
Digital lmage Analysis Techniques to
Estimate Waterspread for Gapacity

Evaluations of Reseruoirs

Abstract
The rcduction of storage capacity of a reservoir between two
elevation contourc over a period of some years would be in-
dicated by the reduction in contour areas at these elevation
Ievels. The waterspreads, which are contour areas at differ
ent reservair operating levels, were estimated for the Bhadra
and Malaprabha reservoirs in the upper Krishna river basin
using Landsat TM and IRs Lrss n digital data, respectively.
This paper dr'scusses the digital image analysis strategr
adopted for estimation of waterspreads and evaluation of the
storage capacity of reservoirs. The possible error component
of satellite derived waterspreads due to land-water mixed
pixels is analyzed and discussed, For a given reservoir wa-
terspread, the shape factor of the reservoir and the ground
resolution of the satellite data have a direct influence on the
magnitude of the enor component.

Introduction
Periodic deposition of sediments discharged by streams into
a reservoir often reduces storage capacity. Information re-
garding the rate of sedimentation is vital for defining appro-
priate measures for controlling sediment inflow and for
managing the available storage in a reservoir. The rate of
sedimentation can be determined by conducting repeated
surveys at suitable time intervals. This will enable the peri-
odic evaluation of reservoir capacity. Capacity surveys of res-
ervoirs can be carried out using conventional methods such
as hydrographic surveys and ground surveys. However, these
surveys are more expensive and time consuming and involve
more manpower than do satellite based surveys.

The inputs derived from satellite data for capacity evalu-
ation of reservoirs are the waterspread data at different oper-
ating levels of the reservoirs. The ability to map and estimate
waterspread from satellite data is well understood, and dif-
ferent techniques such as visual interpretation of satellite im-
agery, density slicing, and classification of water bodies have
been employed for the delineation of a water body (Work
and Gilmer, 1976; Thiruvengadachari et al., Tg&oi Thiruven-
gadachari and Manavalan, 1983). Hanumantha Rao et o/.
(1985) adopted visual interpretation of enlarged Landsat MSS
images to estimate the waterspreads at eight different levels
of the Sriramsagar Reservoir. Suvit Vibulsreth et a1. (1988)
employed digital techniques in which density slicing of
Landsat MSS near-IR (0.8 to 1,1 pm) data were used to extract
the waterspreads of the Ubolratana Reservoir on five differ-
ent dates.
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White (1978) examined a variety of measuring tech-
niques for determining reservoir surface areas extracted from
Landsat MSS near-IR imagery of different scales and com-
pared their accuracy with field data. He concluded that none
of the measuring techniques used was able to measure the
reservoir waterspreads with consistent accuracy and no rea-
son was attributed. Managond et o/. (1985) employed digital
classification techniques to estimate the waterspread of the
Malaprabha Reservoir on 02 March 1973 using Landsat Mss
data and reported a discrepancy of +a.29 percent from the
actual waterspread. This discrepancy was attributed to the
probable misclassification of boundary pixels.

Analysis of multidate satellite data can directly provide
elevation contours in the form of waterspread boundaries
which, when compared with those at different stages of the
sediment deposition process, would delineate the changes in
waterspread (at different elevation levels) and sediment dep-
osition pattern. The reduction in waterspread at different ele-
vation levels can be the input to the following coNE formula
used for computing the sediment volume:

v, :  1 /B (At  + A2 + {at  &)n

where V" is the sediment volume,
A, is the reduction in waterspread at reservoir level
t ,
A, is the reduction in waterspread at reservoir level
2, and
lr is the difference in height between levels 1 and 2.

Attempts have been made by Hanumantha Rao et o/. (1985),
Suvit Vibulsresth ef 01. (1988), and others to use satellite de-
rived waterspreads for the capacity evaluation of reservoirs.
However, no quantitative analysis has been made to assess
the reliability of such waterspread estimates.

This paper discusses the digital image analysis tech-
niques to be adopted for extraction of waterspread contours
and estimation of waterspreads, The error analysis of water-
spread estimates with regard to land-water mixed pixels is
also addressed.

Methodology
The Bhadra Reservoir on the Bhadra River and the Mala-
prabha Reservoir on the Malaprabha River, both of which
form part of the Krishna River system, were studied (Figure
1), The Bhadra Reservoir project was completed in 1964 and
the Malaprabha Reservoir project in 7972, The waterspread
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Figure 1. Location of the Bhadra and Malaprabha reservoirs.
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at Full Reservoir Level (rru,) of these reservoirs is 117.30 km2
and t28.08 km2, respectively. The total catchment area of the
Bhadra Reservoir is 1968.40 kmz and is mostlv under forest
cover. A siltation rate of 10.78 million cubic fbet (0.30 mil-
lion cubic metres) per year is estimated using the Inglis for-
mula*. The total catchment area of the Malaprabha Reservoir
is 2150.40 kmr. Of this, approximately 55 percent is culti-
vated, 13 percent is covered by forest, and the remaining is
covered by grazing lands and other land covers. A siltation
rate of 27,64million cubic feet (0.78 million cubic meters)
per year is estimated using the Inglis formula.

Under the Application Validation Program (AvP) of the
Regional Remote Sensing Service Centres-National Natural
Resources Management System (RRssc-l.rNRMs), we examined
the applicability of satellite digital data for extraction of wa-
terspreads at different levels of the Bhadra Reservoir for up-

*An empirical formula relating silt yield with catchment area
modified for its land-cover and soil characteristics.
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dating the elevation contours. For this purpose, we acquired
Landsat TM data in Computer Compatible Tapes (cCrs) for
three dates: 25 March 1986, 12 May 1986, and 01 September
1986. While the reservoir as seen from the data of 25 March
1986 and 72 May 1986 was free from cloud cover, it was
covered by thin cloud on 01 September 1986.

The results of the initial study were encouraging; hence,
capacity evaluation of the Malaprabha Reservoir was made
using ns usS-II imagery from five dates: 20 May 1988, 27 Oc-
tober 1988, 26 December 1988, 08 February 1989, and 24
March 1989. The imagery was of good quality and cloud free.

We acquired the standard ccT products, corrected for ra-
diometric and geometric errors, from the National Remote
Sensing Agency (NRsA), Hyderabad. We selected the specific
satellite data based on a need to provide the representative
waterspreads at levels ranging between the minimum draw
down level and the full reservoir level of the reservoir and to
maintain good quality and cloud free data.

Density slicing in the near-tR band (0.76 to 0.90 pm for
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the Landsat TM and O.77 to 0.86 pm for the rRS LrSS-rr) was
performed for all the data except for that of 01 September
1986 covering the Bhadra Reservoir, for which we employed
digital classification using multiband data.

Histogram analysis of individual band data revealed that
the near-IR band data could provide a distinct grouping of
water pixels and quite a sharp transition from water pixels to
land pixels. A decision boundary had to be chosen from this
transition zone to separate out the water pixels from the land
pixels. However, in single band data it would be difficult to
chose this significant grey value.

Work and Gilmer (1976), who employed a single band
thresholding approach and multiple band approach, ob-
served that the thresholding technique on Landsat vSS band
7 provided rapid and accurate recognition of lakes and large
ponds. Further, their technique, which uses the increased in-
formation content of multiple spectral bands, provided rec-
ognition of a greater number of small ponds not previously
identified. This indicated that adoption of a thresholding
technique alone on nea.r-IR data would result in under esti-
mation of total open water surface area and that analysis of
multiband data would be required to improve accuracy.

Selection of the decision boundarv from the transition
zone with the near-tR band data can b-e effectively made by
verifying the resulting land-water boundary line on the False
Color Composite (Fcc) of the near-tR band and two visible
bands. By doing this, inclusion of shallow water pixels and
high proportionate water pixels usually distributed along the
land-water boundary is possible, leading to near accurate es-
timation of waterspread.

Under field conditions, the land-water transition envi-
ronment will not be the same along the entire water bound-
ary. The reservoir bank steepness generally will be greater
near the damsite while it will be less in the areas where
streams join the reservoir. Moreover, the land adjoining the
reservoir will be of a different type and its soil moisture con-
ditions will vary. All these will influence the selection of the
decision boundary, and this will vary along the perimeter of
water bodies depending upon field conditions. Hence, it
would be a worthwhile effort if the image covering the reser-
voir and the adjoining land features is segmented into sub-
images for the purpose of density slicing, or the land mass is
somehow "masked" and removed from the analysis. Once
the water pixels are selected out from the non-water pixels,
area estimation can be done by counting the total number of
pixels and multiplying that total by the ground resolution of
the pixel. Thus, the waterspread estimates have to be ob-
tained for all the dates.

To find out the possible error components in such esti-
mates that may have been introduced due to land/water pix-
els in the way of commission or omission, the following
analogy is developed:

Let P be the number of pixels forming along the perime-
ter of the waterbody, H be the pixel height in metres, and W
be the pixel width in metres.

Assume that
(1) the probability of having a mixed land-water pixel rab-

o-ras a homogenous pixel at the perimeter is 0.5, and
(2) in a mixed land-water pixel the proportion of water

area ranges between values tending to zero and one
hundred percent.

If all the mixed pixels are considered for area estimation
and the proportion of water in all these pixels tends towards
zero, then the error due to commission will be

+ P x H x

If all the mixed pixels are not considered and the proportion
of water in all those pixels is tending to one hundred per-
cent, then the error due to omission will be

- P x H x W -

2 ,. 10u 
k^'

Thus, if sw is the satellite derived waterspread in kmz, the
actual waterspread can be anywhere between

P x H x W -  P x H x W -
s w -  

z x 1 0 6  
k m 2 a n d s w +  

, " r *  
k m ' z

It can be noted that, if the satellite derived waterspread is es-
timated at more than the project figure after adding the error
component, the reduction in waterspread is considered to be
nil. Comparisons between the satellite derived waterspreads
for different reservoir levels and the comesponding water-
spreads as per earlier field surveys can be used to determine
the reduction in waterspreads at those levels. Any significant
reduction of a waterspread at a given water level beyond the
upper error limit will be a more dependable determination of
the reduction in capacity at that level.

Digital analysis of satellite data was carried out using the
VIPS 32 image processing system running on a VAX 11/780.
The image covering the reservoir was segmented into subi-
mages of 572 by 512 pixels to match the resolution of the
display monitor. The Bhadra Reservoir area on all the three
dates was covered by two such image windows. The Mala-
prabha Reservoir Euea was covered by one to four image win-
dows, depending upon the extent of waterspread. Each
subimage was analyzed independently on the PERICOLOR
work station. The generalized procedure, indicating the
methodology for capacity evaluation of large reservoirs using
digital image analysis techniques, is shown in Figure 2.

Results and Discussion
The water-land transition zones of the histograms of near-IR
band data were carefully analyzed to select the decision
boundaries by obtaining the best fitting water boundary line
on an Fcc of bands 2, 3, and 4. Figure 3 shows the transition
zones in the histograms of the sub-images of the Bhadra Res-
ervoir on 25 March 1986 and 12 May 1986. The image cut-off
digital numbers (decision boundaries) obtained for different
sub-images are given in Table 1. The waterspread contours of
the Malaprabha Reservoir as a result of the above cut-off dig-
ital numbers are shown in Figure 4.

The total number of water pixels (Wp) obtained for each
date was converted into geographical area by multiplying it
with the ground resolution of each pixel (s0 m by 30 m for
Landsat TM; 36.25 m by 36.25 m for IRS LISS-II). The results
are presented in Table 2. The satellite derived waterspreads
of the Bhadra Reservoir for the three dates are shown in Fig-
ure 5.

Error analysis of all the waterspread estimates except
that for the one obtained using the image classification tech-
nique was done. The number of land-water boundary pixels
(8o) for each date data was derived from the waterspread
contour obtained in the form of an image on the display
monitor. In Table 3, the computed error components of satel-
lite derived waterspreads are presented along with the water-
spreads as per the earlier field survey.

The magnitude of the error component in the satellite
derived waterspread estimation is bound to increase with the
increase in the number of boundary pixels and decrease with
the increase in pure water pixels, The relationship between
the ratio of mixed pixels to pure water pixels and the magni-
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SELECT SATELLITE DATA
( LANoSAT - TM, tRS - L|SS il )

IO DEPICT FIVE TO SEVEN
WATERSPREAD COTIDITIONS

BETW€EN MINIMUM AI{D MAXIMUI'
STORAGE LEVELS

SEGMENT THE IMAGE COVERING THE RESERVOIR
INTO SU8 IMAGES SI{OWING HOMOGENOUS LAND

WATER EOUNDARY CONOITIONS

ADOPT SLICING IECHNIQUE ON NEAR INFRA-RED EAND
TO OBTAIN WATERSPREAD CONTOURS OF SEGMENTEO

RESERVOIR PORIIOiIS

SELECT THE WAIEBSPBEAD COIJIOURS OI{ THE MSIS
OF SEST FIT OVER FCC OF TWO VISIBLE AND ONE NEAR

IR EANDS

CONVERT THE WATER PXELS BOUNDED 8Y EACH COI{TOUR
INTO CORRESPOIIDI}.IG WATERSPREAD

ANALYSE THE ERROR COMPOI{EI{T DUE TO BOUI{DARY PIXELS
INTRODUCED IN WATERSPREAD ESTIMATES

PREPARE STAGE - WATERSPREAD TABLE AND COMPARE UTH
IHE EXS'IIiG FJGURES

COII|PUTE IHE CAPACITY FIGUFE AI DIFFEBETI SESESVOIF
LEVELS USIIIG APPROPRIATE MATHEMATICAL FORMULA AND

COMPARE WITH THE EXISTII{G

ESTIMATE THE REDUCTION II{ CAPACITY AT DIFFER€NT
ELEVA'ION LEVELS

SUPERPOSE THE WATERSPREAD CONTOURS AI{D
AI.IALYSE THE PATTERII OF SEDII{ENT DEPOSITION

E;
EFI
EE I
< J  <

3r t
Figure 2. Step-by-step procedure adopted for capacity
evaluation of reservoirs (the last step of the "sediment
Deposition Pattern Analysis" was not performed in this
study).

S r = zt/iW

tude of the error component is studied. Crapper (1984) used
the "shape factor" while developing a formula for determin-
ing the number of boundary cells and the standardized error
of area estimates for a regionalized map. The "shape factor"
(K) is dimensionless and is defined to be

where L is the length of the perimeter and A is the area of
the polygon. In the present study, a simplified factor for de-
termining the shape of the reservoir is pioposed and is ex-
pressed as

L
K : :

2!rA

BP

where Sy is the reservoir "shape factor," B" is the number of
boundary pixels,- and Wo is the number of water pixels. Ta-
ble.4 c-ompares the reseivoir "shape factor" and the magni.
tude of the error component.

The results indicated that,

o for the given waterspread, the Bhadra Reservoir will have a
longer perimeter than the Malaprabha Reservoir and, hence,
the error compon€nt will be greater for the former; and

o the "shape factors" of the Bhadra and Malaprabha Reservoirs
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TaeLE 1 Cur-Orr Dternl Nutuerns CHosEN FoR DtFFEREtfi lrrlnee Wnoows ro Serrcr nre WATER PtxELs rnou Orxens.

51. Reservoir
No.

Satellite
data

Cut-off digital numbers in band 4 of image window
7 2 3 4

01. Bhadra
02. Bhadra

03. Malaprabha

04. Malaprabha
05. Malaprabha
06. Malaprabha
07. Malaprabha

LANDSAT.TM
I-ANDSAT-TM

IRS LISS.il

IRS LISS.II
IRS LISS-il
IRS LISS.U
IRS LISS.II

25 Mar 86
12 May

86
20 May

88
21 Oct 88
26 Dec 89
08 Feb 89
24 Mar 89

23
35

3 1

25
1 0
1 8
30

2 7
35

24

:

25
7 7
19
28

25
1 3
1 6
26

2.1.30 (24.591 SQ.KM.

4^A
20, lgaa

t6.!o 023.22t SQ.XU. ocTotEn 2L r9tt

8..2O G7.60 sQ.lfl. D€CEFER 26. I'!I

59.30 (63.361 3QJ(t. FEIRTJARY t, ttar

ao.tz l.ro,oD tqJ(r. taRcH 2.1, ttlt

o  I  D  t c
E::=F--€

I tF.r I

Figure 4. Waterspread contours of the Malaprabha Reser-
voir derived from the near-tR band data of tRS uss il on the
basis of a best fitting line on Fcc of bands 2,3, and 4.
Satellite derived waterspread areas are given as against
the ligures (in paranthesis) derived from the existing stage-
capacity cuNe.

l-i5

El- r . -
fl re,r,:

E  - . q -

a ta  I  aa t+{
I t s t

Figure 5. Multilevel waterspreads of the Bhadra Reservoir
superposed one over the other.

at different waterspreads are on the order of 8.0 to 9.1 and
3.4 to 4.89, respectively.

When capacity reduction of a reservoir due to sedirnentation
is to be estimated using the satellite derived waterspreads, it
is always better to assess and specify the possible error limit.

PE&RS

Otherwise, the discrepancy between the actual waterspread
and the satellite derived waterspread will lead to a mislead-
ing conclusion regarding the rate of sedimentation, especially
when there is only marginal deposition of sediments.

The reduction in capacity between contours at levels
638.50m and 644.29m for the Bhadra Reservoir and between
contours at levels 620.15m and 632.98m for the Malaprabha
Reservoir is computed and presented in Table 5.

For the Bhadra Reservoir, the reduction in capacity be-
tween contours at 638.50 m and 644.29m is estimated to be
anywhere between 0.83 percent and 12.3 percent in the time
space of 22 yearc (1964-1986). For the Ma.laprabha Reservoir,
the reduction in capacity between contours at 620.15m and
632.98m is estimated to be anywhere between 0.5 percent
and 7.8 percent in the time span of 17 years (1972-1989).
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TlstE 2 CoMpureo MrenspRelDs oF rHE REsERVoTRs FRoM DIFFEREIr Dlres or rHE sArEturE DATA

Sl. Reservoir
No. Date

Total No.
of Water

Pixels (Wpj

Waterspread
(km')

Digital Technique

O1. Bhadra

02. Bhadra

03. Bhadra

04. Mala-
prabha

05. Mala-
prabha
O6. Mala-
prabha
07. Mala-
prabha
08. Mala-
prabha

25 Mar 86

72 May
86

01 Sep 86

20 May
88

21 Oct 88

26 Dec 88

08 Feb 89

24Mar 89

Density slicing of
Landsat TM band 4
data

Supervised classi-
fication on Landsat
TM bands 2, 3, and 4
Density slicing of
IRS USS II band I
data

68724

470A7

113890

18488

88505

64070

45283

31064

61.31

42.38

102.s0

24.30

116.30

84.20

59.50

40.82

TISLE 3. EsIMATED EnRon CouporueNrs oF CoMpurED WATERsHEDS TABLE 5. Sareu-rrc DERTvED CApAcny REouclol BEnvEEN Covrouns

sl.
No, Reservoir

Waterspread

water 
(sq.km)

level Satel-
above Project lite

MSL(m) Figure Derived

No. of Error
boundary Compon-

pixels ent
(Bp) (km1

Reduction in
Water waterspread
level as per satel-
above lite data

MSL(m) (Sq.krn.)

Reservoir
Capacity

Reduction in between
Capacity contours

between con- as per
tours as per project

satellite figs.
data (Mcum) (Mcum)

01.
02.

0 1 .
02.
03.
04.
05 .
06.
07.
08.

03.
04.
05.

o6.

07.

Bhadra 638.50
Bhadra 644.29
Bhadra 655.82
Malaprabha 620.1S
Malaprabha 623,54
Malaprabha 626.53
Malaprabha 629.56
Malaprabha 632,98

45.73 42.38
65.46 61.31

770,27 702.50
24.59 24.30
40.07 40.82
65.36 59.50
87.67 83.20

723.20 116.30

sl.
No. Reservoir

6270
8494

1641
2954
3545
4268
5154

+ 2.79
+ 3.92

+ 1.O8
+ 1.94
+ 2 .33
+ 2.8O
+ 3.39

Bhadra
Bhadra

638.50 Nil to 6.57
644.29 1.36 to 6.94 2.625 to 316.954

39.1O7

2.625 to 316.954
39.107

SI.
No. Reservoir

Tlele 4. ReLclor{sarp aErwEEN rHE REsERvotR Sxpr Fncrons ANo rHE
ERnon Couponevrs

No. of No. of
boundary Water Shape

pixels pixels facator
(Bp) (wp) (s0Date

Error
Compon-

ent
(sq.km)

Malaprabha 620.1S
Malaprabha 629.54
Malaprabha 626.53

Malaprabha 629.56

Malaprabha 632.98

Total:

Nil to 1.37
Nil to 1.19
3.53 to 8.19

0.67 to 6.27

3.53 to 10.31

Total:

Nil to 4.336
5.391 to

12.440
5.663 to

21.747
6.392 to

27.955

17.446 to
66.498

rosSgo
153.922

237.777

357.625

852.24401.
02.
03.
04.
05.
06.
07.

Bhadra
Bhadra
Malaprabha
Malaprabha
Malaprabha
Malaprabha
Malaprabha

12 May 86 6270
25 Mar 86 8494
20 May 89 7647
24 Mar 89 2954
08 Feb 89 3545
26 Dec 88 4268
27 Oct 88 5154

47087 8.O7 + 2.79
68724 9.18 + 3.82
18488 3.40 + 1.08
31064 4.73 + 1.94
45283 4.70 + 2.33
64070 4.76 + 2.80
88505 4.89 + 3.39

Gonclusions
Thr-esholding of near-tR band data proves to be a simple and
useful technique for the area estimation of reservoir water-
spread. The threshold digital value or decision boundary, if
chosen on the basis of the best fitting waterspread boundary
on the FCC, will result in improved eatimation of water-
spread. Th-e reservoir shape factor and the gound resolution
of the satellite data have I significant influ6nce on the mag-
nitude of the error compouent of a waterspread estimation.
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More accurate estimates of waterspreads and, thus, reliable
information on reduction in capaclty due to sedimentation is
possible if satellite data with highei spatial resolution are
used for the reservoirs with "shipe faitors" at their mini-
mum.
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ANNOUNCING . . .

GIS/LIS '93
Technical Papers

Proceedings of GIS/LIS '93 held in Minneapolis, Minnesota, 3l October - 4 November 1993.
Sponsored by ASPRS, ACSM, AAG, URISA, and AM/FM International.

These 2 volumes provide an overview of the state-of-the-art in GIS and facilities/land use management
technologies. This set will be an invaluable source of data to all those interested in GIS.

o

Topics included in Volume 1

Combining Positional and Auribute Uncertainty
Using Fuzzy Expectation in a GIS
Applying GIS to Hazardous Waste Site Selection:
A Case Study of South Carolina
Spatial Analysis for Accident and Emergency
Services
Analyzing and Generalizing Temporal Geographic
Information
The Shift Toward Digital Geographic Information
for Air Combat Operations
Data Capture with GPS for Sewer Map Updates
GIS in Wilderness Search and Rescue
Hypermedia: An Information Management
Approach for Geographic Data

Topics included in Volume 2

Geographic Information Systems as a Tool for
Integrated Air Dispersion Modeling
GIS and Privacy
Design and Implementation Issues of Cadographic
Expert Systems in GIS Applications
Generating Referenced Digital Mosaics from Aerial
Videography with Parallel Processing
Characteristics of the 1993 GIS Industry
Using GPS in Locating Soil Boring Holes for
Transportation Projects
The Representation of Time on
Survey Maps
Using GPS, GIS, and Video
America's Streets

a
a

o
a

o

a
a
a

US Geological

to Inventory

1993. Two volumes. 864 pp. $75 (soficover); ASPRS Members $ 45. Stock fr 4631.

For ordering information, see the ASPRS store in this journal.
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