weaknesses of the PMM 2.2 Gauge and radar data
by matching, andR pairs within small space and time win-
dows to encompass the collocation and synchronization unThe GEWEX Asian Monsoon Experiment — Tropics
certainties. The WPMM provided significantly improved re- (GAME-T) project from 19962001 established a rain gauge
sultsin estimating the rain intensity_ The advantage of PMMnetWOfk in the Mae Chaem Watershed to observe rainfall in
and WPMM is that there is no requirement of concurrgnt this mountainous area since 1997 (Kuraji etal., 1998) Auto-
and R datasets while the disadvantages are that these techipatic tipping bucket type rain gauges (20 cm orifice diame-
niques do not represent the real physical process of rainter and 0.5 mm per tip) with pulse-count time-recording data
fall and they do not use joint probability betwe&p and R loggers (one second time resolution) were installed at 13 sites
datasets. in the watershed. At the outlet of the watershed (Fig. 1), a
The accuracy of radar rainfall estimates is particularly im- river flow gauging station (P. 14) is also being operated by
portant when these estimates must be computed as input tothe Royal Irrigation Department (RID) of Thailand.
hydrological model (Borga, 2002). Ti# — R conversion er- Radar data in this research was obtained from the meteo-
ror is an important issue which affects the accuracy of the esrological radar installed in 1991 on top of a mountain at Om
timation of Z,— R relationship and radar-measured rainfall. Koi (17°4753 N, 982557 E) in northern Thailand (Fig. 1).
In order to minimize synchronization and collocation uncer- The Bureau of the Royal Rainmaking and Agricultural Avi-
tainties inZ,— R pairs matching and to address the short- ation, Thailand, operates the Om Koi Radar station for rou-
comings of PMM and WPMM, the present study aimed to tine observations. The radar is an S-Band Doppler weather
develop a method to improve estimation of the—R rela- surveillance radar system (DWSR-88S model), with the
tionships of non-synchronoug, — R pairs by accounting for ~ following principal characteristics: frequency 2.7-2.9 GHz,
collocation and timing errors. This new method is comparedwavelength 10.8 cm, peak power 500 kW, antenna diameter
with three other methods, namely TMM, PMM and WPMM. 6.1 m and beam width 1°2 The data was obtained at 5 min
The accuracy of radar rainfall estimates is evaluated usingnterval with a 250 km observation range, 1 km radial reso-
rain gauge-based estimates of point rainfall and mean aredltion, and 2 azimuthally resolutions. The radar reflectivity
rainfall. The study area is a mountainous watershed in thedata used in this study was extracted from the CAPPI (Con-
north of Thailand where rain gauge observations are availstant Altitude Plan Position Indicator) radar product at an el-
able from a dense rain gauge network and digital radar datavation of 3.0 km above the mean sea level in order to avoid
is available from a weather radar installed in the vicinity. ground clutter and ground echoes problems near the radar
site.
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Fig. 1. Mae Chaem Watershed and locations of radar and gauge stations.

The continuous gauge record of rainfall during 15-18
September 1999 at each of the 13 rain gauges was used to / / /
calculated rain intensity values of 5 min duration and they are / / 7. at time ¢
paired with the corresponding 5 min reflectivity values mea-
sured by radar for determining thg— R relationship. All the / /

rainfall events within the 86 h of 13 individual rainfall mea-
suring sites were used to develop the representativer
relationship for the entire study watershed of 3853 kifhe
calibrated relationship was then verified using the rainfall

event observed during 11-14 September 2000. Table 1 R at time ¢

presents the characteristics of rainfall observed at the 13 rain

gauge stations in the study watershed for the two rainfall

events used for the calibration and verification. Fig. 2. The traditionalz, — R matching method (TMM).

3 Z,~Rmatching techniques collocation problems in radar-gauge point comparison. In
PMM, it is assumed that the radar observed reflectivity has

3.1 Traditional matching method (TMM) the same probability of occurrence as the gauge-measured

) , rain intensity (Atlas et al., 1990; Rosenfeld et al., 1993).
The approach of TMM consists of matching the valu&Zef  Thg getting ofz,—R pairs using this method is therefore
over a rain gauge station witR at the corresponding time 5564 on matching the CDFs of gauge rainfall intensities and

of measurement (Fig. 2). This method assumes that the raing, gar measured reflectivity values as described in Eq. (1) and
drops fall absolutely vertical from the atmosphere to the raingnown in Fig. 3.

gauges and that the radar rain intensity at the measured alti-

tude is the same as at the surface (Calheiros and Zawadzki¥® %
1987). / P(R)dR = / P(Z.)dZ., (1)
R; Zei

3.2 Probability matching method (PMM)

where P(R) is the probability density function of gauge-
The probability matching method was proposed by Calheiroameasured rainfall intensities an®l(Z,) is the probability
and Zawadzki (1987) to bypass sampling volume, timing anddensity function of measured reflectivity values by radar. To

www.hydrol-earth-syst-sci.net/11/1361/2007/ Hydrol. Earth Syst. Sci., 11, 1361-1372, 2007
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Table 1. Characteristics of rainfall observed at 13 rain gauges in the study watershed.

Description Calibration Verification

Period 15-18 September 1999  11-14 September 2000
Rain type Orographic Orographic
Duration (h) 86 75

Maximum gauge-measured rain intensity 90.0 84

of 5min duration (mm/h)

Maximum gauge-measured rain intensity 38.5 375

of 1 h duration (mm/h)

Accumulated gauge mean areal rainfall 72.9 89.8

by Thiessen polygons (mm)

100% 100%%

7 km

__________________________________________ A
5 5
a a
19} &)
"""" B R 1 km
1
| £
0 Y v > 0 - ® |l km
R/ R, = ..
Radar reflectivity
R (mm/h) Rain gauge locatign

space window

Fig. 3. The probability matching method (PMM).

construct CDF ofZ, and R, the datasets &, andR are de-
termined as explained earlier in TMMR; andZ; having the < 15 min
same CDF values are matched as pairs and thenthesepaiyy ;| 1 | | 1 | 1 | Gauge time window
are used to determine ti& —R relationship. This method ' . T T T 1T 11 8

eliminates timing errors because PMM does not make use

of the actual time at which each pair &fand Z, occurred g 4. The window probability matching method (WPMM).
and the geometric errors are eliminated as long as raindrops

at the radar pixel over the rain gauge fall absolutely verti-

cal. However, the disadvantage of PMM is that this methodby the wind. This also increases the numbe#Zgf- R pairs

does not consider the joint distribution or inter-associationand thus the accuracy of the estimatéd-R relationship.

>

-5 min t 5 min

betweenzZ, andR. In this study, forty-nine reflectivity values within<77 km of
_ N . radar space window and three gauge rain intensity values of
3.3 Window probability matching method (WPMM) 5-min gauge time window (Fig. 4) were used in the WPMM
procedure.

The window probability matching method was developed by

Rosenfeld et al. (1994) to reduce geometrical mismatch ang 4 Wwindow correlation matching method (WCMM)
synchronization error ir¥, and R pair matching whereZ,

is obtained from the space windows, centered over the coWwCMM was developed to match, — R pairs when colloca-
ordinates of the rain gauges, aRds taken from the gauge tion and timing errors are present (non-synchrongts R

time windows, centered at timeof the radar scan as illus- datasets). These errors are caused by wind and the height
trated in Fig. 4. The values &f, and R from the space and of radar measurement, respectively. This method attempts to
time windows are then contributed to tiR€Z,.) and P (R) to account for the physical process of rainfall as the raindrops
matchZ, andR at the same percentile. In this way the clos- rarely fall absolutely vertically due to wind effects, and also
est possible synchronization between the radar and gauge obadar measurements are taken at a higher altitude from the
servations may be obtained and one may be assured that tlyigound, so that it is necessary to consider the travel time of
radar observations aloft correspond to the rain measurementaindrops. Moreover, the WCMM uses concurr&ptand R

at the surface in spite of possible navigation errors and disdatasets to develop the representative reflectivity-rain inten-
placement of the rain from the center of the radar windowsity relationship. The concept of this method is the extension

Hydrol. Earth Syst. Sci., 11, 1361-1372, 2007 www.hydrol-earth-syst-sci.net/11/1361/2007/
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Table 2. WCMM scenariosanalyzed and the numbe#Zpfvalues. Space window
/ 3 km
¥ /
_ Time window (min) Z, at time £-5 5 /e e °
Spa(ZEnY]V)meW 0 0 -5 0.-5 —10 ) - — e 5 min Time window
' 7 @ © e
3x3 S33T0 (9) S33T5 (18) S33T10 (27) , - - >
5x5 S55T0 (25) S55T5 (50) S55T10 (75) _ = / = p=
7x7 S77T0(49) S77T5(98)  S77T10 (147) Zeattimet B
9x9 S99TO (81) S99T5(162) S99T10 (243) * L/ o

Note: The figure in parentheses is the numbeZ p¥/alues consid- K
ered in the analysis. R at time ¢ ngfere,

-ce/rain gauge

of possible matching areas @f from the traditional match-  Fig. 5. The concept of the window correlation matching method
ing method for searching and finding the optinfal that (WCMM).

gives the best correspondence withThe possible matching

areas in this method consist of the space and time windows

as shown in Fig. 5. The purpose of the space window is to re4 Evaluation of Z,— R relationships

duce the geometric mismatch that is affected by wind, while ) ) )
the time window is to account for a timing error which is 4-1 Comparison of various WCMM scenarios

mainly affected by the height of radar measurement. Twelve WCMM scenarios were investigated in this study

‘The process of WCMM consists of matching values  for matchingZz, — R pairs and identifying the optimad, — R
within the space and time windows to reference gauge raiNnairs. The sizes of the space windows used wer8, Bx5
fall intensity and searching for the value &f of the radar 7.7 and 9<9 radar grid pixels which cover an area of 9,
pixel that g_ives the maximum correlation_ coefficienl_ @S 25 49 and 81k respectively, above the rain gauges. The
expressed in Egs. (2) and (3). Thfs value is then assigned  time windows of radar measurements were set to three sizes
to match the reference gauge rainfall intensity. TAiS-R  \hich consist of present time that is at the same time as rain

pair is called “the optimakZ.—R pair”. gauges measurement (0 min), a combination of present time
and 5 min previous time (0 and5 min) and a combination
COVZ, R of present time, 5 and 10min previous times (% and
r= S;uSk (2) —10min). These scenarios are defined in Table 2. The num-
e

ber of Z, values for finding optimalZ, that gives the best
correspondence witl® with respect to the given space and
time windows are presented in parenthesis in Table 2.

n
3 ((Zi — Zo)x(R; — R)) Fifteen rain intensity values of 5min duration which vary
COVZ,R = =1 . (3) from 0.5 to 7.5 mm/5 min (6 to 90 mm/h) with the increment
(n—1) of 0.5 mm/5 min (6 mm/h) were considered over the 86 h pe-

riod with the 13 rain gauges stations. This gave a total of 627
) o non-zeroZ.— R pairs. The scatter plots of thege— R pairs

whereZ; is Z, value of non-zer, — R pairi, Zisthe mean  for the twelve WCMM scenarios are depicted in Fig. 7. Itis
value ofZ, data,R; is R value of non-zerd,—R pairi, R found that when the space and time window size is increased,
is the mean value oR data,Sz, is the standard deviation of 1o degree of scatter &,— R pairs reduces. However, it can
Z. data,S is the standard deviation df data andr is the e seen that the scatter plot of the®km of the space win-
number of non-zerd&, —R pairs over the 86 h of the 13 rain 4o,y (S99) has no significant improvement as compared to
gauge sites. The WCMM process is illustrated in Fig. 6. Theihe 77 km of the space window (S77). Similarly, the in-
size of the space and time windows must be large enough t@yease in time window from 5 to 10 min previous time also
account for collocation and timing errors. has not reduced the degree of scatteZpf-R pairs. The

For the value of-=1, the Z,—R pairs are perfectly syn- degree of fit of the relationship &,— R pairs based on var-
chronized, while a value of=0, means that th&,—R pairs  ious WCMM scenarios was measured in terms of correlation
do not have a relationship at all. The WCMM allows match- coefficient (Egs. 2 and 3) and the results are presented in Ta-
ing the values ofZ, of the radar pixels surrounding the ref- ble 3.
erence rain gauge or measured in the previous time intervals
with R.

www.hydrol-earth-syst-sci.net/11/1361/2007/ Hydrol. Earth Syst. Sci., 11, 1361-1372, 2007
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Define size of space and time window

'

Determine a number of Z, values within
defined space and time window (NZ,y./)

v

Define a total of non-zero Z.-R pairs (Na1)

|

Match Z,-R pairs using TMM and calculate
correlation coefficient (r;) over Ny

Match Z,, , and R,

where Z,, , = Z, value at pixel nz of Z,-R pair n
R, =Rain intensity at Z,-R pair n

.

Calculate 7, ,

No nz=nz+1
Is nz=NZ,y.,?

Determine and store Z,, , which gives
maximum 7, ,

n=n+l

Calculate r, from new Z,-R pairs

|, =

x 100 < Tolerance ?

Optimal Z,-R pairs

Fig. 6. The WCMM process.

T. Piman et al.: Development of a window correlation matching method

Table 3. Correlation coefficient ofZ,—R pairs for different
WCMM scenarios.

Time window (min)

Space window

(km) 0 0-5 0,-5-10
3x3 0.644 0765  0.769
5x5 0.830 0.848  0.850
7x7 0.845 0.868  0.870
9x9 0.846 0.869  0.870

has very small increase in threvalues. On the other hand,
when the time widow is extended from present time to previ-
ous 5min of radar measurement, thealues have increased
slightly except in the S33T5 scenario (Table 2) where an in-
crease of 18.79% as compared with S33TO is observed. The
increases im values for the other scenarios are about 2—3%.
The results indicate a small increase imalues when previ-

ous 10 min of radar observation is added in the time window
of WCMM. The increase in the values is less than 0.5%.
The use of %9 km of the space window and previous 10 min
of radar observations in the time window has no significant
improvement in the relationship &f.—R pairs. Based on

the results, it can be concluded that when the space and time
window size of WCMM are increased, the relationship be-
tweenZ, andR is improved. Moreover, the S77T5 scenario
(using a &7 km of the space window and a combination of
present time and previous 5 min radar scan in time window)
is sufficient to correct collocation and timing errorsdp— R
pairs.

4.2 Estimation ok andb parameters iZ.-R relationship

The relationship betweeZ,—R is usually represented in
term of empirical power law equation (Marshall and Palmer,
1948; Joss et al., 1970; Collier, 1996; Rosenfeld et al., 1993)
as below,

Z. =aR’, 4

whereZ, is measured radar reflectivity in n¥m3, R is rain-
fall intensity in mm/h, and andb are parameters. The pa-
rametersz andb in the power law equation were estimated
for different WCMM scenarios and the results are presented
in Table 4.

Table 4 indicates that with increase in space and time win-
dow size of WCMM, the value of parameterdecreases

Ther values increase significantly when the space windowwhereas the value of parameteincreases. However, pa-

in WCMM is expanded from 83 to 5x5 km for the differ-

rameterb does not vary much as compared to parameter

ent time windows considered. The percentage increase variddoreover, the values of parametersand b remain nearly

from 10.68—-28.88%. However, threvalues have slightly in-
creased when the space window is enlargedx@ Km. The
change is about 2% as compared t5km of the space
window. Further increase in the space window to9%km

Hydrol. Earth Syst. Sci., 11, 1361-1372, 2007

the same when the space window is expanded frem kim

to 9x9 km and also when the time window is extended from
previous 5 min to 10 min of radar measurement. It can be said
that increasing the space window te 9km and adding the

www.hydrol-earth-syst-sci.net/11/1361/2007/
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Fig. 7. Scatter plots o, — R pairs for different WCMM scenarios during 15-18 September 1999.

previous 10 min of radar observation in the time window in in time window in WCMM can account for collocation and
WCMM has no significant change in the values of parametergiming errors that occurred due to wind effects and the differ-
a andb in Z,—R relationship considered in the study. These ence in height of measurements by radar and rain gauges.
results also suggest thak 7 km of the space window and a

combination of present time and previous 5min radar scan

www.hydrol-earth-syst-sci.net/11/1361/2007/ Hydrol. Earth Syst. Sci., 11, 1361-1372, 2007
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Table 4. Parametera andb in Z.—R relationship (Eq. 4) for different WCMM scenarios.

Time window (min)

Space window

(km) 0 0,-5 0,-5,-10

a b a b a b
3x3 42.44 1157 30.59 1.298 30.48 1.302
5x5 26.35 1.305 19.04 1.422 19.00 1.424
77 18.60 1.423 18.05 1.450 18.02 1.451
9x9 1858 1.425 18.04 1450 18.02 1451

Table 5. Mean absolute error (MAE) in rainfall intensity and rainfall depth for different WCMM scenarios.

Time window (min)

Space window

(km) 0 0,-5 0,-5,-10
Rainintensity Raindepth Rainintensity Rain depth Rainintensity Rain depth
(mm/h) (mm) (mm/h) (mm) (mm/h) (mm)
3x3 13.81 48.14 9.41 29.79 9.32 27.32
5x5 9.15 22.28 7.58 12.42 7.50 12.36
=<7 7.80 13.31 6.59 8.56 6.58 8.54
9x9 7.78 13.27 6.59 8.56 6.58 8.54

4.3 Comparison of radar- and gauge-measured rainfall MAE of radar-measured rainfall. However, further increase
to 9x9 km has no improvement in MAE for all the time win-

In order to find out which space and time window sizes in dow scenarios analyzed. Furthermore, when the time win-
WCMM give the best results for radar rainfall estimates asdow in WCMM is extended from present time to previous
compared with the gauge rainfall, the performances of esti5 min, MAE also reduces. However, relatively much less re-
matedZ, — R relationships from different WCMM scenar- duction in MAE is observed when previous 10 min of radar
ios are also evaluated in this study with two approaches depbservation in the time widow is considered compared to the
scribed in the following sections. present time and previous 5 min of radar scan in the time
widow in WCMM.

In addition, the total depths of rainfall of 13 rain gauges
over 86 h are compared with radar rainfall estimates using the

The estimations of radar rainfall intensities of 5 min duration - .
over 13 rain gauges in the Mae Chaem Watershed using th('\a/IAE statistic (Eq. 5) as also presented in Table 5. The re-

estimatedZ, — R relationships for different WCMM scenar- _sults are similar to the comparison of radar. and gauge rainfall
) . . . intensity. The enlargement of space and time windows from
ios were compared with the observed gauge rainfall inten-, . . o

x3to 7x7 km and present time to previous 5 min improves

iti int rainfall m rements. Th rforman S . . .
sities as point rainfall measurements € performance o he estimation ofZ,— R relationship and radar rainfall. Us-

different estimated,— R relationships was evaluated using ing 959 km of space window and previous 10 min of radar
the mean absolute error (MAE) as expressed below, 9 P b

scanning in time window also has no significant reduction in
10 MAE. Therefore, in this study, it can be concluded that the

MAE = n Z IR — Gil, (%) Z.—R relationship estimated based on S77T5 provides the

i=1 best estimates of point radar rainfall as compared with the

whereR; is radar rainfall intensity in mm/h or total depth of rain gauge data with MAE of 6.59 mm/h for rainfall intensity

radar rainfall in mm,G; is gauge rainfall intensity in mm/h  and 8.56 mm for the total rainfall depth.

or total depth of gauge rainfall in mm amdis the number

of data pairs of 13 rain gauges. The results of MAE are pre-

sented in Table 5. It is seen that the increase in the space

window in WCMM from 3x 3 to 5x5 and &7 km decreases

4.3.1 Point rainfall estimates
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Fig. 8. Scatter plot ofZ,— R pairs based on TMMa), PMM and WPMM(b) during 15-18 September 1999.

Table 6. Cumulative mean areal rainfall (CMAR) and RRaar for different WCMM scenarios.

Radar

Time window (min) Rain gauge (mm)

Space window
(km) 0 0,-5 0,-5,-10

CMAR (mm) PDcmar (%) CMAR (mm)  PRpmar (%) CMAR (mm)  Plrmar (%)

3x3 83.8 15.0 78.6 7.8 78.3 7.4
5x5 80.5 10.4 75.4 3.4 75.2 3.2

7x7 76.9 5.5 70.7 ~30 70.7 ~3.0 72.9
9%9 76.8 5.3 70.7 -30 70.7 ~30

Note: PCxmaRr is the percentage difference of cumulative mean areal rainfall between the radar and the rain gauge data.

4.3.2 Mean areal rainfall estimates a period of 86 h. Again, from these results, it is concluded
that increasing in the space window fronx7 to 9x9km
A comparison of cumulative mean areal rainfall (CMAR) and extending the previous 10 min of radar measurement in
estimates over the whole area of the Mae Chaem Waterthe time window in WCMM causes no significant improve-
shed during 15-18 September 1999 (86 h) obtained usingnent in the mean areal radar rainfall estimates. From these
the Thiessen polygon technique with 13 rain gauges datgesults, it is also confirmed that the S77T5 scenario provides
(dense rain gauge network) and from the radar data usinghe best results of radar measured rainfall in the present study.
the differentZ,.— R relationships that are estimated based on
several WCMM scenarios (Table 4) is presented in Table 64 4 Comparison oZ,-R pair matching techniques
The percentage difference of cumulative mean areal rainfall
(PDcmar) between the radar and the rain gauge data is deterthe z,— R relationship estimated from S77T5 is compared
mined using Eq. (6) and the results are also given in Table 6with those estimated from the other three techniques, namely
(CMARradar—CMARgaqu TMM an_d PMM apd WPMM. TheZ.—R pairs sqatter plot
CVAR x 100, (6) of TMM is shpwn in Fig. 8a. It can be seen that is poorly
gauge related toR with r of 0.376. TheZ, andR datasets of TMM
In Eq. (6), CMARadar and CMARyaygeare the cumulative  were used in PMM to determine the CDF of gauge rainfall in-
mean areal radar and guage rainfall, respectively, in mmtensities and measured radar reflectivity data. ZhandR
The positive and negative values of §lihng mean that cu-  datasets for WPMM were obtained fronx 7 grid points of
mulative mean areal radar rainfall is overestimated and untadar reflectivity space window and three 5-min rainfall in-
derestimated, respectively, compared to the estimates baséensities of gauge time window, respectively. TheandR
on the Thiessen polygon technique using the 13 rain gaugein PMM and WPMM that have the same CDF values (10, 20,
data. Among the WCMM scenarios, the results from S77T5,30, 40, 50, 60, 70, 80, 90, 92, 94, 96, and 98%) were matched
S77T10, S99T5 and S99T10 are closest to the estimateas pairs as shown in Fig. 8b. Regression analysis was used to
based on rain gauge data with a difference of 6nBf6 over  estimate the parametaersandb of the empirical formula of

PDcmar (%) =
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Table 7. Performance o, — R relationships by differenf,— R pair matching techniques.

Z.— R matching method Parameter MAE CMAR BRAR

a b (mm/h)  (mm) (mm) (%)
TMM 4585 0.861 63.10 108.94 216.0 196.3
PMM 9552 1.134 11.30 34.28 440 —-39.6
WPMM 2546 1.630 8.45 12.14 65.1 -10.7
S77T5-WCMM 18.05 1.450 6.59 8.56 70.7 -3.0

Note: MAE is mean absolute error, CMAR is cumulative mean areal rainfall arg /2R is the percentage difference of cumulative mean
areal rainfall between the radar and the rain gauge data.

240 100
] Radar (92.3 mm)
220 1 mmmmm TMM (216.0 mm) 90
/ ] - / Gauge (89.8 mm)
200 [ ] 3

| 80 |
180 I 1
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Fig. 9. Cumulative mean areal rainfall estimates based on differentFig. 10. Cumulative mean areal rainfall estimates based on 13 rain
Z.—R pair matching techniques. gauges and radar data during 11-14 September 2000 for verifica-
tion.

Z.— R relationship for TMM, PMM and WPMM and the re- _ ) ) )
sults are presented in Table 7. The performance oftheR The cumulanye mean areal ral_nfall estlmate_s based on dif-
relationships derived from the four matching techniques wad€réntZe—R pair matching techniques and rain gauges data
evaluated in terms of point rainfall and mean areal rainfall 2" compared in Fig. 9. The cumulative mean areal rainfall
estimates by comparing them with the rain gauge data (sef2sed on the radar data usidg—R relationship obtained
Sect. 4.3). The analysis results are also given in Table 7. fom TMM is much overestimated, a value of 216.0mm
The estimatedZ,—R relationship from TMM gives the Compared to 72.9mm with the Thiessen polygon method
largest MAE of 63.10mm/h and 108.94mm in point radar YSiNg 13 rain gauges data. The cumulative mean areal

rainfall estimates, as compared to the estimates based on tfginfall based on PMM is underestimated with the differ-

other three methods, due to unsynchroniZed R pairs used ~ €Nce 0f—39.6% when compared with the Thiessen polygon

in TMM (Fig. 8a). TheZ.—R relationship by PMM pro- method. The WPMM provided better estimates of cumula-
. 8a). .

vides improved estimates of point rainfall compared to those!lV® mean areal rainfall as compared to TMM and PMM (Ta-

based on TMM. Further improvement in rainfall estimates P!€ 7 and Fig. 9). Further improved results were obtained
is observed with WPMM in which the MAE is reduced to with WCMM. The Z,—R relationship determined based on

8.45mm/h and 12.14 mm. However, thg— R relationship WCMM (S77T5) shows only-3% differences in the cumu-

determined based on S77T5 gives the best results of poin‘tive mean areal ra?nfall estimates as compared with the es-
rainfall estimates with MAE of 6.59 mm/h and 8.56mm in timates based on rain gauge data.
the rain intensity and amount, respectively.
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4.5 \Verification ofZ.-Rrelationship The Z.—R relationship obtained from TMM provides
poor estimation of radar rainfall because of geometrical mis-
The calibratedZ, — R relationship £,=18.05R14%) obtained =~ match and timing errors. The PMM improved the radar rain-
from S77T5-WCMM is verified using the rainfall event oc- fall estimates compared to TMM as PMM is based on proba-
curred during 11-14 September 2000. Table 1 presents thility density functions of radar reflectivity values and gauge-
rainfall characteristics of this event. The accumulated mearineasured rainfall intensities which are derived from the ob-
areal rainfall of 89.8 mm over a period of 75 h is calculated Servations. The accuracy of point and mean areal rainfall
using the Thiessen polygon method with 13 rain gaugesé€stimates is considerably improved when WPMM is used to
The verification results of radar rainfall estimates are com-matchZ,—R pairs compared to those based on TMM and
pared with the mean rainfall observed with the rain gauges il°PMM. However, PMM and WPMM do not consider the joint
Fig. 10. The mean areal radar rainfall matches well that ob{robability betweer¥, andR. From the comparison among
tained from the rain gauges with a difference of about 3% inthe fourZ,— R pair matching techniques, it can be concluded
the two measurements. This clearly indicates thaZther ~ that theZ,—R relationship obtained from WCMM provides
relationship developed in the present study can be used withetter estimates of point rainfall and mean areal rainfall than
confidence in converting radar reflectivity measurements intof MM, PMM and WPMM.
the rain intensities in the study area. Further, the development of WCMM attempts to represent
the real physical process of rainfall as the raindrops rarely fall
absolutely vertically due to wind effects and also radar mea-
surements are taken at a height much higher than the ground
so raindrops take time to reach to the ground. However, this
matching technique does not take into account the error of
In this study, a method called the window correlation match-yariation of measured reflectivity in vertical profile which is
ing method (WCMM) was developed to correct collocation g further area of research. WCMM is therefore a promising
and timing errors inZ,—R pair matching to reduc&.—R  method for improved real time radar-measured rainfall input
conversion errors in radar-measured rainfall. This methodfor hydrological and environmental modeling in watersheds,

was compared with other three methods, namely the traespecially those lacking rain gauge data or completely un-
ditional matching method (TMM), the probability match- gauged.
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ing method (PMM) and the window probability matching
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