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Abstract

In astudy of the spatial variability of rainfall across a network of 46 raingaugesin a4 km? rainforest catchment in the interior of northeastern
Borneo, seasonal rainfall totals were correlated with raingauge separation distance, aspect and relief. A very high degree of spatial variability
in seasonal totals across a very small area was found, even in comparison with other regions experiencing convective rainfall. Moreover, it
shows systematic, stochastic structure in rainfall is present over scales of 10s to 100s metres; these patterns change from the southwest
monsoon (May-October) to the northeast monsoon (November-April). Local associations with aspect and relief are present but the seasonal
changes in rainfall pattern over the whole 4 km? catchment must relate to more complex local topographic effects on the regional windfield.
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Introduction

The topographic controls on rainfall patterns are well
understood at the scale of several 10s or 100s of kilometres
(e.g. Basist et al., 1994; Thielen and Gadian, 1996; Lyons
and Bonell, 1994; Weston and Roy, 1994; Cosma et al.,
2002). Outside the humid tropics, Goodrich et al. (1995),
Shah et al. (1996) and Sharon and Arazi (1996) have shown
that topography may also affect rainfall patterns at the very
finescaleof afew 10sor 100s of metres. There are, however,
no studies examining very fine scalerainfall patternswithin
the humid tropics.

This study assessed the presence of systematic, stochastic
structures in the rainfall pattern at very fine scales with a
4 km? humid tropical catchment by determining the
correlation between rainfall totals and raingauge separation
distances. The potential effects of aspect and relief onrainfall
pattern because of differential heating and uplift (Thielen
and Gadian, 1996; Cosmaet al., 2002), were examined with
further correlation analyses. Given the changesin dominant
wind direction from the south-west to north-east monsoon
in this part of the SE Asian region of the humid tropics

catchment, Malaysia, monsoon, rainfall, spatial variability

(Estoque et al., 2000), seasonal changesin rainfall pattern
were also examined. The site chosen for the work is the 4-
km? Sapat Kalisun Experimental Catchment (Fig. 1) in
Sabah, Malaysian Borneo which contained a network of 46
storage raingauges.

Site and raingauge network

The Sapat Kalisun Experimental Catchment (4°58 N and
117°48 E) lies within the Brassey Range of hillsin eastern
Sabah, approximately 50 km west of the eastern coast of
Sabah, Malaysian Borneo. The altitudinal range within the
Sapat Kalisun Experimental Catchment itself is 132 to
436 m, the highest point being the summit of Atur Hill (Bukit
Atur or BA; Fig.1). The natural vegetation within the
catchment is lowland, evergreen dipterocarp forest,
disturbed by selective forestry during 1988-89 (Greer et
al., 1995). Some 80% of the rainfall received in the Sapat
Kalisun Experimental Catchment is in relatively low
intensity (< 10 mm hr?), short duration (< 5 minute)
convective events (Bidin, 2001) occurring in the late
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Fig. 1. Distribution of the storage raingauges (OP, BA, OC) and the recording raingauges (RG) monitoring rainfall within the 4-kn? Sapat
Kalisun Experimental Catchment. The gauge number begins with a symbol, where OP is a haulage road site, BA is an canopy opening on Atur
Hill (Bukit Atur) and OC is canopy gap away from haulage roads.

afternoon (Chappell et al., 2001). The two principal
Southeast Asian monsoon wind directions— the south-west
monsoon (May—October) and north-east monsoon
(November—April) both deliver relatively similar 6-month
rainfall totals (Bidin, 2001; Chappell et al., 2001).

Within the catchment, 51 storage raingaugeswereinstalled
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within the Sapat Kalisun Experimental Catchment
(equivalent to one gauge for every 7.8 ha) and the point
measurement errors for weekly rainfall totals were shown
to be less than 5% (Bidin, 2001). The records from five of
these gauges were not used, because of gauge damage by
elephant and wild boar. Most of the gauges were located
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along forestry haulage roads on the inner edge of the
catchment divide, typically at a distance of 250 to 400 m
apart. Gauges were located within large canopy openings
(at least 2040 m wide) to minimise the canopy sheltering
component of the 5% catch error. Fifteen of the raingauges
were clustered within the 44 ha Baru Experimental
Catchment (equivalent to 1 gauge for every 3 ha); this
subcatchment of the Sapat Kalisun (Fig. 1) has been subject
to intensive studies of hydrology, erosion and evaporation
(e.g. Greer et al., 1995; Chappell et al., 1999; Bidin, 2001).
The precise positions of all these gauges were determined
by closed-loop traverses using aL eicaTC400 Total Station
(acombined electronic theodolite and laser distance system)
to both quantify and minimise the location errors. The
minimum slope distance between a pair of gauges was 17
m, the average was 1.52 km and maximum 3.3 km. The
gauges were monitored approximately weekly during the
water year 1st May 1997 to 30th April 1998. A UK
Meteorol ogical OfficeMark |1 (storage) raingaugeislocated
at the local meteorological station (Danum Valley Field
Centre) was used to place the Sapat Kalisun data within a
longer-term (i.e. inter-annual) setting (Bidin, 2001).

Fine-scale spatial variability:
coefficient of variation

During the 1997-8 water-year, the data distribution of
weekly rainfall totals across Sapat Kalisun Experimental
Catchment was Gaussian for both 6-month and 12-month
integration periods (Fig. 2; Bidin, 2001). The catchment-
average rainfall totals for the south-west monsoon differed
statistically (P < 0.001) from those for the north-east
monsoon of the 1997/98 water-year but were not statistically
different (P < 0.1) when the 13-year records for the Danum
Valley Field Centre were examined (Bidin, 2001).

The coefficient of variation (CV) for therainfall totalsin
the Sapat Kalisun Experimental Catchment varies between
the 6-month integration periods. The south-west monsoon
hasaCV of 12.1%, while the north-east monsoon hasa CV
of only 8.7% (Bidin, 2001). The range of rainfall for the
south-west monsoon was also larger, with the highest catch
of 1098.4 mm (raingauge OP17: Fig. 1) receiving 64.2%
more rainfall than the lowest catch of 669.0 mm at gauge
OP25. The CV over the whole year is 6.2% (Bidin, 2001).

Figures 3aand 3b are maps of raingauge locations, where
circlediameter is proportional to therainfall totals collected
during the Southwest and Northeast monsoons, respectively.
Thereisclearly somesimilarity in catch recorded by gauges
in close proximity, i.e. qualitatively, a structured pattern in
rainfall appearsto be present (Sharon and Arazi, 1997) and
has been examined quantitatively.
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Fig. 2. Box-and-whisker plots (Wrinkler and Hays, 1975) of the

statistical distribution of 6-month and 12-month rainfall totals

during the Southwest monsoon (1 May 1997 to 31 October 1997),

Northeast monsoon (1 November 1997 to 30 April 1998) and water
year 1 May 1997-30 April 1998.

Fine-scale spatial variability: distance
effects

Spatial statistics show that many environmental variables
become more dissimilar as distance between sampling points
increases. Following the rainfall studies of Hershfield
(1965), Sharon (1972) and Jackson (1974) the correlation
between all combinations of raingauge pairs (C) was
calculated using:

cr=> (1)
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Fig. 3a. Map of raingauge locations, where circle diameter is
proportional to the rainfall totals collected during the south-west
monsoon
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Fig. 3b. Map of raingauge locations, where circle diameter is
proportional to the rainfall totals collected during the north-east
monsoon

where

S<y=i[(Xi -X)Yi-Y)(h-1) 2

and Sy is the sample covariance, Sx and Sy are the sample
standard deviations for variable X and Y respectively and n
is number of samples (McPherson, 1990). This spatial
autocorrelation in rainfall is examined for the 12-month
study period and for the two monsoon periods separately,
and the results are shown within Fig. 4. A linear model can
be fitted to the inter-gauge correlation for separation
distances in the measurement range of 0.017 and 3.3 km.
Figure 4 showsthat rainfall totals remain more similar with
increasing gauge separation during the north-east monsoon
than during the south-west monsoon. This may mean that
rainfall in north-eastern Borneo during the south-west
monsoon ismorelocalised or ‘ patchy’ than that in the north-
east monsoon. Against correlation-distance functions for
non-tropical regions with convective rainfall, the Sapat
Kalisun data show relatively steep relationships (Fig. 5);
the rainfall variability across the catchment is more highly
localised than for other regions of the globe dominated by
convective rainfall. A simple measure of the degree of
localisation of rainfall isthe distance wherethe inter-gauge
correlation (C ) equals 0.9 (Hershfield, 1965; Hendrick and
Comer, 1970; Hutchinson, 1972). For the 12-month
monitoring period, the gauge separation distance within the
Sapat Kalisun where C = 0.9 is 1.155 km (Table 1). This
indicatesahigh degree of localisation relative to other areas
with convectiverainfall. Indeed, the 6- and 12-month rainfall
totalsfrom the Sapat Kalisun have ashigh or agreater degree
of localisation as much shorter-period totals (i.e. daily) for
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Fig. 4. Correlation (C,) amongst point rainfalls as a function of
distance between gauges (D) for different periods of monitoring.
Equations and r2 of the relationships in brackets exclude the data
from the Bukit Atur raingauges.

other areas with convective rainfall (Table 2). The lag
distanceat which C, = 0.9 for the south-west monsoon (1.059
km) is dlightly lower than that for the north-east monsoon
(1.119 km): this indicates a slightly larger degree of
localisation during the south-west monsoon.
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Table 1. Values of inter-gauge correlation (C ), percentage of gauge
pairs having C,_ values > 0.90, and distance between gauges in
pair (D) from the regression lines when C  ; for different period
of rainfall measurements across Sapat Kalisun Catchment.

Data periods 16-mon. 2%6-mon  12-mon
(sw (NE (May 97
monsoon) monsoon)  —Apr 98)

Mean C 0.865 0.920 0.874

Coeff. of variation C (%) 8.90 5.87 8.24

% C, 30.90 42 71 41

Distance (km) at C 1.059 1.119 1.155

Fine-scale spatial variability: aspect
and relief effects

Winds lifting air over topographic obstacles can trigger
rainfall. In areas of larger relief, rainfall maximatypically

occur on upwind slopes (Cosma et al., 2002) but, in areas
of shallow relief, maxima can occur just downwind of

obstacles (Sharon and Arazi, 1997). Monsoonal changesin
theregional wind direction may, therefore, result in different
sides of topographic obstacles receiving the greater rainfall
at different times of the year. Aspect will also effect rainfall,
with east-facing slopes being heated more, giving greater
uplift and hence greater rainfall just downwind (Barry, 1981,
Theilen and Gadian, 1996). To determine the presence of
aspect and relief effects on the rainfall across the Sapat
Kalisun Catchment, rainfall totalshave been correlated with
aspect and then independently with altitude.

The effect of aspect on rainfall distribution was analysed
by correlation with bearing for each monsoon period (Table
3, Fig. 6). During the south-west monsoon, rainfall increases
in an easterly and south-easterly direction, with some
50.58% and 45.80% of the variance being explained by a
linear correlation with distance (Fig. 6b and 6d; Table 3).
During the north-east monsoon, however, rainfall increases
in a north-westerly direction (R? = 50.40%; Fig. 6d; Table
3). If differential heating of east-facing relative to west-
facing slopeswere the dominant control on local instability
in this catchment, then the marked seasonal changesin the
bearing:rainfall relationship would not be expected.

Figure 7a shows that during the south-west monsoon,
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Table 2. Distance (D) for C

r0.9

and C for D = 10 km of for inter-gauge correlation estimates in different climatic regions. All values

estimated (re-analysed) from the C, -distance regression lines or equations reported by the individual authors.

Type of data/event DatC,, C at10km  Ste/ Region Source

Largest summer storm 0.75 0.06 Walnut Gulch, Arizona Sharon (1972)
Individual events 1.00 0.25 Central Florida Duchon et al (1995)
Largest summer storm 1.05 0.46 Coshocton, Ohio Sharon (1972)
Summer, air mass storm 4.95 0.75 East Central Illinois Sharon (1972)
Daily convective events 5.48 0.83 South-eastern N.England Sharon (1974)
Monthly totals 3.00 0.62 Ruvu Basin, Tanzania Jackson (1974)
12-month totals 1.15 0.27 Sapat Kalisun, Malaysia This study

rainfall over most areas of the catchment is positively
correlated with altitude, as expected from the mechanism
of orographic enhancement. Rainfall is, however, negatively
correlated with altitude during the north-east monsoon (Fig
74). This changein the direction of the correlation between
the seasons is also seen if separate weeks are examined
(Bidin, 2001). Typical correlations for single weekly
sampling periodsin the south-west and north-east monsoons
are shown in Fig 7b. No simple orographic enhancement
mechanism can explain the negative correlation between
atitude and rainfall during the north-east monsoon, so an
additional or aternative mechanism must be involved in
regulating rainfall pattern. Further, rainfall measurements
on the upper sections of the prominent hill in the north-east
corner of the catchment, i.e. the 436 m Atur Hill (or BA;
Fig.1), show adifferent relationship (see BA-labelled region
of Fig 7a). This also negates the idea that orographic
enhancement of purely regional south-westerly airflows
during the south-west monsoon and purely regional north-
easterly airflows during the north-east monsoon isthe only
significant control on rainfall pattern.

Neither differential heating nor orographic enhancement
of regional airflows can explain the marked local patterns

of rainfall, sotherelatively modest relief in the Sapat Kalisun
Catchment (i.e. 132t0 436 m) must alter thelocal windfield
significantly from the direction of the regiona windfield.
A more complex windfield involving local, lateral
convergence—divergence of airflows around small
topographic obstacles might explain the complex
relationship between rainfall pattern and its controls (cf.
Sharon and Arazi, 1997). Such a hypothesis could be
investigated if a network of above-canopy anemometers
were installed to complement the raingauges.

Conclusions

The presence and nature of systematic local patterns of
rainfall within a small humid tropical catchment has been
examined within a region known to experience seasonal
reversal of the regional windfield.

A very large spatial variability or ‘localisation’ inrainfall
was observed within the 12-month and 6-month seasonal
totalsat very fine scales. Moreover, asystematic, stochastic
structure was found in 12 and 6-month totals over these
scales of only 10s to 100s metres. This could be the first
such published observation within the humid tropics.

Table 3. Basic statistics of regression analysisfor integration periods of rainfall totalsagainst their relative directions
(n=46) showing the marked changes in the rainfall distribution trends between the two monsoon periods.

Directions South-west monsoon North-east monsoon

P Trend r? P Trend r?
Easting 0.001 +ve 0.51 0.001 -ve 0.23
North-easting 0.001 +ve 0.26 NS -ve 0.13
Northing NS -ve 0.04 0.01 +ve 0.20
North-west 0.001 -ve 0.46 0.001 +ve 0.50
Notes:

NS — not significant
NS* - significant at P < 0.01 when BA gauges excluded
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Fig. 6. Rainfall delivered within the Southwest and Northeast monsoon periods as a function of their relative bearing as shown. Four
bearings are examined, viz: (a) northing, (b) easting, (c) northeasting, and (d) northwesting.
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brackets excludes data from those raingauges on Atur Hill or Bukit Atur (BA).
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These patternswere a so very different in the two monsoon
periods. thismust relatein part to thereversal of theregional
windfield. Local associations with aspect and relief are
present, but explanation of the direction of the correlations
present over the whole 4 km? catchment must also include
lateral convergence—divergence of airflows around the
relatively modest relief of the local area. It is hoped that
these new findings promote a more comprehensive study
of seasonal rainfall patterns at very fine (i.e. experimental
catchment) scales within the humid tropics, and that such
investigations include a parallel programme of above-
canopy windflow measurements over the same fine scale.
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