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Abstract

The paper describes the use of radar data to detect curvilinear patterns around
circular mounds in the Angkor region. The radar data was acquired with
equipment of the National Aeronautics and Space Administration and the Jet
Propulsion Laboratory. A three-component scattering model is used to assess
the presence of water at mound sites. The sensitivity of the radar allows
detection of inundated areas covered by low-growing vegetation which are not
apparent on optical imagery. The patterns are compared to comparable sites in
Northeast Thailand, and used to suggest a similar prehistoric tradition of

Khmer water management.

Introduction

he city of Angkor exploited waters

flowing down from the Kulen Hills, a
Khmer expertise which grew out of an ear-
lier tradition of water management control
in periods of flood and conservation during
the dry season. Vestiges of this traditionare
detectable on images generated from data
acquired by the National Aeronautics and
Space Administration/Jet Propulsion Labo-
ratory (NASA/JPL) radar instrument, the
Space Imaging Radar version C, Synthetic
Aperture Radar carrying the X-Band (SIR-
C/X-SAR). The NASA/JPL SIR-C/X-SAR
data was obtained when the instrument
was carried on space shuttle Endeavour.
The instrument was turned on over Angkor
on 30 September 1994 during the 15th orbit
of Endeavour.

Radar data from three scattering mecha-
nisms form curvilinear patterns which are
described here for eleven mound sites in the
Angkorregion. Thesitesaverage 200 metres
in diameter and are located at elevations
between 11 and 23 metres above sea level.
The curvilinear patterns do not necessarily
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enclose the mound but are sectors, the loca-
tions of which may relate toslopeand drain-
age. It is suggested that these patterns are
man-made moats and dikes, remnants of
pre-Angkorean (pre-9th century AD) Khmer
water management.

Archaeological applications of the
NASA/JPL radar have principally been
conducted in arid regions. These have de-
tected earlier man-madelinear features (e.g.
roads at Ubar and along the Silk Road), or
climatic changes affecting habitation (such
as desiccated subsurface water channels in
the Safsaf Egyptian desert). Subsurface de-
tection relies on an absence of ground level
moisture and vegetation, allowing shorter
and longer wavelengths (X-Band [3 cm], C-
Band [6 cm], L-Band [23 cm]) to sense varia-
tions in the soil’s dielectric constant which
may be characteristic of former river beds.
At Angkor, stratigraphic interpretation is
not completely precluded, as theradarback-
scatter presents hydrological patterns of
different chronological periods. However,
the greatest potential is the discrimination
of surface variations resulting from the
radar’s sensitivity to moisture and vegeta-
tion.

Initial examination of Angkor using ra-
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measurement output parameters. For ex-
ample in a forested area inputs might in-
clude trunk dielectric constants, ground
roughness and dielectric constant, branch
size and angular distribution, measure-
ments of tree heights and diameters, and
tree density. Complex models have there-
forebeendeveloped whichincorporatelarge
numbers of variables. These models are
predictive, capable of solving a ‘forward’
search for polarimetric signatures assigned
to variables in a given area. However, it is
difficult, if not impossible, to invert these
models to provide initial interpretation and
identification of signatures. This dilemma,
seen at Angkor, has been a major problem
in analyzing the radar data.

Scattering mechanism model

The model used in this paper classifies po-
larimetric radar observations in relation to
three scattering mechanisms, thebehaviour
of the radar signal when it hits the terrain.
(Freeman and Durden 1992; Norikane and
Freeman 1993.) These are double-bounce
scatter from a pair of orthogonal surfaces
with different dielectric constants, volume
or canopy scatter from a cloud of randomly
oriented dipoles, and Bragg, odd or surface
scatter from a moderately rough surface. In
the L-Band and C-Band images generated
using this model these mechanisms were
displayed in the red, green and blue chan-
nels respectively (Figures 3 and 4). While
the model has had various applications, it
has not been applied in Southeast Asia, and
not in relation to archaeological investiga-
tion of the terrain.

Previous applications of the model have
included a tropical rain forest in Belize; a
boreal forest site in Alaska; an arid semi-
desert site in Wyoming. The most relevant
of these to Angkoris the Belize study, where
a land-cover classification was derived for
an area measuring 12.3 x 12.6 km. The re-
sults of the study showed that the model
could be used to the first order to determine
the dominant scattering mechanisms for
observed backscatter in polarimetric radar
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data. This in turn allowed assessment of the
fit of the model for the different land-cover
types to the surface, volume and double-
bounce components. These proved useful
in differentiating between different surface
cover types, as well as monitoring changes
in surface cover.

The same potential is seen in applying
the model to Angkor where classification of
land-cover is fundamental in understand-
ingterrain and hydrological preferences for
prehistoric and historic settlements and
water management structures. Decomposi-
tion of the radar signatures or measure-
ments into different scattering mechanisms
allows the observerto differentiate between
differentlandforms. For example, terra firma
in the form of raised dikes and mounds can
be separated from areas prone to flooding.
Rice paddies can be differentiated from ar-
eas overgrown with denser vegetation. Cir-
cular ‘moats’ and linear-form canals can be
detected by the effect of water on the radar
signature, when present beneath a layer of
vegetation or with no vegetation cover.

Puok-Mokak mounds

In the study of early water management in
the region of Angkor, the richest-distribu-
tion of sites is found to the west of the
historical urban area, north of the present
town of Puok (Figure 2). These sites extend
northward some twenty-five kilometres to
Mokak, and beyond. The Puok and Mokak
mound sites are located along the limits of
an alluvial fan spreading southwest from
the Kulen massif. Within what appears to
be an ancient river bed forming the Puok-
Mokak ‘corridor’, these slightly raised
mounds —now just off the edge of the allu-
vial fan — were isolated through a combina-
tion of processes. These included gradual
erosion and downcutting of wateralong the
edge of the alluvial fan (north to south and
northeast to southwest), continued deposi-
tion of sediment, and aeolian action.

The Puok-Mokak fan is separated in its
southern portions by remnant streams flow-
ing northeast-southwest. These diffuse the
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margins of the terrace in contrast to the
clear perimeter of the northern bulge. This
pattern is repeated to the east of the Roluos
River, but rotated vertically, so that the
more clearly delimited portions are to the
south. The temple of Chau Srei Vibol rests
onthe western edge of one of these. As with
the Puok area to the west, this combination
of canopy and more inundated drainage
areas presents a hospitable zone for prehis-
toric occupation. One of three dikes con-
taining Angkor period kilns has been re-
ported in this area, southeast of Chau Srei
Vibol. It is possible that the Indratataka
takes advantage of another of these terrace-
river interfaces. However, the later build-
ing of the East Baray, as well as the diver-
sion of the Stung Siem Reap, have dramati-
cally altered the hydrology of the
Hariharalaya area (Moore 1998).

Isolated patches, today village mounds,
are generally located west and south of the
main spread of the alluvium. Only one,
Lovea, is seen as moated on aerial photo-
graphs and SPOT images. On scenes gener-
ated from the radar data, other mounds
appear moated. These sites benefited from
the slope of the land, with pooled water
around the perimeter of the mound. Man-
made moats in some cases exploited this
collection process, acting as diversionary
structures during times of inundation.

The southern portion of the Puok valley
isof particularinterest, as theancient course
of the Stung Siem Reap flowed into this
area. Clear evidence of this can be seen on
the SIR-C images. There is a roughness in
the radar return, with contrasting areas of
canopy and smoother, inundated rice fields.
The northeast-southwest flow of water here
in former times is also demonstrated by the
U-shaped dike located midway between
the mound sites of Phum Reul and Lovea.
Lovea, however, isalso—and perhaps more
closely — associated with a more homo-
geneous portion of alluvium to the north
(Figures 5 and 6).
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Angkor and Northeast Thailand

All of the eleven sites where curvilinear
patterns were studied are circular mounds;
someareinhabited;allarerural. Their west-
east distribution extends some 30 km, from
Phum Reul and Lovea on the west to Phum
Stung on the west. The most northerly site,
Mokak, is 15 km north of Phum Reul (Fig-
ure 2). These circular mounds are compa-
rable to sites in Northeast Thailand. The
curvilinear patterns visible on images gen-
erated from the radar data are similar in
form to moats and earthworks which sur-
round the mounds in Northeast Thailand
(Moore 1988, 1989, 1992b). With some ex-
ceptions, the moats of the Angkor sites are
vestigial, not typically apparent on the
ground, nor visible on optical imagery.

As suggested by the inclusion of nine
out of eleven sites in this region, the Puok
area west of Angkor has proved the richest
for the present study. The sitesare similar in
size to many of the mounds of Northeast
Thailand. There, mound size is not linked to
number of earthworks: Ban Takhong, Buri
Ram province (15.13%n x 103.20%), is 250
metresindiameter and has three earthworks
(Moore 1992a). Multiple earthworks are not,
however, generally associated with flood-
plain sites of Northeast Thailand, and to
date it is floodplain sites which have been
investigated in the Angkor region. (For a
description of the sites, see Note 1.)

Study of curvilinear patterns: method

Although curvilinear patterns are visible
on radar colour composites, picture ele-
ment points (pixels) were selected from L-
Band scattering images to focus on the
double-bounce, canopy and odd scattering
mechanisms. Points were selected where
they formed patterns around the generally
higher volume return of the central mound,
and tabulated by geographical sector. They
were then averaged (see Note 2) to give six
measures for each site, expressed in deci-
bels (dB). Table 1 separates volume, odd
and double-bounce for the mounds, com-
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paring results for the scattering model at C-
Band and L-Band. A number of sites have
an additional exterior ‘ring’, or fragmented
curves, probably remnant earthworks.

A total of 20 to 28 pixels were measured
foreach site. Inmost cases the pattern formed
a single row, although there were some
parts of the curves that widened to two
pixels. Given a resolution of approximately
25 metres per pixel for the data, this width
approximated the width of the visible moat
at Lovea, and also the average of thirty
metres for the moats of Northeast Thai sites
(Moore 1988). The variation in the measure-
ments provides a remarkably sensitive in-
dicator for ground verification of moats.
Each mound, like those in Northeast Thai-
land, is unique. Any man-made alterations
such as moats utilise the mound contours,
available water, and the slope of the terrain.

Comparison volume, odd, double-
bounce return

The volume return was generally brighter
at C-Band than at L-Band, although there
was variation in both. The standard devia-
tion for the C-Band volume was less than
that for the L-Band volume [+0.91 versus
+2.38]. A higher return for C-volume than
L-volume may suggest low growing veg-
etation over moist orinundated areas, which

might explain why the moats are not easily
seen during ground survey (Note 3). The
odd return was not as consistent, at times
being nearly the same, and at others the C-
Band or L-Band exceeding the other. The
averages for the sites at both bands had the
highest standard deviation of the threescat-
tering mechanisms [+4.0 for C-Band and

" +4.2 for L-Band - see Note 4). As with the

volume return, a high or bright reading for
the double-bounce at C-Band but not at L-
Band may suggest low growing vegetation
over moist soil or water (Note 5). In many
cases, however, the difference between the
two wavelengths for the double-bounce was
small.

Interpretation of the results from all
eleven moats at the mound sites (Table 1)
shows that C-Band volume scatter is rela-
tively high (>-7.5 dB) for all sites. In all
cases, the volume scatter exceeds the odd or
double-bounce. Taken together, in compari-
sonwith data from other tropical sites, these
suggest the presence of vegetation in the
moats. The nature of this vegetation may be
assessed through variations in the L-Band
volume scatter, usually indicative of differ-
ent vegetation canopy height/density or
biomass (Note 6).

The high percentage of volume scatter at
both L-Band and C-Band suggests wood-
land or forest (i.e. dense vegetation cover),

Mound C-volume  L-volume C-odd L-odd C-double  L-double
Reul -6.0 99 -16.1 -19.3 -16.6 -17.0
Lovea -7.0 -14.9 -24.6 23.7 -20.3 -12.8
Trei Nhor -4.8 -9.8 -11.5 -16.0 -12.3 -11.6
Mokak -7.5 -16.6 -14.9 -21.7 -11.4 -18.3
Ta Saom -5.4 -15.4 -17.3 -16.6 -15.3 -10.5
Tonle Sa -6.6 -15.3 -19.2 -17.0 -15.6 -11.0
Chakrey -7.0 -13.9 -15.6 -23.7 -11.6 -14.6
Pongro -7.3 -15.0 -16.4 -23.8 94 -13.8
Nokor Pheas -5.4 -13.5 -23.5 -14.7 -19.1 -14.5
O Dek 7.2 -16.6 -17.7 -13.2 -19.9 -18.9
Stung -6.1 -12.2 -12.8 -13.1 -18.8 -18.1
Mean -6.4 -13.9 -17.2 -18.4 -15.5 -14.6

Table 1.Average return (in decibels) of curvilinear patterns for volume, odd and double-bounce at
C-Band and L-Band
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with no underlying water, as there is com-
paratively little double-bounce (Note 7).
Overall, thissuggests terrafirma; earthworks,
with low vegetation cover and moderate
vegetation cover. Some sites have a greater
(brighter) L-double than L-volume (- 2) and
less (darker) L-odd than L-volume or L-
double, which due to the high L-double,
indicates strongly the presence of water
underneath the vegetation canopy (see Note
8).

Conclusion

Study of curvilinear patterns on images
generated from the radar data interpreted
as remnants of earlier moats at the Angkor
mound sites. Also in some cases, the radar
data indicates the presence of terra firma,
which is likely to take the form of (possible
prehistoric) dikes at these sites. These re-
sults await verification by field or aerial
surveys.

Analysis of the many archaeological fea-
tures of the Angkor site require a repertoire
of techniques which thrive on rather than
shy away from the immense quantity of
data obtained by the NASA /JPL SIR-C/X-
SARradarinstrument (Note 9). At the same
time, when faced with the huge volume of
data, itis difficult to know which variations
will provide the most useful insights. Even
when single attribute variations are incor-
porated into correlations, and those into a
matrix of correlations, the variables remain
too numerous to provide a simple interpre-
tation of their relationship. Another ap-
proach to the data is through modelling,
such as the example employed here, which
fits three scattering mechanisms to polari-
metric radar observations.

The focus is on water management fea-
tures of the prehistoric landscape where
images processed from the SAR data depart
unequivocally from optical images. The
natural and man-made features at Angkor
which are relevant to the ancient city fully
exploit the sensitivity of polarimetric SAR
radar, not only to moisture but all contribu-
tors to the biomass. Many factors contrib-
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uted to the present vegetation and hydrol-
ogy of Angkor: the formation of mounds,
diversion of river courses, the siting of
temples, moats, dikes, and barays. It has not
been possible, however, to generate a de-
velopmental or conceptual paradigm to
explain fundamental aspects of Angkorsuch
as the conservation and control of water.
There is no generally accepted geographi-
cal and hydrological history of the city,
despite years of excellent scholarship in-
vestigating the urban zone and its remains.
Yet it is commonly agreed that there exists
an intimate relationship between those re-
mains and elements such as vegetation and
moisture. In the use of microwave remote
sensing to study this relationship, new un-
derstanding is brought to the critical transi-
tion from village to city through exploita-
tion of water resources to alter the terrain.
Thesuccession of royal structuresat Angkor
are often presented as the height of Khmer
culture and innovation. However, in the
earlier transition from village to city change
was equally if not more radical.
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Notes

1. Description of mounds:

Mokak sites

Mokak (13.39n x 103.42e) appears on aerial pho-
tographs to have water management structures
on its northeast side, whereas the majority of
sites show a stronger indication of water control
on the downslope side, the southwest. How-
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ever, there is an Angkor period tank, and a clear
northeast to southwest flow of water.

Sala Khum Ta Saom (13.39n x 103.41) pre-
sents a very circular appearance with a continu-
ous moat and an outer earthwork. An area 500
metres north of Phum Ka Ro Lum also shows
traces of a moat. It is one kilometre west of Ta
Saom, on the opposite bank of the stream run-
ning northeast to southwest.

Phum Tonle Sa (13.38n x 103.43e) and Phum
Pongro (2) (13.37n x 103.43e) are four kilometres
south east of Mokak. On 1954 French aerial
photographs Phum Tonle Sa presents clear evi-
dence of water pooling on the south of the
mound. An additional barrage and small tank
arelocated to the northeast. At Pongro, the outer
perimeter of a band of rice fields encircling the
mound suggests that remnants of an earthwork
remain. Phum Romiet, 2.5 kilometres northeast
of Phum Pongro, also shows evidence of a moat,
but was not included in the data processed for
the present study.

Phum Chruoy Chakrey (13.36n x 103.42e)
and a site 500 metres north east of Phum Nokor
Pheas (13.36n x 103.43e) parallel the main north-
south road (Rte. 671) at the same latitude, on the
west and east respectively. Nokor Pheas ap-
pears tobe uninhabited, although 1:50,000 maps
do note a temple. It forms a ‘bridge’ across the
south end of a northeast-southwest inundated
strip, possibly a former streambed. In this con-
text, it—and all the sites on the Mokak and Puok
scenes except Chakrey — conform to the pattern
of being slightly isolated from the main spread
of alluvium. Chakrey’s hydrological relation-
ship is to Mokak and Ta Saom to the north.

Puok sites
Phum Trei Nhor (13.34n x 103.43e) is 3kilometres
further south along the road. As with Nokor
Pheas and Phum Chakrey, there is a parallel site
on the west of the road, Phum Thipdei, although
it was not included in the present study.
Phum Reul (2) (13.33n x 103.44e) is initially
difficult to distinguish onimages generated from
the radar data. The mound, like that of Trei
Nhor, is nestled close to the edge of the allu-
vium. However, the backscatter from the mound
ismerged with return from three to four villages
to the south and south west of the mound. The
most southerly of these may have an inundated
area on its southwestern perimeter. Thus what
initially seems a contiguous mass is several dif-
ferent areas. Further verification is needed for
the diameter of Reul: measured as 200 metres,
ground check in December 1996 and April 1997
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suggests the mound is larger.

The Lovea mound (13.28n x 103.43e) is re-
corded as being the largest of the sites with a
diameter of 350 metres. Further ground survey,
however, may reduce this. For example, the
present monastery, east of the site, may not have
formed part of the original mound. On the other
hand, Lovea remains unique in the visible rem-
nants of two earthworks, which may be a reflec-
tion of an importance accorded to its size. Other
interesting aspects of the site are the U-shaped
bund or dike midway between Phum Reul and
Lovea, the canal running north from thesite, the
east-west dike north of the site, and the large
rectangular baray to the south.

Hariharalaya sites

Phum Stung (13.22n x 103.45e). The mound was
visited several times, between December 1992
and April 1995. An exterior earthwork is faintly
visible at Phum Stung on aerial photographs
[most visibly on the 1945 Williams-Hunt Collec-
tion, somewhat on the French 1954 1:40,000
cover]. Moat remnants were confirmed on the
ground on the east and west sides of the mound.
The mound is largely uninhabited, with parts
given over to upland crops. A stone tool was
recovered from a cornfield, along with a few
pottery sherds (Moore 1997).

O Dek (O Spean Dek or Kaek, 13.22n x
103.57e) appears quite clearly on aerial photo-
graphs as a mound nestled in a curve of a small
stream. Ground survey (not yet possible due to
security problems) may confirmasmaller mound
diameter than recorded (300 metres).

2. The measurements were taken from files gen-
erated by A. Freeman. The data was transformed
from a 1-254 scale to decibels with Excel, using
the formula: 10*LOG10 ((255 -C27)*0.0039212 +
0.0001). The decibel measurements were then
averaged per sector and as a whole.

3. Sites of particular interest to check in this
regard would be Ta Saom and O Dek, although
they are difficult to access. Lovea, more acces-
sible, could be checked on the southwest sector
where the C-volume and L-volume difference
was quite high [-6.3 versus -22.4], and then com-
pared to other sectors, such as the southeast or
northwest where the difference is less [-6.5 ver-
sus -11.7, and -7.7 versus -12.7].

4. Only at Nokor Pheas was the L-odd much
brighter than the C-odd [-14.7 versus -23.5]. In
comparing the odd and double-bounce return,
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many C-Band returns were similar. Pongro was
an exception witha double-bounce return of -9.4
but only -18.4 for the C-Band odd. This was the
case for all four sectors of Pongro, although the
difference was the greatest in the southwest
sector [-13.6 versus -4.7].

5. This was the case at Mokak, where a bright C-
return and dark L-return were seen on average
for all three scattering mechanisms. At Ta Saom
the L-Band return was less [-15.3] than the C-
Band [-10.5]. At Tonle Sa the double-bounce was
-15.6 at C-Band and -11.0 at L-Band. But at
Lovea, the L-Band was much brighter than the
C-Band [-12.8 versus -20.3]. Recalling the much
brighter C-Band return for volume in the south-
west sector of Lovea, it is of note that the double-
bounce difference was primarily generated by
the data from the southwest sector: the C-Band
return was only -27.6 while the L-Band was -8.3.
Mokak and Pongro provided the most consis-
tency, with all or nearly all sectors having
brighter C-Band than L-Band returns for vol-
ume and double-bounce.

6. The moat at Phum Reul, for example, has:

C-volume = -6.0dB L-volume = -9.9dB
C-double =-16.6 dB L-double = -19.3 dB
C-odd= -16.1dB L-odd = -17.0dB

7. When Phum Reul is compared to the other
moats by comparing therelative levels of double-
bounce, volume and odd-bounce scattering in
each frequency band it can be seen that the sites
vary. For example, Phum Trei Nhor has:
C-volume=-48dB  L-volume =-9.8 dB
C-double =-12.3dB  L-double =-11.6 dB
C-odd =-11.5dB L-odd =-16.0 dB

These figures indicate, relative to Phum Reul,
that Trei Nhor has a greater amount of dense
vegetation over water in the moat. Both O Dek
and Phum Stung, have a relatively high L-odd
(~-13dB) and low L-volume (-16.6 dB) and mod-
erate L-volume (-12.2 dB) respectively.

8. This is seen at Lovea, Trei Nhor, Mokak, Ta
Saom, Tonle Sa, Chakrey, and Pongro. Of all the
sites, based on L-volume scatter, Phum Reul and
Trei Nhor have the highest levels of vegetation
relative to theothersites. The figures from Nokor
Pheas suggest a moderate level of vegetation
and perhaps a mixture of terra firma and inun-
dated vegetation.

9. Further data on the sites was acquired on 6
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December 1996, as part of the NASA /JPL Pacific
Rim Campaign. The AIRSAR equipment in-
cluded P-band (68 cm) in addition to C-band
and L-band, and the ability to process data in
polarimetric (POLSAR) and topometric
(TOPSAR) modes.
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