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ABSTRACT: We use a simulation study to investigate the effect of network arrangement on the spatial
and volumetric estimation of rain fields from a limited number of gauges. Rainfall fields are created as
summations of a number of random elliptical events. Each simulation is sampled by 6 different fixed
network designs of 9 points. Isohyet maps provide spatial and volumetric estimates, which are then
compared to the known characteristics of the events comprising the simulations. Additionally, 100 ran-
dom network designs for each simulation provide sampling distributions of the number of dry points
sampled, from which the efficiency of each network design is inferred. The choice of the 'best’ design
depends on the criterion which it is most important to satisfy and on the spatial characteristics of the

rainfall events across the study area.
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1. INTRODUCTION

In a recent article, Kay & Kutiel (1994) discussed the
required density of rain gauges for adequate represen-
tation of the spatial distribution of rainfall events.
Using a simulation of 10 different rain events (partially
overlapping) and different densities of networks, they
pointed out that a very dense network, on the order of
0.1 of the median event size, is required to depict and
represent adequately the complexity of the rain distri-
bution. However, even in the densest national net-
works (e.g. United Kingdom and Israel) the rain gauge
densities are on the order of 0.8 to 1.0 of the median
event size (1.e. 8 to 10 times less dense than necessary).
Most national networks are not even close to these
densities, if gauges are assumed to be uniformly dis-
tributed over the national area; in fact, distinct clusters
and voids exist due to the nature of population distrib-
utions (Table 1). Comparison of the maps for a network
density of 1.0 times the median event size, with the
‘real’ values (from the simulation), revealed that the
interpolated spatial pattern was often totally mislead-
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ing (Fig. 4 in Kay & Kutiel 1994). These results are in
complete agreement with Sumner (1988), who noted
the drawbacks of inadequate national networks.

Given that an 8- to 10-fold (at least) increase of the
network densities is not realistic for most countries, we
may ask if the way the network is arranged has any
influence on the results. If the answer is positive, then
we may ask what is the best arrangement to sample a
certain area using the existing densities. That is, do
some network designs seem preferable to a random
distribution of gauges?

The purposes of the present study are 2-fold. First, we
evaluate the importance of the network design to the
interpolation of the rain field (both its pattern and the
volume of rainfall it represents). Second, we identify
network arrangements that may be better than others
in sampling the rainfall field as adequately as possible.

2. METHODOLOGY

2.1. Rainfield simulation. The procedures for the
simulations that follow are based on the methodology
described by Kay & Kutiel (1994). We tested 6 different
arrangements of 9 rain gauges each, to check which
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Table 1 Selected characteristics of some national or regional networks used in climatological studies. All values refer to an even
network distribution

Entre-Rios Province (Argentina)
India (excluding mountainous region)
Ivory Coast

Algeria

9400 km
12300 km

2
2
2
750 km?
2
2
100000 km?

Country Average area sampled
by 1 rain gauge
UK 50 km?®
Israel 60 km?
France 160 km?
Tunisia 260 km?
Finland 330 km
Kansas (USA) 500 km
USA 576 km

Square size Source
~7x7 km Sumner (1988}
~8 x 8 km Kutiel (1993)
~13x 13 km Kutiel (1993)
~16 x 16 km Kutiel (1993)
~18 %18 ki Heino (1995)
~22x22km Castleberry & Tucker (1995)
~24 x 24 km Linacre (1992)
~27 x 27 km Barrera (1995)
~97 x 97 km Sontakke et al. (1993)
~111 %111 km Lubes et al. (1995)
~317 x 317 km Jellouli & Daget (1992)

best samples the rainfall field. The different arrange-
ments were a regular square grid, a circie, a cross, an
X-shape, a combination of a cross and an X, and a dia-
mond (a different combination of a cross and an X). All
arrangements had a sample point at the centre of the
area; the remaining 8 points were placed about the
centre in a regular pattern, according to the design.
These 6 arrangements are just a very few of an infinite
number of distributions of rain gauges. In most real
networks, strict geometric patterns such as these are
not realized. Therefore, we also used a Monte Carlo
simulation of rain-gauge distributions to assess the
results we infer for the 6 regular patterns.

The rainfall field was depicted as a set of nested
elliptical isohyets representing different proportions of
a maximum precipitation amount of 10 mm located at
the centre of the ellipse. The eccentricity and location
of the events were generated at random. We generated
4 such random fields (Fig. la) to gain a sense of
whether our interpretations of the performance of the
rain-gauge networks were dependent on pattern of
precipitation. Our simulated ‘rainfall fields' were just 4
from an infinite number of possible rainfall fields, but
represented some distinctly different patterns of rain-
fall concentration. One rainfall field depicted a north-
south arrangement of the rain events with a maximum
in the centre (this field is identical to the one used in
Kay & Kutiel 1994). In a second simulation, the events
were clustered close to the centre of the area, without
any rain on the perimeter. In a third simulation, the
events were located around the perimeter of the area;
no event was captured entirely within the area consid-
ered. The fourth simulation showed a southwest to
northeast arrangement of most of the events. We used
a dense, 81-point grid to estimate the values of rain
produced by the 10 events in each simulation (Fig. 1b).

The dimensions of the study area were 1000 units by
1000 units. We prefer to use the generic ‘units’, in order

to make the study applicable everywhere regardless of
the various storm sizes produced by different mecha-
nisms. This area of 1000000 square units was sampled
by 9 rain gauges. The average area sampled by each
gauge was 111111 square units, which represents a
density of approximately 0.60 to 0.75 of our median
storm size (Table 2).

Each event contributing to a rainfall field was
approximated by a cone. For a regular cone of radius a
and height h the volume is

Ea?h (1)

Our cones have elliptical (horizontal cross-section)
bases. Therefore, their bases (the 'storm size'}) were
calculated as

abm (2)

and the volume of each as
T abh (3)
3
and the total volume given by 10 events as
o lo
Vv = EZa,b,-h, (4)
1=l

where V is the total water volume of the 10 events, a

Table 2. Median storm size and ‘real' volumes of water over
the entire area in each of the simulations

Simulation Median storm size Water volume
(square units) (square units x mm)
1 176715 5154188
2 147262 4689482
3 147262 1360051
4 184 569 3025609
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and b are the major and the minor axes, and
h is the maximum precipitation total of each
event. As the major axis (@) and the maximum
precipitation total (h) were kept constant in
all our simulations, at 250 units and 10 mm
respectively, we can rewrite Eq. (4) as

10
- 250><10><rtzbi (5)
3 =1
or
10
V = 2618 b, (6)

i=1

For the cases in which the entire event
was not within the outlined study area, the
portion of the total volume within the area
was estimated. These volumes are listed in
Table 2. We use these as the ‘real’ volumes
for comparison of the estimated water
volumes obtained from the interpolation
scheme.

2.2, Evaluation of the rain field sampling.
The 9-gauge networks were positioned on
this grid, and the isohyet maps interpreted
from the 9 values sampled. Isohyets were
plotted using MacGRIDZO software, based
on a moving weighted least squares (MWLS)
algorithm (MacGridzo 1991, p 120-121). Our
interpretation of the results is based on 3 cri-
teria: resemblance of the spatial pattern of
the isohyet map to the actual (dense network)
rain field; similarity of estimated frequency of
wet and dry points to expectation; and,
agreement of estimated total water volume
represented by the isohyet map with the
known volume.

In the real world, rain gauges are not
located in symmetric arrangements, but are
distributed in irregular patterns across the
area being sampled. The placement is not
random,; it is biased by the needs and distrib-
ution of the human population. Therefore, we
wanted to compare the results from our regu-
lar network designs to the expectation for
non-uniform arrangements. We created a
Monte Carlo simulation, generating 100 ran-
domly designed networks of 9 gauges for
each of the 4 rain fields shown in Fig. 1. For
each 9-gauge network, we counted the number of
points that received rainfall and the number that were
dry. The sampling distribution for the frequency of
number of dry points, out of 9, may be modelled as a
binomial, with the probability of being dry, p, calcu-
lated as the relative frequency of dry points in the
dense, 81-point rain field.
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Fig. 1. The 4 different simulated rain fields, and the evaluated rainfall
amounts on a rectangular grid. Squares sizes are proportional to the
rainfall totals. Open circles are grid points without precipitation

We tested the fit to the binomial distribution as fol-
lows. From the dense (81-point) grid, we counted the
relative frequency of dry points. We used this value as
the probability of any point in the given rainfall field
being dry, and its complement as the probability of a
point receiving some precipitation. We then generated
the theoretical expectation for 0, 1, 2, ..., 9 dry points in
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Fig. 2. Theoretical and actual (100 random cases) distributions of dry rain gauges in each simulation. The letters on each graph
indicate the number of dry rain gauges in each of the symmetric arrangements: Square, Circle, cRoss, coMbined, X, and Diamond

a random sample of 9 points as a binomial probability.
The fit of our sampling distribution (from the 100 ran-
dom networks) to the theoretical binomial was as-
sessed with a 1-sample Kolmogorov-Smirnoff test for
the completely specified case. [In this application of
the K-S test, the fit of the cumulative distribution func-
tion (cdf) for the actual network being evaluated is
compared the theoretical cdf for the 100 random net-
works.] Only in the fourth simulation (the rainfield
with southwest-northeast orientation) did the actual
frequencies (from the 100 random designs) differ
noticeably from the theoretical expectation. However,
in all 4 simulations, there was no significant difference
(at 0.05 probability) between the expected and actual
distributions (Fig. 2). Therefore we can assess each
regular network design, in terms of its efficiency in
sampling the areas receiving rainfall, in a probabilistic
framework generated as these binomial distributions.

3. RESULTS AND DISCUSSION

The first of our criteria for judging the best network
design is the ability to produce an interpolated field

that looks like the actual rain field. Fig. 3 shows the
isohyets for the 6 regular network designs (horizon-
tally) for the 4 simulated rain fields (vertically). The
dots in each diagram indicate the location of the rain
gauges at which the rainfall was estimated. Fig. 4
shows the same, but for 6 (of the 100) random network
arrangements. It is clear that, in the absence of any
other information, the interpolated pattern of isohyets
can vary markedly, depending on the distribution of
gauges.

On further examination of Figs. 3 & 4, there appears
to be a greater resemblance among the isohyet pat-
terns generated by the same network arrangement
regardless of actual rainfield pattern (i.e. moving ver-
tically in Figs. 3 & 4) than in isohyet patterns for the
same rainfield regardless of network design {moving
horizontally). Some examples may be cited for illus-
tration. For Simulation 1, the rainfall field has a NE-
SW orientation in the interpolations from the X and
Diamond networks, a N-S orientation from the Cross
and Combined networks, and appears as a bulls-eye
from the Square network. A similar interpretation
applies for Simulation 2, with the exception that the
Cross and the Combined networks show a noticeable
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E-W orientation of the rainfall field (Fig. 3). When the
random network designs are considered, the maxima
of the rain fields may not even occur in similar loca-
tions from one random map to another (Fig. 4). The
absence of a fixed gauge at the centre of the study
area accounts for this behaviour on the maps from the
random networks.

The second criterion for judging 'best’ is the ability to
provide a representative sampling of wet and dry
areas. On the probability distributions for number of
dry gauge sites, we have also shown the location for
each of the 6 regular network arrangements (Fig. 2).
We would expect that a network arrangement, if it
were 'representative’, would have the number of dry
rain gauges with the highest probability. The best
arrangement according to that criterion will be an
arrangement having 4 dry rain gauges in the first sim-
ulation (probability of 0.2574), 5 in the second (0.2594),
6 in the third (0.2660), and 3 in the fourth (0.2698).
Although the 'best’ network design varies from simula-
tion to simulation, we note that the X pattern often
matches, or nearly matches, the maximum expectation
for number of dry points. The Square grid usually has
many more (or, in Simulation 3, fewer) dry gauges than
expected.

To provide an overall index of the performance of
each network arrangement, we calculated the average
ratio of the probability for the number of dry gauges to
the maximum probability. For example, the Square
design in the first simulation had 7 dry gauges; there is
a probability of 0.0507 for this number of dry gauges.
The most probable number of dry gauges was 4, with a
probability of 0.2574. The ratio, therefore, was 0.20.
The average of such ratios for all 4 simulations was
0.39. In fact, this average ratio was the lowest of the 6
regular network designs (Table 3). Most networks had
ratios over 0.80; the X network was best, and the Dia-
mond was a close second.

Our third criterion for judging the 'best’ pattern is
the ability to estimate volume of precipitation. In

Table 3. Average ratio of probability for number of dry gauges
to maximum probability, in each of the network arrangements

Arrangement Ratio Arrangement Ratio
Square 0.39 Cross 0.88
Circle 0.85 X 0.97
Combined 0.91 Diamond 0.94

nearly 80% of the comparisons, the interpolated field
overestimated the actual volume of rain in the simula-
tion (Table 4). Estimations ranged between just one-
half of actual volume (the X network for Simulation 3)
to nearly twice the volume (the Square for Simulation
3). An index of the overall performance of each net-
work arrangement may be the average deviation (as
percentage of actual). By this index, the Diamond net-
work appears best, with the Circle and the Cross close
behind. Closer examination indicates that the Cross
network provides overestimation for all 4 simulations,
whereas all other patterns underestimate either Simu-
lation 2 or 3. Further, the mean absolute deviation is
smallest for the Cross.

For each simulation, the 100 random networks pro-
vided a sampling distribution of estimated volumes.
When these volumes are expressed as proportions of
the known value, the sampling distribution is approxi-
mately normal, according to the central limit theorem.
This property allowed us to assign probabilities to each
volume, based on the standard normal distribution and
using the mean and standard deviation from each set
of 100 random networks (Table 4). Although all
designs for all simulations fail to estimate true values
(1.00) very closely, only one (pattern X in Simulation 4)
exceeds a 0.05 probability of being so extremely differ-
ent that it might be judged not to have occurred by
random sampling error. Thus, we cannot say that any
one design, for any simulation, is worse than any ran-
dom arrangement.

Table 4. Estimated volumes of water, as proportions of known volume for each simulation, and the normal probability (in paren-
theses) of a value at least that extreme occurring solely due to random sampling error

Simulation Square Circle Cross Combined X Diamond Mean for 100
random networks
1 1.22(0.26) 1.28(0.22) 1.31(0.20) 1.43(0.13} 1.61(0.06) 1.43(0.13) 0.95
2 0.92(0.44) 0.72(0.24) 142(0.18) 1.61(0.09) 1.31(0.24) 1.13(0.38) 0.99
3 1.84 (0.05) 1.55(0.12) 1.04 (0.37) 0.80(0.48) 0.51(0.30) 0.79(0.48) 0.83
4 1.28 (0.21) 1.39(0.12) 1.16(0.34) 1.19(0.30) 1.62(0.03) 1.51(0.06) 1.03
Mean absolute deviation (%) 36 38 36 51 32
Mean deviation (%) + 32 + 24 +23 + 26 + 26 + 22 -5
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Fig. 3 (continued)
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4. CONCLUSION

The main implication of this study is that the
arrangement of the network, and not only its density,
has a major influence on the maps that one might
generate for a series of events. This is true for all
arrangements of gauges, symmetric or random. The
network's spatial geometry may influence the pattern
of the interpolated field, the efficiency of sampling
wet and dry areas, and the estimation of total rainfall
volume. Moreover, the results of our simulations sug-
gest that the ‘errors’ may be quite large. For example,
volumes were on average overestimated by more
than 20%. Some reassurance may be found in the
fact that the regular arrangements were, by proba-
bilistic considerations, no worse at estimating volume
than any random arrangement. However, without
prior knowledge of the nature of the rainfield, there
appears to be littie guidance from geometry alone to
the choice of a network arrangement. Therefore,
great care is needed in the interpretation of data from
existing networks, and in the design of new net-
works. Our simulation studies so far yield no consis-
tent recommendation that one or another network
arrangement is best for all purposes. One therefore
should attempt to utilize available evidence that sug-
gests the theoretical distribution of rainfall. Such evi-
dence may be found in vegetation patterns or in
topography (orographic and rain-shadow effects).
One should also be clear as to the main purposes to
which the network data will be put. It may not be
possible to satisfy simultaneously both pattern and
volume estimation criteria, without a much denser
network than is usually feasible.

Editor: V. Meentemeyer, Athens, Georgia, USA
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