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ABSTRACT

Considering the rainfall’s importance in hydrological modeling, the objective of this study was the performance
comparison, in convergence terms, of techniques often used to estimate the average rainfall over an area: Thies-
sen Polygon (TP) Method; Reciprocal Distance Squared (RDS) Method; Kriging Method (KM) and Multiqua-
dric Equations (ME) Method. The comparison was done indirectly, using GORE and BALANCE index to assess
the convergence results from each method by increasing the rain gauges density in a region, through six scena-
rios. The Coremas/Mae D’Agua Watershed employed as study area, with an area of 8385 km? is situated on
Brazilian semi-arid. The results showed the TP, as RDS and ME techniques to be employed successfully to ob-
tain the average rainfall over an area, highlighting the MEM. On the other hand, KM, using two variograms
models, had an unstable behavior, pointing the prior study of data and variogram’s choice as a need to practical

applying.
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1. Introduction

The average rainfall over an area may be considered as
the main input on watershed modeling process, especial-
ly of those which deal with surface runoff, partly because,
in general, the rain is the only climatic variable that can
explain fast increasing flow [1-3]. Still, several studies
show that spatial variability of rainfall over the basin and
their distribution pattern, as well as its interaction with
the basin, have considerable effect on runoff response
generated [4-7].

In this sense, despite the development of radar tech-
nology has been observed, due to the limitations and
characteristics of theses specialized measurements, point
measurements made by rain gauge are still required for
better modeling [1,8-10]. Besides, the point measures of
rain are, in many places, the only available time-series
source with enough spatial density for hydrological stu-
dies, so to runoff modeling, as well as to water resources
planning. Thus, the study of techniques to estimate the
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average rainfall, using point measures, and the distribu-
tion pattern analysis, remains indispensable.

Considering the methods used to determine the aver-
age rainfall, which vary from the simple linear combina-
tion to geostatistics techniques, it’s possible to emphasize
in many studies and applications: the Thiessen Polygon
(TP) Method [11,12], the Reciprocal Distance Squared
(RDS) Method [13-16] the Kriging Method (KM) [5,
17-19] and the Multiquadric Equations (ME) Method
[16,20-25].

Besides the mean rainfall, RDS, KM and ME also es-
timate a continuous surface that adjusts itself to the
known rainfall values, being useful on point rainfall val-
ues determination within the basin. This particular cha-
racteristic is very useful on rainfall spatial distribution
evaluation [19] and provides specialized data for robust
models applied in other hydrologic process.

However, the real value of average rainfall and its dis-
tribution is still an unknown variable [1]. Thus, the direct
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comparison of the values obtained cannot justify an
complete affirmation nor denial of one or another tech-
nique in a given case. Any application of these methods
must, first, assess the complexity, data availability, the
scale of the problem and the additional information de-
sired from rain behavior in some region.

Given that, the aim of this study is the comparison of
techniques to estimate the average annual rainfall over a
given watershed, through the analysis of results in vari-
ous scenarios of data availability, in view of the water
resources planning, for long and medium term, in regions
with point measures predomination of. For this, it has
chosen the Coremas Mae D’Agua Watershed, located in
Brazilian semi-arid (Figure 1), where the major data are
found as rain gauge registries, currently provided by
Brazilian Water Agency-ANA.

The semi-arid climatic aspect adds more peculiarities
to water resources planning because of the high variabil-
ity, in time and space, of rainfall [2]. Still, the study of
monthly and annual rainfall over great areas is very rele-
vant in water resources management for these areas,
where this feature is critical. These places often suffer
with extreme events, too [26], which ultimately require
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more flexible and accurate techniques and tools for plan-
ning, not only long and medium term, but also critical
flooding scenarios of interest to managers.

2. Methods and Data

It is not possible to compare values from any method
with the real one, because it is unknown. It is possible to
evaluate the variability (or convergence) of some model
caused for a change in availability data. Thus, even that
methods remain incomparable directly, find which of
them would need less spatial data to achieve results sup-
posedly more reliable (obtained in a better data scenario),
it is feasible, and so comparing them indirectly, follow-
ing this line: in a favorable situation which the rain gauge
density was great enough. Probably all techniques would
give great results, very close to real values of mean rain-
fall; so, it is reasonable to believe that methods with a
good convergence behavior, at first, are more reliable in
a less favorable situation. [4] suggested two indices,
GORE and BALANCE, to compare average rainfall val-
ues given by different data subset. On the other hand,
several researches have dealt with rainfall analyses
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Figure 1. Scenarios utilized to compare the methods.
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from the rainfall-runoff modeling perspective [1,6,7,24,
25,27]. In some cases, it was found that reducing the
number of rain gauges used could improve the models
accuracy, inclusive. However, in the water resources
management case for great scales of time and space, it’s
thought that a greater dataset will reflect in a better mean
rainfall estimate and its behavior which, in some cases, is
the objective of the specific study.

Thus, the previously cited methods were compared
with the two indices, using five scenarios with a different
spatial data density, comparing their results with those
obtained from a sixth scenario with the major density
available, the reference set.

For this task, 56 rain gauge stations were selected
within the study area with daily records from ten consec-
utive years, from 1965 to 1974, being admitting just one
missing year. These registers were obtained from ANA
database. The gap filling was done just with the simple
mean and after this the annual series for each gauge were
constructed.

The Watershed of Coremas Mae D’Agua Dam was
chosen as study area for this work (Figure 1). Its outfall
coordinates are S 06.99° and W 37.96°, resulting in a
8385 km? drainage area with 528 km of perimeter. The
data search region has been defined as a rectangle, north
south oriented, with an offset of 0.5° from basin’s limits.
In this study were used the registers found for 56 stations
of Paraiba and Pernambuco states. Figure 1 also shows
the distribution of all stations used in each scenario.

From 56 selected stations, six scenarios were made,
increasing the number of gauges until the maximum, as
showed in Figure 1. The organization of them just pri-
oritized a homogenous spatial distribution, without any
preliminary evaluation, trying to ensure a random cha-
racter, with no benefits to any method. Scenario 6 was
taken as the reference one, because it has more spatial
data available. Thus, for all calculating done, the spatial
discretization taken was 0.05° (decimal degrees)

2.1. The Gore Method

The GORE index [4] was adapted as follows: let P; be the
real average rainfall in a given interval of time (here consi-
dering being equal to results obtained in Scenario 6, be-
cause it’s unknown in practice) and let P, be the estimated
value of rainfall for the same interval i in a given scenario,

()

GORE=1-i%t— ~ 1)

2R

n is the time intervals number and P is the mean of P;
values for all time considered.

>
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2.2. Thiessen Polygon Methods-TP

Developed by [28], TP is a simple method created to
obtain the average rainfall in great areas. It’s frequently
used [11,19] and its formulation consists on determining
a weighted average with rainfall amount of each station,
in which weights are determined according with the in-
fluence area of each station. TP is a good technique when
there is a reasonable dense gauge network, otherwise
mistakes may be considerable. However, according to
[29], care should be taken regarding the type of precipi-
tation being analyzed, since convective rainfall presents
high temporal variability, so the measurement intervals
must be compatible. Thus, [19] shows some variants of
TP.

2.3. Reciprocal Distance Squared Method-RDS

[30] proposed the RDS as a tool to determine mean rain-
fall over a given area. This method assumes that any
punctual rainfall into a given area can be estimated from
the observed values, being inversely proportional to its
distance to measures points. RDS may be considered as
one of many interpolation techniques based on a weight-
ing as a distance function. It’s often used in a large range
of studies related with rainfall [16], being cited by [13-15]
and others.

2.4. Multiquadric Equations Method-ME

The application of quadric surfaces for points data inter-
polation was initially developed by [20] for application
in geophysical sciences. After, [21] employed it to adjust
rainfall surfaces, pointing ME as a good alternative tool.
It’s assumed that the real rainfall surface can be found by
overlapping others individual quadric surfaces, each one
starting on a known point. These surfaces may be para-
bolic or hyperbolic, whose adjust is smoother and, spe-
cially for conics, a more simple implementation [22],
which is the formulation adopted in this study. [23] es-
tablished a formal equivalence between ME and KM.
[24], comparing both, chose by the use of ME for more
practical with similar results. Still, [16] showed how to
reduce bias of ME.

2.5. Kriging Method-KM

Based on regionalized variables concept, developed by
[17], the KM consists of a set of techniques to estimate
surfaces by modeling the spatial correlation structure of
the variables in question. KM assumes there is a pheno-
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mena pattern, at a large scale, a local pattern and some
local randomness [31]. Still, the technique has been see-
ing as the best linear estimator because does not present
bias [18]. The determining the weight of each observation
is done by an adjustment of a variogram model. The de-
termination of the weight of each observed data was ob-
tained by fitting a variogram model. It starts with the ex-
isting data and its position to calculate the correlations
among them, then an adjustment is made upon the results
obtained. Kriging formulation also allows verifying the
statistical errors made [31]. However, the method presents

the variogram choice problem [19]. For this work, two
variograms models were tested: the KM with a Gaussian
variogram (KG) and the KM with a cubic spline vario-
gram (KCS).

3. Results and Discussion

The average rainfall on the watershed for each year and
scenario (1 to 6), estimated by each method tested, is
given in Table 1. On the other hand, Table 2 illustrates
the results obtained for GORE and BALANCE indices

Table 1. Average annual rainfalls (in mm) obtained from each method and scenario.

Year 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974
N=7
TP 639.95 419.00 751.92 526.94 549.37 496.45 687.97 758.50 849,55 1213.25
RDS  644.65 447.78 814.93 571.29 573.50 489.95 733.49 743.72 830.65 1187.05
KG  619.81 415.48 764.19 558.07 568.77 478.04 674.54 768.57 881.33 1191.32
KCS  670.44 442.81 818.81 596.23 592.70 490.87 717.43 770.75 893.03 1252.74
ME  615.99 418.52 773.33 546.27 557.28 466.85 707.58 737.72 837.50 1166.42
N =14
TP 779.61 599.93 1215.81 842.45 77155 598.40 1119.34 890.90 1119.86 1583.62
RDS 74163 580.43 1118.49 779.98 722.69 565.62 1040.03 837.04 1015.81 1459.69
KG  828.80 656.18 1384.52 936.47 861.06 622.31 1235.93 934.98 1229.03 1685.78
KCS 67155 405.73 1086.14 842.08 710.18 576.51 1122.98 878.68 1074.20 1528.09
ME  748.09 577.66 1179.04 817.52 750.03 573.16 1097.51 871.23 1093.99 1532.41
N=26
TP 848.54 568.21 1179.18 909.25 786.89 575.78 1147.56 984.11 1103.48 1560.89
RDS  861.95 585.40 1171.41 907.65 763.41 562.56 1105.36 935.18 1039.56 1516.51
KG 78131 576.21 1161.83 950.12 891.90 533.39 1234.83 1127.42 1079.97 1352.69
KCS  753.79 570.10 1078.64 806.02 710.15 579.78 1079.16 943.96 1030.53 1469.69
ME 85104 578.64 1206.63 927.49 804.14 577.46 1157.89 993.79 112352 1575.03
N =40
TP 861.36 587.25 1174.07 901.26 837.44 638.06 1316.96 1026.61 1137.35 1563.53
RDS  852.77 600.01 1157.40 880.75 793.34 508.12 1220.48 948.00 1052.20 1504.50
KG 97215 508.43 1318.67 1011.10 956.31 709.62 1403.32 1243.07 1288.61 1774.73
KCS.  878.89 550.04 1212.08 922.33 861.88 662.25 1381.03 1062.25 1128.01 1621.08
ME  868.04 599.36 1203.92 917.79 860.17 645.98 1346.61 1037.72 1160.24 1586.04
N =49
TP 863.69 588.01 1186.33 904.19 839.65 639.96 1319.38 1025.75 1134.23 1561.25
RDS  855.14 597.06 1164.54 872.89 792.75 596.44 121053 933.97 1036.04 1478.92
KG  1047.16 595.98 1336.25 985.63 944.95 701.95 1438.98 1266.91 1239.78 1727.94
KCS  880.47 574.80 1220.52 915.46 774.29 630.66 1381.87 1062.66 1206.28 1632.82
ME  868.16 597.63 1213.76 916.11 859.04 647.20 1346.01 1034.45 1159.21 1582.12
N =56
TP 878.94 601.50 1258.79 919.88 835.57 655.51 1268.04 979.67 1069.56 1583.77
RDS  893.14 621.80 1266.67 921.04 817.64 622.49 1196.10 924,51 1022.70 1530.10
KG  876.69 606.61 1304.38 935.29 880.85 671.74 1330.27 993.13 1137.42 1898.61
KCS  891.03 607.17 1272.60 928.56 844.83 665.01 1300.65 1001.71 1062.69 1629.72
ME  887.56 610.52 1289.99 935.62 859.11 665.75 1294.81 992.86 1099.00 1608.58
OPEN ACCESS JWARP
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Table 2. GORE and BALANCE results using scenario 6 as reference.

Scenario
GORE INDEX
1 2 3 4 5
TP —-0.685 0.925 0.956 0.980 0.983
RDS -0.384 0.831 0.961 0.975 0.976
KG —-0.549 0.948 0.756 0.900 0.875
KCS -0.362 0.681 0.794 0.974 0.953
ME -0.816 0.838 0.949 0.981 0.983
Scenario
BALANCE INDEX
1 2 3 4 5
TP 0.686 0.947 0.961 0.999 1.001
RDS 0.717 0.903 0.963 0.979 0.972
KG 0.651 0.976 0.911 1.060 1.061
KCS 0.710 0.872 0.884 1.007 1.007
ME 0.666 0.902 0.956 0.998 0.998

by each method, comparing Scenarios 1 to 5 with the
reference 6. From Table 1, is possible to notice that re-
ducing spatial data resulted in a general underestimation
of annual mean rainfall. However, all techniques were
exposed to the same data conditions and so, it is believed
that they can be analyzed directly.

It can observe that all methods, at Scenario 1, gave not
so good results, with negative values. In general, indices
had a trend of improvement when the number of rain
gauges was increased, but it should be noted the irregular
behavior presented by both KG and KCS. Despite the
KCS having shown the best results in Scenario 1, it just
returned to give good results in Scenario 4, but not so
good as TP, RDS nor ME. On the other hand, KG
showed good results for Scenario 2, but with the worse
estimated results for Scenarios 4 and 5, demonstrating a
significant instability. Thus, differently of other tech-
niques, the KM was the only method that not presented
the improvement behavior in results expected when in-
creasing the data availability. So, results demonstrates
that applying of geostatistical techniques on rainfall data
needs preliminary studies of data employed and vario-
gram model applied.

It can also verify that TP got an excellent performance
from Scenario 2 onwards, for both indices. At this point,
it should be noted that care should be taken with this
technique. TP ponders the rainfall measures based on the
area of influence of each station within the basin, which
implies that a good homogeneity combined with an
enough density may result reliable values for average
rainfall, as seen here. However, in tiny scales of time or
bad spatial distribution of data, the rainfall variability, or
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even the existence of error in the records, can contribute
greatly to a discrepant with reality because of method
formulation. Moreover, the use of the TP is not suitable
for the estimation of rain in a certain region or point in
the basin.

ME and RDS also presented great results, very similar,
with some emphasis for ME at Scenarios 2, 4 and 5. Both
showed the expected behavior improves, as TP did, when
increasing the stations numbers. The ME has the advan-
tage, given its theoretical base, that weights estimation,
for all stations, are determined simultaneously, which
allows possible registry errors may be diluted, resulting in
a rainfall surface more reliable than that given by RDS. In
other words, ME assesses the spatial structure of the
events. As to results, in specific for BALANCE index,
RDS obtained better results just at scenarios 1 and 3,
pointing out that in the first one all methods were flawed
in determining the average rainfall, underestimating its
value significantly.

4. Conclusions

The direct comparison among techniques of average
rainfall estimation is not possible because the real values
are generally unknown. However, this research brought
another approach in order to compare indirectly some
methods, using not just the results obtained, sometimes
very similar, but analyzing the data requiring each one to
reach better results given in the best spatial data scenario,
in other words, comparing their convergence behavior
using GORE and BALANCE indices. The expected be-
havior from each technique was the continuous im-
provement in estimated results when increasing spatial
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data density. Thus, it is reasonable to infer that some
methods are appropriate, with a good performance, when
their behavior shows that, even with a small amount of
data in space, their results approach those that would be
given in better conditions.

The results for GORE and BALANCE indices, indi-
cate that TP, RDS and ME as methods are to be applied
with satisfaction to obtain the average rainfall value over
an area. On the other hand, KM, tested with two vario-
grams models, had a not expected unstable behavior.

Reflecting the need of preliminary studies about data
and variograms to be applied, it means a disadvantage
given by an increased complexity, especially from the
point of view of procedures automation and management
tools.

Returning to the methods with a good performance,
emphasis must be given to ME, by the great results ob-
tained and its formulation, which helps to mitigate casual
data errors allowing estimating a continuous rainfall sur-
face. Still, the study was done in a semi-arid region of
Brazil, where pluvial behavior presents a high variability,
even in larger time scales, reinforcing the results reached.

It is suggested that more studies be done in this way of
indirect comparison of techniques, despite the technolo-
gical advances, there are many regions where the rainfall
monitoring is still scarce and there is a need for reliable
water resources planning tools. In the same vein pre-
sented here, larger scenarios combinations may be done,
using different watersheds and spatial and temporal dis-
cretization, so that the methods could be evaluated under
various conditions.
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