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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task

adopted by t
International

Attention is d
rights. ISO sh

1ISO 6421 was

andards
he technical committees are circulated to the member bodies for voting. Publication/jas an
Btandard requires approval by at least 75 % of the member bodies casting a vote.

rawn to the possibility that some of the elements of this document may be thersubject of patent
all not be held responsible for identifying any or all such patent rights.

prepared by Technical Committee ISO/TC 113, Hydrometry, Subcommittee SE6, Sediment tranpsport.
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Introduction

Most natural river reaches are approximately balanced with respect to sediment inflow and outflow. Dam
construction dramatically alters this balance, creating a reservoir which often results in substantially reduced
velocities and relatively efficient sediment trapping. The reservoir accumulates sediment and loses storage
capacity until a balance is again achieved; this normally occurs after the reservoir fills with sediment. The rate
and extent of sediment deposition depends on factors which influence sediment yield and sediment transport,
as well as the reservoir’s trapping efficiency.

The distribution of sediment deposition in different reservoir regions is equally important. Depending upon
the shape of the reservoir, mode of reservoir operation, sediment-inflow rates and grain-size distributions,
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coming sediment may settle in different areas of the reservoir. Declining storage reduces, 2
ates the capacity for flow regulation and concomitant benefits such as water supply;

bower, navigation, recreation, and environmental aspects that depend on releasesfrom s
'ce professionals are concerned with the prediction of sediment deposition ratessand the

the reservoir would be affected in serving its intended functions.

stimation of sediment deposition is also important in the design and planning of stora
ver, it is difficult to estimate the volume and rate of sediment depasition accurately frg
b and available sediment transport equations. Reservoir capacity sufyveys indicate pattern
entation, which help in improving estimation of capacity-loss rates.

- conventional topographic surveys (Clause 6)
— contour method (Clause 7)
— cross-sectional (range line) method (Clause 8)
— sub-bottom measurements (Clausg-9)
- remote-sensing techniques (Clause’10)
— light detection and ranging (Clause 11)
— aerial applications
— ground-based applications
— aerial imagery (Clause 12)
— «photogrammetry methods

—" satellite imagery methods

nternational Standard describes the following reservoir-sedimeritation assessment methods:

nd eventually
flood control,
torage. Water
probable time

je reservoirs.
m the known
5 and rates of
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INTERNATIONAL STANDARD ISO 6421:2012(E)

Hydrometry — Methods for assessment of reservoir
sedimentation

1 Scope

This International Standard describes methods for the measurement of temporal and spatial changes in
reservoir capacities due to sediment deposition.

2 ormative references

The fpllowing referenced documents are indispensable for the application of this, documept. For dated
referepces, only the edition cited applies. For undated references, the latest edition ef the referen¢ed document
(includling any revisions) applies.

ISO 7f2, Hydrometry — Vocabulary and symbols

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 772 apply.

4 General

4.1 |Origin of the sediment deposited in the reservoir

Resenvoirs are subjected to several types(of sedimentation as a function of the geomorpholpgy (geology,
slope topography and land use, drainage)density, climate, etc.) of the watershed and the biological cycles in
the repervoir or the drainage basin, in the following order of importance.

a) FErosion of the drainage basin/produces dissolved substances and mineral particles with gn assortment
of sizes, shapes and types-that are related to the rock type and slope of the drainage basin. In addition,
gndslides produce debris' flows. Sediment is delivered to the reservoir both as suspended $ediment load
ahd as bed load.

b) dimentation.-oCcurs due to plant debris from the drainage basin and from vascular plants and
phytoplankior”in the reservoir. The debris decomposes very slowly and often forms altefnating layers

ith mineraldeposits. The mud resulting from this type of sedimentation is very fine and extremely fluid,

often withra gelatinous texture. Accumulation of mud at a rate of several centimetres per yeaf often causes
pfoblems when a reservoir is drawn down or drained. It has a very high organic content resulting in heavy

ct nellmlnﬁnn of dissolved axygen

The proportion of sedimentation caused by each type may be assessed by on-site visual observations and by
analyses of the sediment deposit.

4.2 Overview of reservoir-sedimentation assessment methods

Two basic methods for assessment of reservoir sedimentation are described.

1) Sediment transport balance:

© 1S0O 2012 — All rights reserved 1
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The sediment load (bed load and suspended load) is measured over all the watercourses flowing into
the reservoir and then compared with the sediment load measured at the reservoir outlet. The difference
between these two quantities is assumed to represent the sediment that has been deposited in the reservoir.

The point of measurement should be sufficiently close to the reservoir periphery and particular care shall

be taken to complete outflow sampling before it meets the erodible channel downstream.

For further information, see Clause 5.

2) Capacity survey of the reservoir:

Hydrographic surveys of the reservoir are carried out at reqular intervals. They reveal the geog

raphic

distributign of sediment deposits in the reservoir and also help in determining lost storage capacity. Acg
survey of|the reservoirs is carried out using topographic survey methods or remote-sensing techniqu

— Topqgraphic bed surveying (i.e. bathymetry) involves measuring the depth at variousioeations
resefvoir, following pre-determined profiles, cross sections or using a grid for contour determir
(Seg Clauses 6, 7,8 and 9.)

— The femote-sensing technique uses images taken when the water level varies between near-
and hear-full, to define the shoreline contours at various water levels. (Sge Clauses 10, 11 and

Generally, water discharge is calculated from stream gauge records (for which gauging stations should
up as specifigd in ISO 1100-1), then calibrated in compliance with the standards describing the various
gauging methods, e.g. ISO 748 for the velocity area method, ISO 9555 for dilution methods, etc.

A number of traditional methods are available for computing sediment transport, including an interpq

pacity
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method for eptimating suspended-sediment loads when measured loads are not available. When dafa are

insufficient fgr the utilization of the_interpolation method, sediment-transport curves may also be u
compute suspended-sediment loads/ However, estimates of suspended-sediment transport from tra
curves —which are also used to-camripute bed load, and/or total loads — may be subject to significant error]
equations arg predicated oncthe’presence of specific relations among hydraulic variables, sedimento
parameters, and the rate at-which bed load or bed-material load is transported. The theory supporti
derivation of the equatiens tends to be incomplete, oversimplified, or non-existent.

sed to
nsport
5. The
ogical
hg the

cients
often

lacking, and

nprise

a substantial fraction of the sediment depositing in a reservoir. Ralnfall-runoff models based on watershed,
meteorological, and hydrological characteristics may be useful, but tend to be time-intensive and, likewise,

require reliable environmental data.

Equipment and methods for sediment load measurements are detailed in various ISO standards, such as

ISO/TS 3716, ISO 4363, ISO 4364, ISO 4365 and ISO/TR 9212.

Presently, this method is not commonly used for assessment of reservoir sedimentation, because of the availability

of improved techniques and because of a number of practical difficulties and limitations. These include:

1) substantial costs and human resources involved for continuous, long-term measurements at

several locations;
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2) inadequacy of spatial and temporal representativeness of limited observations due to typically large
variations of sediment load with time and discharge, and also in the cross section;

3) changein masses, and in proportions of fine and coarse fractions of the transported sediment with time;

4) limited accuracy of sediment measurements due to issues associated with
i)  sampler efficiencies and sampling techniques, and
i) potential disturbances induced due to measuring equipment and procedures;

5) large variations in estimates of the bed-load transport rates (in the absence of actual measurements),
made ||cing different _sediment frnn¢pnr+ relations—or calculated as—a fraction-of a measured
suspended load.

NOTE New surrogate technologies for monitoring sediment transport are being developed(that maly provide cost-
effectiye and quantifiably accurate sediment-discharge data at gauging stations. ISO 11657 (under.development) describes

measyrements to estimate suspended-sediment transport. Bulk-optic, laser-optic, digital“eptic, pressure-
acousfic techniques for metering suspended-sediment transport are being investigatéd:)All of these tec
in-strepm calibrations to accepted standard monitoring instruments and techniques,

6

6.1

Topographic survey methods

General

In topjographic surveying, in order to assess the volume of sediment deposit along with its |

reser
meas

oirs, direct measurements of the depths or elevations of the reservoir bed and the coor
irement points are periodically carried out. Thezmain survey methods are the cross-secti

line) method and the contour method. The selection of a method depends on the quantity and
sediment indicated by field inspections, shape*of’the reservoir, purpose of the survey, and des

While
methqgd should be limited to relatively straight reaches. A suitable combination can also be used,

For s

the contour survey method is generally~applicable for all types of reservoir shapes, the us

aller reservoirs, a reconnaissance sedimentation survey may be carried out. This sur

designed to determine the approximate rate of loss of storage capacity; the thickness of the depog
is measured in 15 to 20 or more well distributed locations in a reservoir by means of a simple mea
known as a spud (see 6.4.5).

6.2

6.2.1

a)

b)
c)

d)

Reservoir sedimmentation surveys

Advantages

Al reservoir survey can be less costly than taking continuous sediment measurements at sey
r the catchment.

ifference, and
niques require

a number of sediment-surrogate monitoring technologies, including the use of continuous (turbidity aF stream flow

bcation in the
Hdinates of the
bnal (or range
distribution of
red accuracy.
b of the range

ley has been
ited sediment
suring device

eral locations

The accuracy of these surveys is usually high, particularly if advanced equipment is used.

The survey can be carried out at any convenient time to get the total sedimentation after the last survey.

The time required for a survey can be considerably shortened with the use of advanced equipment.

6.2.2 Limitations

a)

b)

Topographic surveys do not provide any information about the variation of sediment yield with time, and
give only the total sediments accumulated since the last survey. The above information can only be

obtained by gauging.

The unit weight of sediment deposits is required for estimating sediment yield. The temporal and spatial

variation in the unit weight may introduce errors in the results.

© 1SO 2012 — All rights reserved
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c) This method does not provide sub-catchment-wise sediment yield; this can only be obtained by sediment
sampling of different streams.

d) This approach is not very effective where sedimentation is small, as the error of measurement may mask
the true sedimentation rates.

e) Sediment outflow data are also required to estimate the total sediment inflow.

6.3 Frequency

The frequency at which reservoir surveys are taken depends on individual site characteristics. Gen
reservoirs ar i

rate; reservoifs that have high accumulation rates are surveyed more often than those with lower rategs.

reservoirs whjch are losing capacity very slowly, a survey interval in the order of 20 years of evendohgg
be adequate. [For reservoirs which are losing capacity rapidly, or where the impact of sediment mianagen
being evaluatgd, a survey interval as short as 2 to 3 years may be used.

The cost of rynning a survey also plays a critical part in deciding the survey frequency. Special circums
may necessitpte a change in the established schedule. For example, a reservoir might be surveyed
major flood that has carried a heavy sediment load into the reservoir.

A survey may also be run following the closure of a major dam upstream in¢the”’same catchment, sin
reduction in the free drainage area leads to a reduction in the sediment acéumulation rate of the downd

reservoir. Th
revised capaq
Since this is
numbers will

The minimun
storage loss.
volume, and i
produce relia

6.4 Survey

6.4.1 Genel

The basic sur

a) horizonts
b) vertical 0
The principal

the measuren

volume of the sediment that has accumulated in a reservoir is computed by subtracti
ity from the original capacity at a reference reservoir elevation (usually the full reservoir
he difference of two large numbers, an error, even by ‘a few percentages in either of th
significantly influence the results.

erally,

r may
nent is

nces
fter a

ce the
tream
ng the
level).
e two

survey interval depends on the precision of the' survey technique and the rate and patfern of

FFor instance, if a survey technique incorporates an error in the order of 2 % of the total res
f the reservoir is losing capacity at 0,25 %'per year, a 4-year survey interval may be too s
ble information unless most sediment inflow is focused into a small portion of the impound

f equipment

al
vey items are
| or distance measdurement, and

r depth measurement.

ervoir
hort to
ment.

equipment and instruments required for the hydrographic and topographic coverage in relation to

nents are detailed in the subsequent subclauses.

6.4.2 Positioning equipment

6.4.2.1

General

The global positioning system (GPS) is a space-based global navigation satellite system that provides reliable
location and time information, in all weather conditions and at all times, anywhere on or near the Earth when
and where there is an unobstructed line of sight to four or more GPS satellites. It is maintained by the United
States government and is freely accessible by anyone with a GPS receiver.

There are two general operating methods by which GPS-derived positions can be obtained:

1)
2)

absolute point positioning;

relative (differential) positioning (DGPS).

© 1SO 2012 — All rights reserved
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6.4.2.2 Absolute point positioning

A GPS satellite continuously transmits microwave radio signals composed of two carriers, two codes and a
navigation message. The GPS receiver picks up the GPS signal through receiver antenna and processes it using
built-in software. GPS receivers on the ground calculate their positions by making distance measurements to

four or more satellites. The satellites function as known reference points that broadcast (free) sa

tellite identity,

position and time information via codes on two carrier frequencies. Measurements of the distance to each

individual satellite are made by analysing the time it takes for a signal to travel from a satel
receiver. Trilateration is then used to establish a GPS receiver’s position. The absolute point

lite to a GPS
positioning is

highly dependent on the accuracy of the known coordinates of each satellite, accuracy of modelled atmospheric

delay and the accuracy of the resolutlon of the actual tlme measurement process performed in a
(cloc
does pot provide sufficient accuracy.

6.4.2.8 Differential GPS (DGPS)

6.4.2.83.1 General

Differ¢ntial positioning is the technique or method used to position one point.relative to another. D
two of more GPS receivers to be recording measurements simultaneously. Differential positi
concgrned with the relative difference in position between two usersywho are simultaneously
same|satellite, than with the absolute position of the individual usef. Since errors in the satellit
atmogpheric delay estimates are effectively the same at both receiving stations, they cancel e
large gxtent. Differential positioning can be performed by using eode- or carrier-phase measuren
provide results in real-time or be post-processed. A DGPS.utilizing code-phase measurement
a relative accuracy of a few metres. A DGPS utilizing ;carrier-phase measurements can proyv
accuracy of a few centimetres.

6.4.2.3.2 DGPS (code-phase)

A code-phase DGPS consist of two GPS receivers, one set up over a known point and one moy,
to point or placed on a moving platform, measuring pseudo ranges to at least four common satell
satellife positions are known and one of the receivers is over a known point, a “known range” can
for each satellite observed. This “kn@wn range” can then be subtracted from the “measured ra
a range correction or pseudo-range correction (PRC). This PRC is computed for each satellite

GPS receiver
int positioning

GPS requires
bning is more
bbserving the
position and
ch other to a
nents and can
5 can provide
ide a relative

ng from point
tes. Since the
be computed
nge” to obtain
being tracked

at thel known point. The PRC can then be applied to the moving or remote receiver to correct|its measured

range} Code-phase DGPS-has primary applications to real-time positioning systems where the|accuracies at

the megter level are tolerable:

A realitime dynamie’ RGPS includes reference station, communications link and user equipment. If fhe results are

not required in realtime, the communication link could be eliminated and positional information pgst-processed.

a) HReference station: The reference station measures timing and ranging information brogdcast by the
sptellites and computes and formats range corrections for “broadcast to user” equipment. The reference
receiver consists of a GPS receiver, antenna and processor. Using the technology of differgntial pseudo-
ranging, the position of the survey vessel can be found relative to that of the reference station. The pseudo-
ranges are collected by a GPS receiver and transferred to a processor where pseudo-range corrections
are computed and formatted for data transmission. The reference station is placed on a known survey
measurement in the area having an unobstructed view of the sky. The antenna should not be located near
objects that will cause multipath or interference.

b) Communication links: The communication link is used as a transfer media for the differential corrections.

c) User equipment: The remote receiver should be a multichannel single frequency GPS receiver. The
receiver shall be able to accept the differential corrections from the communications link and then apply
those corrections to measured pseudo range.

d) Separation distances: The maximum station separation between the reference and the remote station in

order to meet hydrographic surveying standard of 2 m, can be maintained up to a distance of 300 km.
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6.4.2.3.3 DGPS (carrier-phase)

Carrier-phase tracking provides for a more accurate range resolution due to the short wavelength and ability of
a receiver to resolve the carrier phase down to about 2 mm. This method may be employed with either static or
kinematic receivers. Methods for resolving the carrier-phase ambiguity in the dynamic, real-time mode have been
developed and implemented by several GPS receiver manufacturers for real-time positioning. These methods
are referred to as “Real Time Kinematic” or RTK and provide 3D positions accurate to a few centimetres.

The carrier-phase positioning system is very similar to the code-phase tracking technology. A GPS reference
station shall be located over a known survey monument. The reference station shall be capable of collecting
both pseudorange and carrier-phase data from the satellites. The reference station consists of a carrier-phase
dual-frequency full-wavelength GPS receiver, a processor and a communication link. The processor used in
the reference|station will compute the pseudorange and carrier-phase corrections and format the data for the
communicatigns link. The user equipment on the survey vessel consists of a carrier-phase dual-frequency
full-wavelength GPS receiver with a built-in processor. The built-in processor must be capable of iesolving the
integer ambiguity while the platform survey vessel is moving. This system is not designed to be 'ised in slirveys
over 20 km ayay from the reference station.

6.4.3 Distanpce measuring equipment

r) and
nt) are

ment (e.g. a chain, tape, plane table, transit sextant, range finder, eléctronic distance mete
graphic instruments (e.g. an echo sounder, distance wheels, andGther electronic equipme
4.

Survey equip
special hydro
generally use|

6.4.4 Depth

Conventional
echo-sounde

measuring equipment

equipment (e.g. a dumpy level and sounding poles)'and special hydrographic equipment (g
; refer to ISO 4366 for details) are used to measure depth.

The selection
and size of th
several facto

sound), and reflectivity of bottom materials. Depénding upon these factors, users may select echo sounde
employ differgnt transmitting and recording components and arrangements, acoustic frequencies, digiti

techniques, a

The beam wi
it strikes the

footprint, pro
beam transdd
of survey ran
transducer. T
sounders em

The digitizati

of an echo sounder should take into account the factors affecting survey accuracy and the
reservoir under study. The accuracy aof bathymetric surveys using echo sounders depends
including water depth and turbulence,water temperature and salinity (which affect the sp

d display schemes.

dth and depth of water_determine the footprint or aerial resolution of the acoustic wave
akebed. For the same.depth of water, a narrow-beam transducer produces a smaller ag
ides finer resolution;-and is generally more accurate than a wide-beam transducer. A n
cer is required¢do, measure small deformations of structures, but requires an increased n
jes, or cross<sectional passes, at generally slower boat speeds than required for a wide
nus, using-aynarrow-beam transducer could require more time and greater expense. Somg
bloy special digitization techniques to reduce the effective footprint.

pbn-"techniques employed by the echo sounder can profoundly affect data accuracy.

.g.an

scope
upon
ced of
rs that
zation

when
oustic
BIrrow-
imber
beam

echo

Many

graphical or

numerical-display echo sounders determine the depth when the reflected acoustic

nergy

exceeds a predetermined threshold. The digitization technique is called “threshold detection”. When measuring
depressions or holes, the reflected acoustic energy that exceeds the threshold is likely to come from the edges
of the acoustic footprint. If the footprint is large and the width of the hole is small, or if the bed has a significant
slope, the depth measured by the echo sounder may not be accurate.

An alternative digitization scheme is to use peak detection rather than threshold detection. The peak-detection
technique analyses the return echo and computes the distance associated with the peak amplitude of the
return signal rather than a predetermined threshold value; therefore, the peak detection method measures the
depth at the approximate centre of the footprint and the beam width is effectively reduced. The peak-detection
method is less sensitive to acoustic reflectors in the water column (sediment, debris, etc.) than the threshold-
detection method. Although adequate data can be achieved with an echo sounder using threshold detection,
peak detection may be more accurate and reliable in turbid and turbulent waters.
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Recent developments of multi-beam and sector-scanning sonar systems permit accurate bathymetric data to
be collected rapidly over a large area.

Sector-scanning sonar has been used to locate wellheads for drilling operations and as an aid to obstacle
avoidance. The technology is similar to a fixed-transducer echo sounder, except that the transducer is mounted
on a mechanism that rotates and tilts the transducer. The measurement location and depth of the streambed
are determined from the slope distance measured by the acoustic system and the tilt and rotation of the
transducer. Complete data coverage of a circular area can be obtained from a single location. If the system
is mounted on a moving survey vessel, the system can effectively collect a swathe of data as the vessel is
manoeuvred in the stream.

A multi-beam system is similar in capability to the sector-scanning sonar. Multi-beam systems do not actually

use
phasi
transg

Thea
of the
acute
errors
accur
syster
Secto

6.4.5

A spu
is alsq
alread

A spu
outwa
depth
water
water

nlultiple beams, but emit a fan of sound and receive segments of the reflected sound by

g an array of transducers. The transducers are arranged in an arc — typically in config
ucers in a 90-degree arc. Thus, a swathe of streambed is measured almost instantaneou

electronically
irations of 60

Bly.

ccuracy of the sector-scanning and multi-beam systems is highly dependent upen accurate mieasurements

position of the transducer, or transducer array, at the time data are collected;;When the tr
angles with the stream bed, small errors in the measured angle of the transducer can cau
in the depth measurement. Therefore, very stable deployment platforms, or external i
htely measure and compensate for vessel attitude, are required 10. collect accurate d3
hs. The effective range depends upon the frequency of the acoustics'and the characteristic
r-scanning sonar has been used to measure depths at ranges‘ofi 10 m.

Spud

d is sometimes used in reconnaissance type worksfera quick estimation of sediment dept
used in roughly tracing out the original profiles:wof the reservoir bottom in case this info
y available.

pnsducer is at
5e substantial
nstruments to
ta with these
s of the water.

n. This device
rmation is not

ter into which

1 is a case-hardened steel rod about 2 m«{e’3 m long and about 20 mm to 40 mm in diame
rd-tapering grooves have been machined at regular intervals. Each groove tapers fro

a maximum

of 6 mm to zero at the rim of the next one above. The spud is cast or allowed to fall verfically through

with force sufficient to penetrate. the deposited sediment and the underlying original soil

aterial. If the

is shallow, it may be driven in.by hand. After the spud depth (spud plus line length) is notgd, the spud is

lifted $lowly (so as not to wash out)the sediment captured in the grooves), and is examined to etermine the
depth|to the pre-impoundment bottom based on a change in texture, colour, presence of roots, gtc. The depth
to the|top of the sediment deposits is simultaneously determined by using a sounding weight, and the deposit
thickness is determined.by-subtraction.

6.5 |[Density measurements and sediment samplers

6.5.1 | Density ' measurements

Sedinjeéntbulk density can be measured by different methods: namely, by removing a sample of khown volume,

or by Using a gamma density pole, or by mulliple-frequency echo sounding. Density measurements and
sediment samples are taken along range lines. The number of sample and measurement locations depends
on the accuracy desired and the variability of the sediment. The entire depth of each sediment deposit needs
to be sampled and sample volume and weight measured accurately to determine sediment accumulation.

6.5.2 Sediment sampling

Sampling devices are described in the ISO 4364 and ISO 9195. Most are various sorts of core-drilling devices
(SCS, cylindrical type, etc.), or surficial-scooping devices, suitable for different types of bed material. Piston-
type samplers (such as Vibracore) and radioactive probes (such as gamma probes) can also be used.
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6.5.3 Multip

le-frequency echo sounding

The idea here is to use various echo-sounding frequency ranges: the lower the frequency, the better the
impulses penetrate the surface. Consequently, the impulse from a 210 kHz sounder is reflected by sediment
density of 1,2 kg/l, whereas the impulse from a 33 kHz sounder is reflected by a density of 1,4 kg/l. It is thus
possible, by varying the frequency, to obtain a return spectrum, which can in turn be used to characterize
the various layers of sediment. Multiple-frequency echo sounding is still at an essentially experimental stage
and would benefit from significant improvements in the field of signal processing. It should also be noted that
the aperture angle of the emitted beam varies with the frequency, which means that the signal reflected by
each beam does not necessarily come from the same geographical location (x, y). Result interpretation must
consequently be restricted to gently sloping areas in order to limit problems involving the different aperture

angles of the beam

The dual-frequency technique (210/33 kHz) is more reliable and is well suited to largely organic sedime

density of 1,

where the sedimentation is mainly mineral in origin, the surface sediment naturally exceeds a density of 1

Acoustic seafloor classification systems (ASCS) process the acoustic return signals from standard single
echo soundeis, and can be used to make qualitative estimates of the composition of reservoir deposits
gather informption about bottom type, bottom sediments, and aquatic plants. Different reservoir bottom
can be discriminated by extracting data on bottom roughness (i.e. irregularities ifnstopography) and har

(i.e. type of s

Acoustic ress
sampling of th
cameras. All
acoustic sign
required, esp
each unique {

All these techniques, whether based on multiple or dual frequencies, nevertheless require prior calil

using sedime

7 Topogr

71

The basic obj
or bathymetri
entire reservg
from which th
between two

There are qui
physical featu

General

kg/l may be located well below the surface of the sediment. On the other handfin-rese

bstrate — rock, sand, mud, and so forth).

rvoir-deposit characterization requires field verification. This can be done either by ph
e bottom using sediment cores or grabs, or through visual'observations by divers or unde
types of substrate encountered shall be verified to interpret the data accurately and i
ptures to the reservoir deposit classification scheme: Extensive fine-scale sampling m

tudy location in order to interpret the signal rettrns and classify benthic cover types.
Nt samples such as those described in'6.5.2.

aphic survey using the contour method

pctive of this method-is to prepare a contour map of the reservoir bed using complete topog
C information. For-this purpose, spot levels or soundings are taken at predefined points oy

ht; the
rvoirs
4 kgl/l.

beam
They
types
dness

ysical
rwater
nk the
ay be

ecially where the deposits are complex. Additionally, these systems require initial calibrafion in

ration

raphic
er the

ir bed. A contouwr’'map of the reservoir is then prepared with suitable scale and contour in
e capacity‘of'the reservoir at the time of the survey is computed. The difference in c

terval,
pacity

surveys indicates the loss of capacity due to sediment deposition during the intervening period.

e a‘few field techniques available for contouring, the application of which depends mostly pn the
rés of the reservoir, its operation schedule, working conditions and availability of instrumenfs and

other facilities. The commonly used techniques include:

circular c

grid contouring;

radial contouring;

ontouring;

water-surface mapping.

The basic measurements, carried out in any of the above survey techniques, are for acquiring the x, y and
z coordinates at the predefined (grid) points. The methods for acquiring the x and y coordinates are given in
ISO/TR 11330.
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The z coordinate of points below water level is obtained by depth measurements (soundings). For small reservoirs,
soundings are taken either by a sounding pole or by lead line at closer intervals, so that bottom contours are
developed with sufficient accuracy. For large reservoirs, depth measurements using echo-sounding equipment
are carried out at all grid points of the survey network. Commonly used techniques are explained in ISO 4366.
The z coordinate of points above water level may be obtained by a land survey.

A detailed description of procedures and instruments for conducting hydrographic survey is given in IHO’s
Publication C-13, Manual on Hydrography!3l.

Recent advances in automated survey techniques have made hydrographic contour surveying economical in

smaller and midsize reservoirs.

7.2
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7.3

Hydrographic survey

bted bathymetric systems incorporating a DGPS are also used for hydrographic suryeys tq
tire reservoir bottom. The survey system is basically comprised of three compenents:

positioning system (a GPS in the differential mode for proper positioning of\moving survey

computer interface, including software for data logging and post-proeessing of positioning
Ffinter, monitor, etc.

Iirvey is carried out in a rapid and efficient manner by using.GPS in the differential mode for
s, using state-of-the art technology and using a “totalstation” (see 7.3.2) for topograph
d. A boat is equipped with the bathymetric equipmenity the GPS is mounted on board an
d for the bathymetric survey; its reference stationis positioned on a known geographicg
rvey software enables fixing of grid lines, interfacing of the bathymeter and DGPS and t3
z values at required intervals/grids. Boat navigation can be controlled by the software sg
the grid line accurately. The survey can. also be carried out in a random mode. The daf
rocessed and analysed using specially.déveloped software to obtain the results in vario
blots, contour and three-dimensionalmaps of the reservoir bed, area capacity elevation tal
ns of the reservaoir.

ne spacing for the bathymetryisurvey depends on various factors such as the intended us
exity of the bottom, andthe-time and effort available. A hydrographic survey is carried

spread area at suitable.Jineé spacing. Data are available all along the lines and hence the
5 covered as desired.-Afew tie lines in the other direction are also carried out. Similarly, th
pund not covered-under hydrographic surveys, and up to the maximum water level (MWL
nerally taking lévels at suitable interval along the range lines laid; this interval is flexible

Topographic surveys

digitally map

boat);

bpth measuring units (digital echo sounder/ bathometer/ transducer for-depth measurement);

Hata; a plotter,

hydrographic
ic surveys on
d a computer
| benchmark.
king of the x,
that the boat
a collected is
Lis forms, e.g.
les and cross

e of the data,
put within the
entire survey
e area above
), is surveyed
depending on

7.31

__General

A topographic survey should be conducted in the area between the existing water level at the time of the survey
and the maximum water level (MWL)/full reservoir level (FRL). The survey is carried out around the periphery

of the reservoir using suitable grid spacing.
7.3.2 Instruments
a) Total station — This system incorporates an electronic theodolite, an electronic distance measurement

device and a computer as one unit. The capability of the system to retain data in memory, carry out
calculations using its own processor, and finally its ability to create x, y, z files which can be directly
transferred to the computer, makes the survey process fast and accurate.

b)

Auto level — Auto level is used to accurately transfer the z coordinate from a benchmark to the control

points in order to control the vertical accuracy of the total station during a topographic survey.
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7.3.3 Total-station survey

A total-station survey starts at the reference point used for the DGPS reference station, using the same
coordinates as those employed for the hydrographic surveys. Two points should be established using a nearby
DGPS; these points should be used for calculating the angle (northing) for the topographic surveys.

The survey should then be conducted to cover the land area of the reservoir up to the maximum water level
(MWL).The final output of the survey is an x, y, z file.

A topographic survey should also be used to pick the location and coordinates of other features (such as dam
axes, dykes, etc.) within the MWL. All the data — from the total station and from the DGPS, available in digital
format — are merged with the bathymetric data, with necessary formatting, in order to generate a final contour
map of the regervorr.

7.4 Computation of reservoir capacity

After a conto
measured. St

ir map of the reservoir has been prepared, the areas enclosed by the respéective contou
brting from the lowest contour, the area covered at different contours is obtained and the ca

rs are
pacity

between the
capacity, star
the old capac

successive contours is worked out by the formulae given below. The-cumulative value
ing from the lowest contour, will give the elevation-capacity relationship=The difference be
ty curve and the new curve at any given elevation will correspond to the accumulation of seq

of the
tween
iment

deposited between the surveys.

a) Modified|prismoidal formula:
2H

sz?(A1+4Am+A2)—Vy (1)
where

V. is the volume between the middle and top contours (i.e. the volume between A4, and 4, );

H s th¢ contour interval (elevation differenc¢e-between 4, and 4, contours);

Ay is the area of the bottom contour;

Ay, is the area of the middle contour;

A, is the area of the top contour)

V, s the volume betweef-contour 4¢ and 4y, as previously determined.

The volume bglow the lowest contour interval may be computed by the average end area method. After finding

the volume bdlow the laWwest contour, this formula can be used progressively for each succeeding higher cgntour.
b) Prismoidpl formula:
H

11 Ay +[ 4143 ) 2

8 Topographic survey using a cross-sectional (range line) method

8.1 General

The cross-sectional survey method consists of carrying out sounding, or levelling, along a fixed set of
cross sections to obtain distance data from the starting point of the cross section (x and y coordinates) and
corresponding elevation (z coordinate) to predetermined points along the cross-sectional line. Hydrographic
surveys should be conducted as described in 7.2 to obtain x, y, z coordinates of points which are below the
water surface at the time of the survey. For points in the area between the existing water level and the maximum
water level (MWL)/full reservoir level (FRL), x, y, z coordinates should be obtained by topographic survey

10 © 1S0 2012 — All rights reserved


https://standardsiso.com/api/?name=9686f9c058b8876bf9a6d6b227b12d29

ISO 6421:2012(E)

methods as described in 7.3. The objectives are to develop the end areas at different cross sections and to
carry out volumetric computations.

The layout and spacing of the cross sections should be carefully planned and the reference monuments at
their ends should be connected with a triangulation network. The cross sections should be set perpendicular
to the longitudinal trend (planar trend) of the reservoir, and the distance along the width and the depth of cross
section should change linearly as far as possible. The important points to be considered while fixing the cross-

sectio

nal lines are discussed in Annex A.

The space enclosed by the two cross sections, the riverbed boundary and the two cross-sectional lines is
defined as the cross-sectional space. Cross-sectional space can be simplified into a geometric model, and
suitable formula can be selected to calculate the capacity and sedimentation volume at a specified elevation.

The “@reas of” and the “distance between” the two cross sections are the basic elements ford

capag
8.2

8.21

In the
mean

8.2.2

A ged
reser
Cross

ity and sedimentation volume.
Reference frames/graphs

General

cross-sectional method, the data measured and parameters computed are represented
5 of the following.

Geographical map

graphical map is prepared to indicate geographic information including cross-sectional li

such @& map, as shown in Figure 1.

oir, monuments or end points and benchmarks along-each bank, and measurement poin
section and dam. A geographical coordinate system such as UTM or latitude, longitude is us

alculating the

graphically by

hes along the
ts along each
ed to prepare
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plot of the cross-section is to present and observe morphological changes. Data set
bys of the sametross section are plotted; an example is shown in Figure 2.
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Figure 2 — Typical plot of a cross section with different surveys
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Morphological changes along the reservoir bed are graphically presented by plotting data sets of different
surveys, with x-axis as distance from the dam, and y-axis as average bed level (can be change in bed level or
change in volume) in a reach due to sedimentation/scouring. A typical plot of a longitudinal profile indicating
bed levels observed in different years is shown in Figure 3.
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8.2.5 | Cross-sectional space

The change in volume in a reach between thé-two cross sections is represented by a three-din
with the x-axis as the distance along the craess section, y-axis the distance along the flow directi

Distance From Dam (k)

Figure 3 — Typical longitudinal profile

the dgpth/elevation. A typical plot is shown in Figure 4.
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bn, and z-axis

Figure 4 — Typical cross-sectional space
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8.2.6 Area-elevation-reservoir capacity graph

Changes in total capacity or area of the reservoir are represented by a graph with the x-axis as the capacity or
area and the y-axis as the elevation. A typical graph is shown in Figure 5.

Area (km=}
0014 0012 0.01 0.008 0006 0004  0.002 0
DTS A e 9075
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m 2040 / | 205(
2045 / \ 204
2040 : \ 204(
2045 ] ! S . 2035
0 0.05 0.1 0.15 0.2
Capacity (Mm?)

Figure 5 — Typical “area—elevation capacity” curve

8.2.7 Temperal reference graph

Temporal chgnges are indicated in a graph_(see Figure 6) with the x-axis as time in years and the y-axis the
total storage ¢apacity (cross-sectional area, area of the reservoir, or average bed level) at a cross sectipn.
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Figure 6 — Temporal reference graph indicating changes in storage capacity

8.3 [Calculation of reservoir capacity

8.3.1 | Calculation of area of cross section

The afea of a cross section at any specified elevation is calculated from data of distance from|starting point
along|the cross section line and eletation of reservoir bed at the measurement points. Each crpss section is
divided into several segments by the verticals. The area of each segment is calculated using|a trapezoidal
formula and sum of the individualyareas; the total area of the cross section is calculated as given below:

Ap =3 (=202 21+ (0 — 2] ©)
wherg

4 is.the area of cross section with » selected points or verticals;

X is the distance from starting point to selected point/vertical;

X1 is the distance from starting point to point succeeding x; ;

z; is the elevation of reservoir bed at selected point/vertical,

Zi44 is the elevation of reservoir bed at point succeeding z; ;

z9 is the specified elevation for calculation of area of cross section.
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8.3.2 Calculation of distance between two neighbouring cross sections

8.3.2.1 General

Figure 7 indicates two neighbouring cross sections, J and J+1. To calculate the distance between these cross
sections when they are parallel, the distance is calculated as the length of the perpendicular line between the
two cross sections. When the two cross sections are not parallel, the distance between them can be calculated
using any of the following methods:

a) the method of midpoints of cross-sectional lines;

b) the method of equivalent capacity

Eigure 7 — Definition sketch of cross-sectional space

8.3.2.2 Method ofsmidpoints of cross-sectional lines

In this methogl,"the distance between two neighbouring cross sections is calculated as the length of the line
joining the midpoints of cross-sectional lines.

Let the coordinates of the starting and ending points be Jx1y1 and szy2 for cross section J; and those for
cross section J+1 be J ... and J . The distance y from J to J+1 is then calculated as:
33 X4Y4
X1+ X Xg+X 2 vty y3t+y 2
y= 17X _X3TX4 | [ XTY2 V3T V4 4)
2 2 2 2

8.3.2.3 Method of equivalent capacity

In this method, the distance is calculated using the concept of equivalent capacity, i.e. the distance when
multiplied by the area of cross section is equal to the volume calculated by summing up the volumes of all the
column units/ segments between the two neighbouring cross sections.
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When cross sections J and J+71 are not parallel, the volume between the cross sections is defined as the volume
of the column with cross section J as the bottom and cross section J+1 as the top inclined plane. Since cross
section Jis divided into various area units, the volume of each column unit is computed by multiplying the area
by the height. The average distance (height) between cross sections Jand J+1 can be derived from the condition
that the capacity calculated by multiplying the area of cross section J with the average distance is equal to the
volume calculated by summing up the volumes of all the column units between the two cross sections. The
distance (d ., ;1) between the two cross sections in equivalent capacity is defined as:

dyji+diay

d = 5
T+ > (®)
wherg
d} = 1 Z(d(J,JH)i + d(J,J+1),-+1 )[(Z_]O —zy )+(ZJ0 ~ZJ.4 )](lJm _ZJi) ©
I 2 2[(2']0_ZJi)+(ZJ0_ZJi+1)](lJi+1_lJi)
i), = 1 D sy, + gy, NE sty = 2001)+ (2 a1y =21, Wi, —Gii,) )
V+ X -
2 D [ty = 2ast,)+ (F st = sty W, = Lrat,)
d = (s g =X )20y g =V ar,)? (8)
Y+17); Jd; T I+, Yid; =Y+,
wherg
1} is the distance from the initial point of cross section J for area uit ;
z and z, are respectively the elevation and the maximum elevation of crgss section J
’ 0 for area unit ;;
J+; is the distapce from the initial point of cross section J+1 for ared unit ;;

1

are tespectively the elevation and the maximum elevation of crgss section

£y, and z 7 7
i 0 J+for area unit ;

are symmetric;

Y

g+ @nd diiq ),

—~

Yr+10 Y 7+1i) are the coordinates of points on the line /;_¢;

ijdi’J’dei) are the coordinates of points which are perpendicular to both line /;,4 and
line /;.
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8.3.3 Capacity calculation of cross-sectional space

a)

Frustum/prismoidal formula

The frustum formula for capacity calculation is:

V

where

y
A
A

The frustum f
to each other.

b)
The trapezoid

1

=EJ’(

The formula ¢
c) Capacity

Let By and B,
change trend

The correspo

Ay = ByH,

Jz =%y(A1 +y A1z +A2)

s thevotume betweenthetwo tross sections;

is the distance between cross sections J and J+1;
is the area of cross section J;

is the area of cross section J+1.

brmula is based on the assumption that the two cross sections are ideqtical in shape and p

Trapezoidal formula

al formula for capacity calculation can be expressed as:
A1 + A2)

an be applied in situations where the change of-area between cross sections shows a linear|
calculation for cross section that has\linear change trends on width and average ¢

1 be the width, H; and Hj1 be thedepth of cross sections J and J+1, respectively. For
5, these two parameters can be expressed as follows:

B -B
PrJH Jy

YJ,J+1
H -H
n J+1 J y
YJJ+

nding area_is:

arallel

(10)

trend.
lepth

linear

(1)

(12)

(13)

AT T-V-1)

The capacity

1
Ve = EyJ,J+1(2AJ +24504+ ByH piq+ ByiqH )

where

Aj=BjHj

Ay = BraH 1

is the area of cross section J;

is the area of cross section J+1.

(14)

In a reservaoir, it is important to set cross sections which have linear change trends on the width. Normally, such
cross sections are located in an expanding or shrinking area/reach. For the depth, it is common to have linear
change trends on depth for cross sections of steep slope reservoirs. In these situations, Formula (14) is applied.

18
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d) Calculation of sedimentation or scouring amount for cross-sectional space

Adopting the volume-difference method, the amount of sedimentation or scouring can be regarded as the
difference in the volumes observed twice at a specified elevation. Letting V4 indicate the first observed volume,

and V', indicate the second measurement, the sedimentation or scouring amount, /¢y, can be calculated as:

ch: Vh _Vq

A positive value of Iy indicates scouring; a negative value of /%y indicates sedimentation.

(15)

8.3.4 | Procedure for preparing elevation-capacity curve

The v
The ¢
specif

blume between cross sections at a specified elevation shall be calculated using appropr
um of volume between all cross sections will give the capacity of the reservoir assoc
ed elevation. The elevation capacity curve can be then drawn with the data-obtained.

b-bottom mapping

the sgdiments. This energy is reflectedwhen it encounters boundaries between deeper sediment
differgnt acoustic impedance. The system uses the energy reflected by these layers to create g
sub-bpttom sediments.

Sub-Hottom profiling systems provide information about the subsurface sediment structure. No
techniques provide this_type of information, and only physical sampling (via cores) or in situ
(via sediment profile injaging) allows for the characterization of subsurface structures. Sub-bg
systems may penetrate as deep as 30 m into the reservoir deposits, i.e. much deeper than m
penetfrate. However; the penetration depth depends on the hardness of the overlying layers and
of gaq depositsjsuch as authigenic methane.

| sbnar parameters (output power, signal frequency and pulse length) affect the instrument

ate methods.
ated with the

oir capacities
ist below the
ho sounders.
return signal
deposits and
ties (acoustic
5 beneath the

s through the
e, part of the
dary and into
layers having
profile of the

bther acoustic

photography
ttom profiling
Dst cores can
the presence

performance.

AR INcrease In output power provides better, and usually deeper, penetration into the sub-bottom layers.

Sometimes however, if the bottom is very hard or not very deep, the increase in ouput power will cause

more signal to be reflected back off the deposits. The signal might then be reflected off
surface, leading to multiple reflections and “noise” in the data.

the reservoir

Signal frequency also has an effect on system performance. Higher frequency systems (2 kHz to 20 kHz)

will produce high definition data of the upper sediment layers. These higher frequency signals have shorter
wavelengths, and they are able to discriminate between layers that are close together. Lower frequency

systems will give greater penetration, but lower resolution.

Alonger sound-pulse length transmits more energy and yields deeper penetration. However, a long pulse length

may decrease the ability to discriminate between adjacent reflectors, thus decreasing the system resolution.
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10 Remote-sensing methods

10.1 General

The conventional techniques of sedimentation quantification in a reservoir (such as hydrographic surveys
and inflow-outflow methods) are cumbersome, costly and time consuming. Further, prediction of sediment
deposition profiles using empirical and numerical methods requires a large amount of data and the results are
still not accurate.

In the remote-sensing approach, imagery covering the range of reservoir water levels is obtained. This imagery
is analysed to determine the area of the reservoir’s water surface. Photogrammetric and digital data can provide
water-spread i i i iTTi i i ity g the
wetted area of the reservoir vary based on the type of data obtained and what is available to the user. Mgthods
vary from estiimation of the area of an aerial photograph, using a standard grid, to calculation of the.area pased
on the numbar of picture elements (pixels) in a digital image. Multiplying the number of water, pixéls with the
area of a pixe| gives the water-spread area of the reservoir at the time of data collection.

Most reservo|rs have annual drawdown and refill cycles. The actual water surface elevation in the regervoir
at the time of| data acquisition can be obtained from the dam authorities. An analysisof a series of imagery
gives the water spread of the reservoir at various elevations over the operation range. The reservoir capacity
between two Jevels can be computed by using either the trapezoidal or prismoidal formula and the eleyation-
capacity tablg can be prepared. A comparison of this table with a previous table yields the capacity lost fluring
the interveninjg period.

10.2 Advantages

a) Remote-$ensing data through its spatial, spectral and temporal attributes can provide synoptic, repetitive
and timely information regarding the revised water-spread-area in a reservoir.

b) By using| the digital analysis techniques and GIS (h conjunction, the sediment deposition patterp in a
reservoirlcan be determined.

c) Compargd to conventional methods, the remote-sensing approach is highly cost effective, easy to uge and
requires [ittle time in analysis.

d) Analysis pf the data of projects that are located in inaccessible areas can be done with equal ease.

10.3 Limitations

a) The amopnt of sediments déposited below the lowest observed water level cannot be determined tHrough
remote sensing. Thus,\itis not possible to estimate the actual sedimentation rate in the whole reseijvoir.

b) The predence of clouds in an image above the reservoir water spread poses a problem in cofrectly
demarcating the-reservoir area.

c) This technigde is not suitable for reservoirs that have been constructed in narrow valleys with steep slopes.

d) In digital image processing, errors may arise in labelling the pixels at the periphery of the reservoir as
water or land pixel.

11 Light detection and ranging

11.1 General

LiDAR (Light Detection And Ranging) is an active light-based sensor, similar to radar, that transmits laser
pulses to a target and records the time it takes for the pulse to return to the sensor receiver. The ability of
LiDAR to accurately measure the ground surface is dependent upon the wavelength of the laser pulse and the
amount of power produced in the laser pulse. Topographic surveys using LiDAR typically operate in the infrared
spectrum; these are the most prolific type of surveys performed using LiDAR. However, infrared LiDAR cannot
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penetrate below the water surface; therefore, it cannot be used for bathymetry. Bathymetric surveys using
LiDAR can be conducted, and typically operate, in the green spectrum; this spectrum can penetrate through
the water column up to three times the Secchi depth. This technology is currently being used for high-resolution
topographic mapping by mounting a LIiDAR sensor, integrated with GPS and Inertial Measurement Unit (IMU)
technology, onto the bottom of aircraft and measuring the pulse return rate to determine surface elevations.

The prime benefit offered by LIiDAR is its capability to capture small variations in relative surface relief with
a vertical accuracy of 0,1 m to 0,2 m. For bathymetric surveying, varying the wavelength, pulse-repetition
frequency, and field-of view has allowed systems to be developed that can penetrate water and map submarine
topography. Based upon test flights over typical Caribbean coral reef environments, the Experimental Advanced
Airborne Research LIiDAR (EAARL), a LiDAR-based system designed for mapping submarine topography, has

demo

nstrated ppnptm’rinn to grpntnr than 25 m _and can mlltinply map reefs mnging in dpp‘rh fro

0,5mto20m

below]
mapp

11.2

Area
to the

In insfances where sediment has filled the upper areas of the reservoir and is exposed due to d

levels
LiDAR

submarine bathymetry.

In a tylpical application, a LIDAR sensor system is flown over &reservoir or lake, collecting a cloy

data @
distan
deterr
gridds
which
reser

the water surface. Both surficial topographic mapping of exposed reservoir surfaces(ar
ng can be accomplished using these technologies.

Aerial applications of LiDAR

apacity tables for reservoir volumes rely on accurate topographic/elevationinformation of th
spillway elevation. This elevation data includes both the wetted and non=wetted surfaces of

on-water surveying methods are not adequate to map the entire area of sediment depos
applications represent efficient and rapid methods for mapping, the topography of a reser

ver the entire reservoir. By measuring the time for thé’reflected light to return to the laser,
ce, can be determined very accurately. Inertial méasurement systems and GPS allow f
hination of the position of the sensor in the aircraft as it flies over the land surface. A c¢
d digital elevation model of the reservoir is thenprepared with a suitable scale and contour
the capacity of the reservoir at the time of(survey is computed. By utilizing two or more su
oir, the difference in capacity due to sediment deposition during the intervening period can

Bathy
light

of the

1.3
A mog
simila
line-of

t
evalu
elevation measurements, a geo-referenced, down-look camera is typically deployed to provide g

Mmetric LIDAR surveying uses the difference between the light reflecting from the water su
at passes through the water column and reflects from the lake reservoir bottom. Post-flig
tes each set of returns to extract the depth below water surface. In addition to the LiD

survey.

Ground-based‘@pplications of LIDAR

ification of thé&.aircraft-mounted LiDAR sensor system is the ground-based LiDAR system.
to the tetal*station system used for traditional surveys; however, the ground-based LiDAR

exten
ofab

ﬁ

-sight tazsurvey or scan surfaces. Ground-based LiDAR can be deployed from a traditional tri
able platform, or a location looking down on the survey area. The system can even be mour|
atin the middle of a small reservoir. Surveying with a tripod LiDAR instrument must usually

d subsurface

e reservoir up
the reservoir.
eclining water
tion. Airborne
voir, including

d of elevation
the range, or
br the precise
ntour map or
interval, from
veys over the
be calculated.

rface and the
ht processing
AR depth and
visual record

his system is

units rely on
bod or from an
ted on the top
be completed

from a number of different setups to eliminate shadows and o get a complete three-dimensional survey.

A contour map or gridded digital elevation model of the reservoir is then prepared with a suitable scale and
contour interval, from which the capacity of the reservoir at the time of survey is computed. By utilizing two or
more surveys over the reservoir, the difference in capacity due to sediment deposition during the intervening
period can be calculated.
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12 Aerial imagery methods

12.1 General

The basic reason to use aerial imagery methods is to obtain the water-spread area of a reservoir at different
water levels ranging from the minimum drawdown level (MDDL) to the maximum water level (MWL). The
water-spread area can be captured with the use of panchromatic (black-and-white) or natural-colour near-
vertical aerial photography or from digital satellite imagery. Other types of imagery (e.g. colour infrared aerial
photography, thermal scanner imagery, and microwave imagery, multispectral and hyper-spectral satellite

imagery) are
of images ma

The imagerie

at different water levels.

If an analysis
it is best to us
records of thg
year in which
adry yearis (
level is likely
same watery

The availabilit
analysis. In ge

12.2 Photogrammetry methods

Near-vertical

stereo pairs. |
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queries madg

white and najural-colour\aerial photography generally provide the clarity and spatial resolution requi

achieve most
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dlutilities, etc.

nerall ni f r her than | ion and sh ils. Th

be incorporated into a GIS and registered in other geo-referenced data sets.

5 can be processed manually or using digital-processing techniques to obtain the area‘of res

s to be carried out for a specified period, then the corresponding data have tabe used. Othe
e the data for such a period when there is large variation in the reservoifwater level. If his

maximum and minimum water levels in each year are available, it is‘better to select the
the maximum variation occurred for undertaking sedimentation analysis. A wet year follow
onsidered to be the best period for such a study since, for suchsa sequence, the reservoir
to fluctuate from a maximum level to a minimum level. The rémote-sensing data series f
bar or for continuous water years shall be selected in sequence, to the extent possible.

y of the satellite data and its cost are additional factors,;\which govern the selection of pe
neral, sedimentation assessment should be made far-major reservoirs after a gap of 5to 10

perial photography to be used for planimetric and topographic mapping is generally collec
[he photography is collected with forward-overlap between each photograph as they are ca
ine. Mapping areas may require multiple flight lines in order to include all the necessary ma
e imagery. In these cases, the.imagery flight lines are flown so that they overlap (sid
br-vertical aerial photography.issflown with a forward lap of 60 % and a side lap of 30 %.
low the pilot and photographer'some latitude in the imagery collection and should provide e
compiler to see stereo and'to map the required features. Generally, planimetric (buildings,
) and topographic features (mass points, break lines, and contours) are collecte
d-white or natural=celour near-vertical aerial photography. Planimetric and topographic m3
the base mapping-data set in a GIS or engineering data set. The accuracy of computatior
from these base mapping data sets is based on their thoroughness and accuracy. Blac

large- and.small-scale mapping accuracies.

types
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rwise,
torical
water
ed by
water
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iod of
years.
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btured
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2 lap).
These
hough
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H from
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-and-
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bl for_ photogrammetry is necessary to rectify the images to the earth prior to feature coll

(t)ction.

pl'accuracies must generally be greater than the accuracy required of the photogrammetric mapping.

Ground control shall be planned based upon the method of image rectification to be used for the project. The
process of adjusting the aerial photography to the earth is critical to the accuracy of final mapping products.

Today, most projects are adjusted using aerotriangulation methods. These methods require fewer ground-
control points than conventional adjustment methods and are accomplished with computer software. The
software is very efficient and allows for quality control checks throughout the process. Aerotriangulation
requires that the imagery be collected in blocks; therefore, it is most efficient for large project areas. Usually,
aerotriangulation of small areas or areas that have very irregular shapes is not efficient and can be costly.
However, the speed and quality control may still make this process acceptable for many small or irregularly
shaped projects. Aerotriangulation accuracies should generally be greater than those required for the final
mapping data sets.
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12.3 Satellite imagery methods

12.3.1

General

Satellite platforms operated by various countries, and by private industry provide sensors that can capture
digital images of the earth. These sensors can provide panchromatic, colour, and IR digital data at various
spatial and spectral resolutions. These data types may provide cost-effective imagery over large portions of
the earth. The spatial data are generally at a resolution far larger than that provided by aircraft platforms and
may not be suitable for many large-scale mapping and GIS projects. However, high-resolution satellite imagery

may b

e an economical solution for some medium- to small-scale projects.

12.3.4 Selection of suitable satellite and sensor

Multi-spectral information is required for the identification of water pixels and for differentiating th

from
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13 Uncertainty analysis

13.1

This ¢
methd

e peripheral wetland pixels. It is necessary to ascertain that good quality cloud-frée sat
ble. Itis also desirable to use high-resolution data for better results. About 8 to 12 jmageries
ferent water levels between MWL and MDDL. The accuracy of the analysis improves with
mber of imageries at closer intervals of reservoir water levels.

Identification of water pixels

asic output from the analysis of remote-sensing data is the\water-spread area of the 1
chniques of remote-sensing interpretation (visual and digital).can be used for water-spreg
techniques are based purely on the interpretive capability,of the analyst and it is not poss
pectral data available. Visual interpretation is not commonly used these days. Using digit
pectral data can be utilized to identify the boundary“of water-spread area. The number
pixels in the satellite imagery gives the water-sptead area. Remote-sensing and GIS so
n the analysis of satellite imagery to obtain thelavater-spread area.

Calculation of revised capacity

bservoir elevation at the time of acquiring the image is to be collected from the dam aJ
oir capacity or volume (V) between two consecutive reservoir elevations is computed using
a (7.4). The revised volume_can be compared with the original volume; the difference bef
ents the capacity loss due to’sedimentation.

General

lause.summarizes the uncertainty analysis for measurement of reservoir sedimentation
ds‘described in ISO 25377. For a general introduction to measurement uncertainty, refer tq

13.2

Principles

Uncertainty analysis of reservoir volume calculation shall be based on the following principles.

T

he observation error is expressed as relative error.

Uncertainty is expressed as evaluation of statistic errors.

size of which shall not be less than 30.

types of error.
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Uncertainty sources that are from the same condition can be used to form an error sample, the sample

Systematic error and random error are considered separately. The total error is a composite of these two
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The average of the measured values provides an estimate of the true value of the quantity; this is generally

more reliable than an individual measured value. Dispersion and the number of measured values provide

informati

reduced

obtained

The combine

the combinati

of standard d
factor to obta

In accordanc
the 95 % con

uncertainty tg

atthe 95 % ¢

13.3 Estimd

13.3.1 This g
measurement
sedimentation

Vs =Lin —

The sediment

on relating to the average value as an estimate of the true value.

by increasing the number of observations, with its expected value being zero.

using the uncertainty propagation method.

Though it is not possible to compensate for random error of a measurement result, it can usually be

Assume that the uncertainty sources, and the objective functions, follow a Gaussian normal distribution.

Each measured state variable is independent. Uncertainties of the objective function outputs can be

JI Uuricel tdillty ib L;i IdldbtUIiLUUl IUy t;IU IIuIIICIibdi vaiuc UIUtaiIIUUI l}y dppiylllg t;IC uauai IIIUti
pn of variances. The combined uncertainty and its components should be expressed in'th

n an overall uncertainty, the multiplying factor used shall always be stated.

e with practice in hydrometry, the statement of the result of uncertainty estimation shal

be derived at a 68 % confidence limit; however, the instrument performance is normally
bnfidence limit.

tion of uncertainty

Lout

inflow over the time period from #1 to #glcan be obtained by using the following formula:

(1)C(t)dt =L:2L(t)dt
)c()

is the.8tream flow into the reservoir at time ¢;

is.the average cross-sectional sediment concentration at time +.

fidence limit. Combining uncertainties from Type A and Type B estimation,méethods enabl

lause provides information for the user of this International Standard to estimate the uncertg
for reservoir sedimentation by the sediment-transport-balance method. In this method, the reg
quantity, Vs, is assessed by comparing the sedimentiinflow Li, with the sediment outflow Lg|

od for
e form

pviations. If, for particular applications, it is necessary to multiply the combined uncértainty by a

I| be at
Bs the

stated

inty of
ervoir
t.

(16)

(17)

Lin = IZQ
4

where

L(r)=0(
and

o)

C@
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ffect on the value L() due to small dispersions of AQ(f) and AC(¢) is given by

2

.

o(1)

) ] [uw(r)) ))T

421:2012(E)

(18)

Since the uncertainties of L(¢) over a time period are likely to be independent of each other, probability requires
that these uncertainties be integrated in quadrature over the time period from #1 to #2.

ue () | _ ﬁ u(@) ] (ulCc@) )],
Lin Lin o(r) C(1)
]
The values e (Lin), M(Q( ) , and u(C ) are referred to as dimensionless standard uncerta
in Q(t C(
given potations ug (L ).u” (Q(¢)) and u (C(r)). Thus,

A

Ugq

The d
avera
= Lout

E

Ug

11.3.2
uncer
sub-b
sedim

Vd
The r

(horiz
trapez

C

C

Either

(19)

1

al

u

(Lin)

Lin

)
I8l
mensionless uncertainty uc (Lout)can be estimated in a similariay by using the outgoin

je sediment concentration as a function of time. As the quantity of sediment in the reser
the uncertainty components involved in Ly and Loyt areto-be combined. Thus,

Al

Vs

*(Q(t)))2+(u*(C(t)))2} o

*

2 * 2
Uc (Lin) g (Lout)

(Vs)

This clause provides information for the-user of this International Standard to estimate
ainty of measurement for reservoir sedimentation by topographic surveys, remote-sensing
pttom mapping methods recommendéd’in this International Standard. In these methods,
entation, Vs, is assessed by comparing the present reservoir capacity /', with the original ¢

=Vp_V0

pservoir capacity, Vp, (s)calculated based on either the cross-sectional area (vertical) or|
bntal) and the distarice between those areas using either the prismoidal formula [Fg

hcertainty of.the areas,
ncertainty. 0f the measurement of distance between areas.

the prismoidal formula (9) or the trapezoidal formula (10) can be used to calculate the rese

The p

oidal formula [Eormula (10)]. As such, the overall uncertainty of measurement depends on:

inties and are

(20)

g flow and its
oir is Vs = Lin

(21)

and state the
methods and
the reservoir
apacity 7o.

(22)

contour area
rmula (9)] or

Fvoir capacity.

'npnrﬁnn inwhich each pnrnmnfnr inthese r=Yal 1ations contributes to the measurement unc

rtainty, U(V)p),

in reservoir volume, Vp, is derived by analytical solution using partial differentials of the equation.

a)

The prismoidal formula (9) can be used for the computation of volume between two areas 4; and 441

separated by a distance, y;, which can be used to get the total volume by summation over the » numbers
of cross sections, as:

v

p

i=n—1

1
Z (gyi(Ai"'AiH +\/AiAi+1)j:C1+C2+C3

i=1

(23)

The equation has been represented by three terms C1, C2 and C3, which are functions of 4;, 4;11 and y;.
The 4; is the ith cross-sectional area, 4,1 is the (i+1)th cross-sectional area and y; is the distance between
the ith and (i+1)th cross sections. The effect on the value Vp due to small dispersions of Ay;, Ad; and A4,
has three components arising out of these three terms.
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b)

26

Since thd

MJZ =i:n—1 _u(Ai+1)i|2+|:Ll(yi)_2

ﬁ] ‘u(A»Hu(Am)‘Z{wmr

o (L A Vi

-1 |L A; A4 Vi

~

(24)

(25)

(26)

uncertainties of y;, 4; and 4;;1 are Tikely to be independent of each other, probability requirgs that
the threelcomponents of Formula (23) be summated in quadrature (see B.7).

2. 2 2 2
uc(Vp _i li1 E{”(Az)} +§{u(Ai+1):| +3{u(y,-)} 27)
VP VP i=1 4 4; 4 Ajy1 Vi
V A. A. .
The valugs uc( p),u( ’)u( ’+1) and u(y’) are referred to as dimensionles§ standard uncertaintig¢s and
Vo 4; Aj Vi
are giver| notations u;(Vp), u;(Vp),u*(Al-),u*(Am)and u*(yl-).
Thus,
oo 1 [REY 5 ., 2 5 - TR
”c(VP): A Z 2" (4;) +Zu (Ais1)” +3u (v;) (28)
Pl i=1

As the qyantity of sediment in the reservoir is Vs = Vo =15, the uncertainty components involved in };, and

Vo are to[be combined. If ”c (Vo) is the dimensionless standard uncertainty in the original volume,

The trapgzoidal formula (10) can be,used for the computation of volume between two areas 4; arn

1

hen

(29)

d A4in

separatefl by a distance, y;, which can be used to get the total volume by summation over the » numbers

of cross gections, as:

i=n—1 1

Vo = Eyi(Ai+Ai+1))=C1+C2
i=1

where
Cqand Cp are functions of 4;, 4;41 and y;;
Aj is the it" cross-sectional area;
Ain is the (i+1)! cross-sectional area;
yi is the distance between the ith and (i+1)t" cross sections.

Due to small dispersions of Ay;, A4; and A4;,1, the value ¥, has two components.

[
Cq

[“(Cz)
C2

J-E

BAEee

i=1 i+1 Vi

(30)

(31)

(32)
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Since the uncertainties of y;, 4; and 4,14 are likely to be independent of each other, probability requires that
the two components of Formula (30) be summated in quadrature (see B.7).

2 .
uC(Vp) :iz l=”z_1 |:u(Al-):|2+lu(Ai+1):|2+2|:u(yi):|2 (33)
"o Vol id |l 4 Aist Ji

uc Vo) u(A4;) u(A u(y;
The values C( p), ( ’), ( ’+1), and (y,) are referred to as dimensionless standard uncertainties
Vo 4; Ay Vi

and are given the notation u;(Vp), u (4;), u (4iq)and u (y;) Thus,

u] (VP)E =
i

\/i:ni1{”*(f4i)2+”*(Ai+1)2+2”*(yi)2} (34)

Als the quantity of sediment in the reservoir is Vs = V) — Vo; the uncertainty components invojved in 7, and
T} are to be combined. If u; (Vo) is the dimensionless standard uncertainty ifCthe original volume, then
A 1 * 2 * 2
ul (Vs) = V—\/uc (Vp) +ug (Vo) (35)
S
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A.1

Annex A
(informative)

Optimization of the arrangement of ranges

Layout of cross sections

Prior to the in
reservoir sites

Before a rese
subsequent s
volume. The
sections shoy
need some m

For existing r
finalize the al
river channel
prior to the im

A.2 Cross-sectional/range-line monuments

The ends of
monument. T
a network of t
line on the dg
will also be n
stations, beng
easily. Some
for horizontal
preferably stg

for obtaining {he original capacitybetween the cross sections.

poundment of a reservoir, it is necessary to have an accurate map on a relatively large(sc
and upstream areas where sediment deposition may occur.

rvoir is filled, the proper location is made for a sufficient number of cross sections sug
oundings on the same sections will furnish the necessary data for computation of seq
bections should first be marked on a paper, in order to get a comprehensiveidea as to hq
Id lie with reference to each other and the reservoir as a whole. The alignment of section
odification at site depending on topography, etc.

pservoirs, the location of cross sections is also to be marked on/a map of the reservoir ar
gnment of the cross sections, it is necessary to identify the ¢riginal river channel. The o
And topography of the reservoir area can be obtained by referring to topographic maps of th
poundment of the reservoir.

the proposed cross-sectional lines should.be marked in the field with a permanent ty
ne monument may be made of concrete or. masonry. To properly reference the range monur

ble for

h that
iment
w the
S may

ba. To
riginal
b area

pe of
nents,

Fiangles should be established with reference to an accurate base line preferably taking th
m itself. Establishment of benchmatiks’along the periphery of the reservoir at suitable in
bcessary for establishing vertical ‘controls, whenever and wherever necessary. All triang
hmark pillars and range monuments should be properly indicated so that they may be ide
bf the permanent objects onthe shore should also be properly located so that they can be
control during the actual’sounding work. All the range monuments may be properly num
rting from the dam. Theé\correct location of cross-sectional lines on a contour map is nece

e cross-sectiofal lines, the following aspects need careful consideration.

of the cress sections should be “monumented” in the field, so that these range monumer
during.subsequent surveys.

onlments are to be fixed above the maximum water level.

:

base
rvals
ation
ntified
useful
bered
bssary

ts are

Range monuments should not be located on the point of a short hill or abrupt change in reservoir section,

since the elevation of the ground may show a variation within a relatively short distance away from the
central line of the range.

deeper reaches.

water level should be more closely spaced.

may necessitate close ranging.

While fixing th

a) The ends
traceablg

b) Range m

c)

d)

e)

f)

g) Aground

28

survey above the water level along these cross sections is essential.

Close spacing of cross sections is preferable in the upper and shallower reaches than in the lower and

If the reservoir is subject to heavy drawdown, the reaches between the drawdown level to the maximum

The location of the tributaries with its sediment characteristics is to be ascertained; therefore, this area
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It is preferable that the cross sections be parallel, but this need not be very rigid.

i) Ifitis found not practicable to lay out the ranges parallel to one another, a divergence of 10° between the
ranges may be permitted for the convenience of location, but no more than 30° may be permitted.

Sometimes, the presence of bends or curves in the river makes it impracticable to rigidly adhere to the
divergence limit set. In such cases, the stretch should be divided into short reaches where the limits of
divergence are maintained in each reach. In the segments between the reaches, the reaches may have
any divergence not greater than 90°. In these segments, the end ranges may be set very close to one
another, or starting from a common point with a view to concentrate the irregularity into the smallest area,
so that it will have the least effect.

I'lthe reservolr hnas an empbayment on the tributary joining the main river, this portion should|be separately

ranged and the ranges may have different orientation from the main ranges.
he range should cover the mouth of the tributaries joining the main river.

T
Where a tributary enters, or an arm of the lake is cut off, a new series of ranges ’may be sfarted without
ahy regard to the direction of the main ranges. The first range should be agross the mouth qgf the tributary
ahd nearly perpendicular to its general direction.

A.3 | Base survey of cross sections

secti

by a t
recon
profilg
the to

Aftercir:e range monuments have been located in the field, a base profile (i.e. the cross section ar

) is necessary for future comparison, at appropriate intervals, of re-surveys. This may 4
pographic survey before filling the reservoir, or by means of echo sounding immediately
mended that in reservoirs where the sides of the valley are steep and water depth is dee
be taken by surveying along the reach before filling the reservoir. In reservoirs located in
bography is not steep, the water depth is shallew'and the width is large, the profile along th

also be determined by sounding immediately after.the reservoir is filled. However, to supplement

d longitudinal
e done either

alter filling. ltis

, an accurate
terrain where
e range could
he soundings

along|the range, a land survey above the water‘leével will be necessary.

A.4 | Arrangement of ranges at reasonable intervals
A.41 General
A sedimentation survey for'areservoir should extend at least to several ranges upstream of the end of the

backwater deposits. If thedistance between the end of the backwater deposits and the hydrometric station
used s an inflow sediment-measuring station is large, a number of ranges should be set up. [The river bed
in sugh a reach undefgoes changes through self-adjustment of the alluvial channel. From measurements
perfoimed on these ranges, data may be obtained to verify the water surface profile or to aid in the evaluation

e bends and

] 3 ished in a river
reach or reservoir WhICh could reﬂect the essentlal pattern and dlstrlbutlon of sedlmentatlon both longitudinally
and transversely, and yet with no sacrifice of desired accuracy in the computation of the total volume of
sedimentation. As a general rule, it is recommended to keep the difference in the volume of sedimentation
computed by the range method and by the topographic method within a limit of +5 %. Two procedures are used
(see A.4.2 and A.4.3).

A.4.2 First method

On the preliminary topographic map with a scale of 1:10 000, ranges spaced at an equal distance (for example
200 m) are drawn approximately perpendicular to the contours below the elevation of normal high water. The
capacity or volume at the normal high-water level is calculated by the cross sectional (range-line) method
and compared with the volume calculated from the topographic map by perimetering or other methods.
Computations are then made using fewer ranges, so as to select one out of two ranges, one out of three
ranges, etc. The simplification or reduction of ranges should proceed until the relative error for computation of
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the capacity or volume is still within the tolerance limit of +5 %, using the volume computed by the topographic
method as a reference. For instance, if the volume at a certain elevation enclosed by cross sections 1 and 3,
and computed by the topographic method, is V;, then the volume computed by the trapezoidal formula is:

Vd :%Ah(A1+2A2 +A3)

where
Va

Ah

is the trapezoidal volume, in m3;

(A1)

A1, A2, A3

The volume 4

Vi = %[1_
where

Vau

Ly, Ly

W1, Wo, W3
Assuming L1,

Vau = % g

where L, is th

For a reach (¢

H o ffo o H™Y lavabtian baotia, P X PR
1o UTC UTTTOTUTIUU TTT TIOVAlIVUTT VOLVWOUTT VUTTIUUT O, 11T I,
are areas enclosed by three different contours, in m2.

s computed by the range method should be:

1" + (L1 +L2)W2 +L2W3:|

is the range method volume, in m3;

are distances between ranges, in m;

are cross-sectional areas at a certain elevation, in m2.
Lo are equal, the above formula may be written as:
o (Wg 42wy + w3)

b optimum distance between.ranges in metres.

r a reservoir, similar computations may be made with a number of ranges. The proced

repeated several times by using a simplified number of ranges until the error of the computed volume ex

the tolerance

V=7
Va

100

Ly is claimed

A.4.3 Sed

limits of £ 5 %, or

du 159

0 be the optimum distance for laying out ranges (Li Zhaonan, 1980).

ond method

(A.2)

(A.3)

ure is
ceeds

(A.4)

Hakanson (1978) has studied the optimum arrangement of ranges in a lake survey. The optimum number
of ranges may be computed from the following formula, established by using data obtained from four large
reservoirs in China (Sanmenxia Reservoir Experiment Station, 1980):

A

r

where

30

L

represents the area enclosed by the highest contour line, in km2;

(A.5)
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is the accumulative distance between ranges, in km;

- L, /2(1|:A)1/2 where L, is the length of the highest contour line, measured in km.

Based on reservoir data studies, it was found that range spacing according to the above formula will result in
surveys with a fair degree of accuracy. If the range intervals are properly arranged, the accuracy in computing
deposition by the range method is within 5 % of that determined by the topographic method.

The range method is based on the summation of volume segments or prisms, bounded by successive cross
sections, and on the assumption of straight-line proportions along the shoreline between the cross sections.

pute volumes.

Geog
The T
topog

Becal
terrair

| Llof F'H o + el lalY ol Tt latad L 1 Naot L LTINL 4
GVIIIUGI LLLLAYARBRI=13Avi ] uyOlUIIIO \UI\J} Ulllvluy [} IIIaIIHuIGLUU IIIU&UIGI INCLVWUTIN \ T Il‘ll VU OUTTI
IN is a series of adjacent, non-overlapping triangles that define an accurate model
faphy of a lake or other surface terrain.

s, volume estimates computed using the TIN method are likely to be more accurate.

bf the bottom

se the TIN method can depict a natural surface and the undulating land patterns compmon to most
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Annex B
(informative)

Introduction to measurement uncertainty

B.1 General

Results of mg¢asurements or analysis cannot be exact. The discrepancy between the true value — which is

unknowable

and the measured value is the measurement error. The concept of uncertainty isa“way of

expressing this lack of knowledge. For example, if water is controlled to flow at a constant rate) then ja flow
meter will exhibit a spread of measurements about a mean value. If attention is not given-to.the undertain

nature of datg

statement of yincertainty enhances the information, making it more useful.

The uncertain
methods prov

“Standar

From this defi

Key
X flow value

, incorrect decisions can be made which may have financial or judicial consequences. A rgalistic

ty of a measurement represents a dispersion of values that could be attributed to it. Statistical
ide objective values based on the application of theory. Standard uncertainty is defined ag:

 uncertainty equates to a dispersion of measurements expressed as a standard deviation.

nition, uncertainty can be readily calculated for a set of measurements.

Y

a)

Y probability
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Figure B.1 — Pictorial representation of some uncertainty parameters

Figure B.1(a) shows the probability that a measurement of flow under steady conditions takes a particular
value due to the uncertainties of various components of the measurement process, in the form of a probability
density function.

Figure B.1(b) shows sampled flow measurements, in the form of a histogram.

Figure B.1(c) shows standard deviation of the sampled measurements compared with a limiting value. The
mean value is shown to exceed the limiting value, but is within the band of uncertainty (expressed as the
standard deviation about the mean value).
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B.2 Confidence limits and coverage factors

For a normal probability distribution, analysis shows that 68 % of a large set of measurements lie within one
standard deviation of the mean value. Thus, standard uncertainty is said to have a 68 % level of confidence.

However, for some measurement results, itis customary to express the uncertainty at a level of confidence which
will cover a larger portion of the measurements, for example, at a 95 % level of confidence (see Figure B.4). This
is done by applying a factor, known as the coverage factor, &, to the computed value of standard uncertainty.

For a normal probability distribution, 95,45 % (effectively 95 %) of the measurements are covered for a value of

k=2.Thus,u

ncertainty at the 95 % level of confidence is twice the standard uncertainty value.

In practice, m
represented |
the normal di
express the u
95 % of the o
procedure wh

B.3 Rang

The terms rarn

random ¢

measure

A difficulty wi
values. If its
recalibration
error contribu

For this reag
uncertainties.
to separate r
time base, th

ISO/TS 2537
particular on
and how the
measuremen

systemalfic errors, that are associated with inherent limitations of the means of determinin

!

B.4 Measurement standards

Easurement variances rarely follow closely the normal probability distribution. They may be
y triangular, rectangular or bimodal probability distributions and only sometimes approxin
Stribution. So, a probability distribution must be selected to model the observed yarianc

bservations. However, the same coverage factor, k£ = 2, is used for all models..This simplifi

ile ensuring consistency of application within tolerable limits.

lom and systematic error
dom and systematic have been applied in hydrometric standards.to distinguish between

rrors, that represent an inherent dispersion of values undér, steady conditions, and

d quantity.

h the concept of systematic error is that it canfiot be determined without pre-knowledge
existence is known or suspected, then steps shall be taken to minimize such error, eit

fes to uncertainty in the same way as random components of uncertainty.

Generally, when determining a.single discharge, random errors dominate and there is ng
ndom and systematic errorsyHowever, where (say) totalized volume is established over
systematic errors, eveniwhen reduced, can remain dominant in the estimation of uncerta

f and 1ISO 5168 provide rules for the application of the principles of measurement uncerta

be are scombined using methods derived from statistical theory into an overall result f
process.

better
ate to
es. To

hcertainty of such models at the 95 % confidence limit requires a coverage factonthat represents

es the

g the

pf true
her by

bf equipment or by reversing its effect in*the calculation procedure — at which point, systématic

on, ISO/TS 25377 does not dijstinguish between the treatment of random and systématic

need
b long
nty.

nty, in

the identification of components of error, the quantification of their corresponding uncertainties

br the

thods

The compon
of estimation.

+ £ toint kL 4 H Ak 'Y $ £ ot a ol S H Tk 4
Mo Urunotirdirity arc uiididulTTIZTU Uy TollTiatT o UT otdiudiuy UtTviativlio. TTICTT arc twu T

Type-A estimation:

is derived. This process may be automated in real time for depth or for velocity measurement.

Type-B estimation:

i)
i)

34

human judgment of a manual measurement (distance or weight);

manual readings taken from instrumentation (manufacturer’s statement); or

This is done by statistical analysis of repeated measurements from which an equivalent standard deviation

This is done by ascribing a probability distribution to the measurement process. This is applicable to:
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