@ESEARCH ARTICLE ScienceAsi&5 (2009) 268-275

doi: 10.2306/scienceasial513-1874.2009.35.268

Areal rainfall estimation using spatial interpolation
techniques

Wisuwat Taesombat, Nutchanart Sriwongsitanori

Department of Water Resources Engineering, Faculty of Engineering, Kasetsart University, Bangkok 10900,
Thailand

*Corresponding author, e-mafengnns@ku.ac.th
Received 13 Jun 2008
Accepted 1 Sep 2009

ABSTRACT: Accuracy in runoff and flood estimation is important for mitigating water related problems. The accuracy
depends on the methods used for areal rainfall approximation. The thin plate spline (TPS) technique was introduced in this
study for daily areal rainfall approximation in the Upper Ping river basin and was compared with the areal rainfall estimated
from two conventional techniques, the isohyetal and Thiessen polygon techniques. Two data sets of maximum rainfall
registered in August 2001 and September 2003 at 68 non-automatic rainfall stations located in the basin and nearby areas
were used in the analysis. The TPS technique was carried out in conjunction with two separate sources of digital elevation
model (DEM), namely, GLOBE-DEM and SRTM-DEM, which were downloaded from the NOAA and NASA websites and
have horizontal resolutions of 1 km and 90 m, respectively. The TPS technique proved to provide more accurate results of
rainfall estimation than the other two techniques. The coarser DEM resolution (GLOBE-DEM) performed marginally better

in rainfall estimation than the finer DEM resolution (SRTM-DEM).
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INTRODUCTION usually applied to estimate the areal rainfall over the
entire basid. However, the fundamental principles
Rainfall plays an important role in the hydrologicof applying these techniques may produce inaccu-
cycle which controls our water supplies and waterate results because of the effects of topographical
disasters. Knowing the nature and characteristics @friation and the limited number of available rainfall
rainfall, we can conceptualize and predict its effectstations. Alternative techniques are therefore needed
in runoff, infiltration, evapotranspiration, and waterto improve the accuracy of areal rainfall estimation.
yield®. Many rainfall-runoff models have been de-Two of the most well-known alternative techniques
veloped over the last few decades to estimate rundffiat have been generally applied are the geostatistics
characteristics, mainly using rainfall data as well aand the thin plate splines (TPS) techniques. Geo-
other catchment area and meteorological parametessatistics, which is based on the theory of regionalized
Acquiring more accurate rainfall data is thereforevariables, has been accepted because it is able to
crucial to improve the hydrograph prediction resultsassess spatial correlation among neighbouring obser-
Since rainfall is never evenly distributed over thevations to predict attribute values at unsampled loca-
area of study due to the topographic variability otions®. Several authors including Tabios and Sélas
the catchment areas, it is preferable to have as maapd Phillips et a concluded that the geostatistical
rainfall stations as possible to estimate the areal raiprediction technique (kriging) provides better esti-
falls which represents the actual rainfalls over thenates of rainfall than conventional techniques such as
basin. Unfortunately, it is not possible to installthe Thiessen polygon and inverse distance weighting
rainfall stations in as many locations as were hopedDW) techniques. However, Dirks et %found that
due to limiting factors such as budget constraintshe kriging method does not significantly improve
inaccessibility of certain areas, or lack of availableredictions compared to the simpler techniques such
staff. as IDW in the area with high-resolution networks
Several areal rainfall estimation techniques arée.g., 13 raingauges over a 35 karea).
currently used for averaging rainfall depths collected The TPS technique, which was introduced by
at ground stations. The isohyetal and Thiessen polydutchinsor:8, can also be used to interpolate spa-
gon technigues are conventional techniques that atial rainfalls more accurately than the conventional
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techniques, especially for mountainous areas. Th’ e
technique can generate meteorological surfaces usi |, i )
a trivariate function of latitude, longitude, and ele- |
vation of meteorological stations together with the
terrain elevation. It was proved to be a robust tect
nique for dealing with noisy multivariate data and
was applied in many countries such as Austfatfa :
Canadd', and Thailand?. Price'! revealed that the o~ " |
TPS technique produced better results for elevatior
dependent spatial interpolation of monthly climatic
data from sparse weather station networks than d
the statistical method termed gradient plus inverse
distance-squared. Ekasingrapplied four spatial in-
terpolation techniques comprising (Thiessen polygot
IDW, kriging, and TPS) to monthly meteorological
data of 305 daily rainfall stations, 73 air temperatur:
stations, and 12 sunlight radiation stations in Chian
Mai and Pitsanulok Provinces. The results showe
that the TPS technique gave the lowest RMSE value
for climate spatial interpolation. Boer et'alapplied
four forms of kriging and three forms of TPS to predict
monthly maximum temperature and monthly mear |
precipitation in Jalisco State of Mexico. The trivariate
regression-kriging and trivariate TPS showed the be |.*
performance. The authors also pointed that TPS

simpler than kriging, which can be very significant
from a practical point of view. Fig. 1 Upper Ping river basin map showing the location of

In this study, we applied three different technique&in gauges.
(TPS, isohyetal and Thiessen polygon) for interpolat-
ing the areal rainfall over the study site (the Upper

Ping river basin, Northern Thailand).
DATA COLLECTION

Rainfall data

Daily rainfall data were collected from 81 rainfall
BASIN OVERVIEW stations located within and around the Upper Ping

river basin between 1988 and 2006. The consistency
The Upper Ping river basin covers an area of approxf the rainfall data was investigated using the double
imately 25370 km in the provinces of Chiang Mai mass curve technique. Rainfall data at 68 rainfall
and Lamphun, Northern Thailand. The Bhumiboktations were shown to be reliable and were therefore
Dam is the downstream end of the Upper Ping riveused for further analysis. To be able to distinguish
basin and separates the Ping river basin into the uppthie effectiveness of each technique for areal rainfall
and lower part¥’. The Upper Ping river basin can interpolation, large amounts of rainfall give better
be separated into 14 sub-basifg( 1). The Upper results than small amourft§.
Ping river basin is mostly covered by forest and steep Two periods of rainfall registered in August 2001
mountains, which form a line from the northern to theand September 2003, which had average rainfall
southern parts of the basin. The weather is monsoatepths over the data network of around 252.11 and
type, with a rainy season from May to October an®20.96 mm, respectively, were then chosen for further
supplementary rains from occasional westward storiemnalysis. The number of rainfall stations located
depressions originating in the Pacific. Mean temperavithin the 15 sub-basin areas of the Upper Ping river
tures for a 30 year period, recorded at the Chiang Mdiasin and nearby area is shownTable 1 The aver-
meteorological station, varied from 14 °C in Januanage rainfall registered in August 2001 and September
to 36 °C in April. 2003 over each sub-basin is also presented.
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Table 1 Number of rainfall stations{) in each sub- to the observed rainfall values usitfg
catchment area in the Upper Ping river basin and their

(1/2) _ L
average rainfall in August 2001 and September 2003. ri 7 = f(iyi, hi) +ei i=1,2,..m, (1)
Sub-catchment Area N Average rainfall mm) Where f is a smooth function of the longitude:,(,
(km?) Aug 2001 Sep 2003 latitude ), and elevation i;), r; is the rainfall

recorded at the location, n is the number of lo-

Ping Section 1 1972 2 309.55  291.85 cations, andk; are random error terms (assumed to
mae #Igat 11%85% ::’1 22%%%; 22‘;7772% be normally distributed with zero mean and variance
Piiz Sﬁggﬂ 5 1723 10 291' 46 29 1‘ 74 o?) associated with rainfall data measurement and the
Mae Rim 566 228 70 186.15 model deficiency. The unit of the observed rainfall is

Mae Kuang 2680 27 349.10 194.44 'Mmand varies according to the longitude and latitude
Mae Khan 1732 4  310.35 27150 coordinates (in degrees), whereas the unit of elevation
Mae Li 2080 3 222.43 186.10 is km. As a result, the elevation scale is around 100
Mae Klang 616 2 176.15 200.10 times larger than horizontal coordinafes

Ping Section 3 3180 3  176.80 151.05 The general thin-plate smoothing spline estimate

Upper Mae Chaem 1965 1  435.40 273.70 of the functiong is obtained by minimizing
Lower Mae Chaem 1930 3 248.93 197.70

Mae Hat 521 1 19290  156.50 LT (1/2) 2

Mae Tun 3167 2 12950  191.65 gZ[W _f(xi’yivhiﬂ +ATm(f)
Nearby Area - 21  193.07 226.99 =1

Total Area 25370 68 252.11 22096 oyer a class of suitably smooth functids The

first term is the average squared Euclidean distance
between the observed data and fitted values, and the
Digital elevation model Jm/(f) term is themth order roughness penalty con-

Two sources of digital elevation model (DEM) dataS'Sting of the integral of squaredth spatial deriva-

covering an area of 53 100 Krin the Upper Ping river 1Ves Of f. In this study we usen = 2 and J>(f)
basin and some parts of Myanmar between Iongituo%quals
97.8°t0 99.6° and latitude 16.9° to 19.85° were down-/ /[ 9 ) ) ) )

vy

loaded from NOAA-GLOBE® and NASA-SRTMS.

The DEM data provided by these two organiza- ) ,
tions have horizontal resolutions of around 1 km'N€ Smoothing parametex determines a balance

and 90 m, respectively. Hastings and Duriaand between the fidelity to the data and the degree of

Gorokhovich and Voustianiod# applied the DEM smoothness of the fitted spline functigh This
data from NOAA-GLOBE and NASA-SRTM, respec- parameter is usually determined by minimizing the

tively, and they concluded that the vertical accuracg€neralized cross validation (GCV). The GCV is an

provided by these two data sources are around 20 afgtimate of predictive error of the spline surface. Itis

16 m, respectively, which are not much different. Byc@lculated by removing each data point and summing
using these two sources of DEM data in the analysid!® sauare of the difference of each point from a
we can investigate whether the horizontal resolutiopurface fitted by all other data poirts

of DEM data would have any impact on the accuracyhiessen polygon technique

of areal rainfall interpolation. . . .
P The Thiessen polygon technique was introduced to

estimate equivalent uniform depgth This technique

RAINFALL INTERPOLATION TECHNIQUES assumes that an average value over the same area of
a Thiessen polygon is taken to be equivalent to the
point value located at the centroid of this polygon. A
The TPS technique is a general technique for smoothypothetical basin with three rainfall stations is shown
ing a continuous surface by minimizing the curvaturén Fig. 2 For this basin, encompassing Thiessen
of the surfacé®. In this study, the TPS technique waspolygons, the areal rainfall over the basifir{ is
applied to interpolate daily rainfall data over the studyomputed from
area. To equilibrate the variance of the noise across N
the rainfall data network and to reduce the skew in the Po— Z TP

. . T L7,
raw data, the square root transformation was applied —

Thin plate spline technique
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whereP; is the observed rainfall at the centroid of the3.2)'°. Ground elevation of those 68 selected rainfall

ith polygon, and the weighting fact@t is given by stations can be later defined using these generated

DEM data. The generated DEM data, rainfall loca-

T, = -1, tions, and their ground elevations were later used as
A the input data foaNUSPLINE,

where At is the total area of the basin, antl is
the area defined by the intersection of the ThiessdAvestigation of topographical effect on rainfall
polygon and the basin boundary. depths
The Thiessen polygon technique is suitable foRainfall depths generally vary with space and time and

application over relatively flat and expansive areasend to increase with increasing elevations because of
However, this technique assumes that precipitatiofhe orographic effect of mountainous terrain, which
varies linearly between stations and is therefore utauses the air to be lifted vertically, and the conden-
suitable for use in mountainous regions which have agation occurs due to adiabatic coolf®j. Hevesi
effect on the precipitation amotAtt et alP%22 revealed that there is a significant correlation
of around 0.75 between average annual precipitation
and their elevation recorded at 62 rainfall stations in
An isohyetal map shows lines of equal precipitationNevada and southeastern California. To investigate
A sample of isohyetal lines is shown iRig. 2 \yhether this occurred here, the average annual rainfall
The fitted isohyets were generated using the bivariaig each rainfall station between 1988 and 2006 were
TPS technique by considering only two independer§jotted against its elevation in the Upper Ping river
variables namely the longitude) and latitude ¢;)  pasin. A linkage between the two parameters would
coordinates. Using this techniqu&) (s replaced by  mean that it is therefore possible to increase the

/2 _ Faop)+e i=1.2...n accuracy of_areal rainfall interpolation _by applying

i v I v P a topographic parameter (ground elevation of rainfall
petation) as proposed in this study.

Isohyetal technique

The second order derivative for the smoothing para
eter and minimization of the GCV are also applied for,

interpolating the isohyetal lines. Areal rainfall estimation
In this study, the interpolation methods described

METHOD above were carried out by applyimgNUSPLIN, de-
DEM generation veloped by Hutchinsof¥, to generate a surface of in-

To assist with comparisons, the DEM resolutionderpolated daily rainfalls in conjunction with observed

were transformed into 100 m using a nearest neigfglévations in the Upper Ping river basin. Input data
bour method in the ACVIEW GIS software (version consisted of the generated DEM data covering the
Upper Ping river basin, daily rainfall at 68 stations as

well as their observed locations and elevations. The
Thiessen Polygons outputs fromANUSPLIN were areal rainfall surfaces
Ar T~ which correspond to point rainfalls and DEM data. A
summary of the statistical indicators can be printed to
show the accuracy of point rainfall estimation using
the cross-validation technique. The output of areal
rainfall surfaces in the text file can be later imported to
generate a grid format in the GIS environment. This
Isohyetal lines  software was also used to generate the isohyetal map.

Basin Boundary

Evaluation of the accuracy of spatial interpolation
techniques

The cross-validation technique was achieved by re-
moving data from one observation point at a tinjg (
taken from all of the available observation points in
the data set and then estimating the value of the re-
Fig. 2 Hypothetical basin with three point rainfall stationsmoved observation point data using the data from the
and associated Thiessen polygons and Isohyetal défined remaining(n — 1) observation points. This technique
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is used to evaluate how well the neighbouring statiorz
estimate the missing vald®
The accuracy of spatial interpolation technique 4o .
was evaluated by using the following three statistice
indicators. The mean error (ME) is given by

1600

DEM (m MS

12001

10007 ¢
n

1
ME = > (Roi — Rey), 2

i=1

8007 .

6007 s
where n is the number of rain eventsy,; is the
observed rainfall depth at a time), and R; is the
estimated rainfall depth at a tin{e). A positive ME
shows that the estimated rainfall is generally undereg o

4001

2007 )

stations' ground elevation derived from GLOBE
-

. . . . . H 0 200 400 600 800 1000 1200 1400 1600
t|mated, Wh'le a negatlve Slgn ShOWS |t IS genera”‘; 68 Rainfall stations' ground elevation derived from SRTM-DEM (m MSL)
overestimated. The mean absolute error (MAE) is

given by Fig. 3 Ground elevations of each rainfall station derived

n from SRTM-DEM and GLOBE-DEM.
1
MAE = - Z|Roi — Reil.

i=1

The root mean square error (RMSE) is given by

1 n
RMSE=, | > [Roi — Rei]”

=1

nfall during 1988-2006 (mm)
=
o
o

The MAE and RMSE are used as indicators of thig 8o

magnitude of extreme errors. Lower MAE and RMSEZ e Y= 0.6419X + 82344
values indicate greater central tendencies and genig 4o Ré=06918
ally smaller extreme errors. £ 20
0 T T T T T
RESULTS AND DISCUSSION 0 200 400 600 800 1000 1200 1400

Ground Elevation of Rainfall Station (m MSL)

DEM Generation . _ . .

The clevations genrated using the SRTM-DEM arfS, ! "eaievsi betueer e svrage anuat e o

GLOBE-DEM covering the selected area are betwee@ sin

26 to 2520 m, and 33 to 2487 m above mean sea Ievef’j1 '

respectively. The elevation of each rainfall station can

be specified from these two generated mapiy. 3 its elevation are plotted as shownFig. 4. The figure

shows a scatter plot of the elevations of each rainfafihows that the average annual rainfalls tend to increase

station derived from SRTM-DEM and GLOBE-DEM. with increasing observed elevations with a coefficient

The accumulated different value of ground elevationsf determination of 0.7. It can be seen that rainfall

generated from SRTM-DEM and GLOBE-DEM at thestations located in the Upper Ping river basin and

same rainfall stations presented by the mean errorearby area, show the same tendency between rainfall

(ME) is shown to be approximately0.58 m. This depths and their station locations.

different value is not so great when compared to th . N . .
. X real rainfall estimations using three spatial

resolution differences of these two data sources tha : .

are quite large (90 m for SRTM-DEM and 1 km forlnterpolatlon techniques

GLOBE-DEM). It can be concluded that two differentDaily areal rainfall depth estimates in the Upper Ping

horizontal resolutions of DEM data used in this studyiver basin that occurred in August 2001 and Septem-

did not have much impact on the vertical accuracy. ber 2003 were created and shown as histograms in

Fig. 5andFig. 6, respectively. In addition, maps of

maximum areal rainfalls that occurred on 11 August

2001 and 13 September 2003 were generated using

The relationships between the average annual rainfdfiree different techniques and are illustratedrig. 7

of each rainfall station between 1988 and 2006 anandFig. 8 respectively.

Relationship between rainfall depths and observed
locations
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Table 2 Differences of areal rainfall depths (in mm) using various techniques for rainfall events in 2001 and 2003.

TPS-SRTM TPS-GLOBE Isohyetal Thiessen polygon
2001 2003 2001 2003 2001 2003 2001 2003
TPS-SRTM - - 0.01 0.23 —1.01 0.82 —-1.38 1.01
TPS-GLOBE —0.01 -0.23 - - —1.02 0.58 -1.39 0.78
Isohyetal 1.01 —0.82 1.02 -0.58 - - -0.37 0.19
Thiessen polygon 1.38 -1.01 1.39 —-0.78 0.37 -0.19 - -

TPS-SRTM = TPS technique with SRTM-DEM; TPS-GLOBE = TPS technique with GLOBE-DEM
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Areal rainfall amount in the Upper Ping river basin (mm)

Fig. 7 Maps of areal rainfall depths in the Upper Ping
river basin on 11 August 2001 generated by (a) TPS-SRTM

Fig. 5 Histograms of daily areal rainfall depths in August(p) TPS-GLOBE (c) Isohyetal technique (d) Thiessen poly-
2001.
gon.

o
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Fig. 6 Histograms of daily areal rainfall depths in Septem-
ber 2003.

Fig. 8 Maps of areal rainfall depths in the Upper Ping river

The differences of areal rainfall depths generategasin on 13 September 2003 generated by (a) TPS-SRTM
by three different techniques for rainfall events inb) TPS-GLOBE (c) Isohyetal technique (d) Thiessen poly-
August 2001 and September 2003 are present&d-in gon.
ble 2 The rainfall depths calculated by the techniques
presented in the first row were used &s; in (2),
whereas the techniques presented in the first coluntine conventional techniques (Isohyetal and Thiessen
were used adi.;. Areal rainfall depths calculated polygon) are also close to each other with mean errors
by the TPS-SRTM and TPS-GLOBE are close wittof +0.37 and+0.19 mm, respectively. However,
mean errors of arountt 0.01 andt- 0.23 mm, respec- rainfall depths produced by TPS and conventional
tively (Table 2. Areal rainfall depths calculated by techniques are much more different.
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Table 3 Values of the statistical indicators for three spatiaResources, and the Thai Meteorology Department for pro-

interpolation techniques.

Indicator TPS-SRTM TPS-GLOBE Iso Th poly

ME (mm) 0.53 0.50 0.94 —1.98

MAE (mm) 3.94 3.81 5.16 15.61
RMSE (mm) 8.50 8.42 9.70 28.15 1.
fe% 0.59 0.61 0.48 0.37

r 0.70 0.71 0.56 0.06

Evaluation of the accuracy of spatial interpolation
techniques

Daily rainfall data at each station was removed at each

time and the remaining data were used to estimatet.

the missing one by applying three spatial interpolation
techniques. Table 3shows that the TPS technique

produced smaller values of ME, MAE, and RMSE 5.

than the isohyetal and Thiessen polygon techniques.
The TPS-GLOBE produced an insignificant improve-
ment in daily rainfall estimation compared to the TPS-
SRTM. The TPS and isohyetal techniques provided
an underestimate of areal rainfall depths (positive

ME) whereas the Thiessen polygon technique overesy.

timated areal rainfall depths.
The correlation between point rainfall estimation
using three different techniques and the observed

data were tested by fitting lines between estimated.

and observed rainfalls. The slope)(of the linear
regression line and its correlation coefficien) of
each technique are givenTable 3 The TPS-GLOBE
and TPS-SRTM give values af closer to 1 than
the other techniques. The valuessofrom the TPS
techniques are also higher. The results show th
the TPS technique is better for rainfall estimation
better than the isohyetal technique and much better

than the Thiessen polygon technique. The coarsgp_

DEM resolution (GLOBE-DEM) performed slightly
better than the finer DEM resolution (SRTM-DEM).
Although the difference was not significant in our

case, this result is consistent with that from the studie®2.

of Hutchinsor!*8, who found that the 10 km DEM
resolution gave the least values of RMSE in rainfall
estimation among the range of DEM resolutions be-
tween 2.5 and 20 km. Moreover, Sharples &t also

found that the optimum scale of the resolution of DEM
data is around 5-10 km among the range between
250 m and 90 km.
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