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ABSTRACT

l{ost wave prediction nethods have been based on measurements carried out in
oceanic and coastal waters, vith fetch lengths and fetch widths very
different from those found in most UK reservoirs. Several attempts have
been made by various researchers to devise rnethods of wave prediction in
reservoirs, but few comparisons with neasured data are available.

This report describes studies carried out to compare the results of six
different wave prediction methods with measured wave heights in two Scottish
reservoirs. Wind and nave conditions had been measured in Hegget Reservoir
for a previous study, but sinilar measurements in Loch Glascarnoch were
conmissioned especially for this project. All rneasurements were carried out
by HR's Field Studies Sect ion.

None of the six wave prediction rnethods which were examined gave
particularly good agreement with the measured wave heights for alL
windspeeds and wind directions in both reservoirs. Of the nethods examined,
the Donelan/JONSWAP rnethod was probably the best: it gave fairly good
agreement for a wide range of wind directions, and any errors in predicted
wave heights were alnost always conservative.

The studies described in this report were funded by the Department of the
Environment under research contract PECD 7/7/187, and forned a part of the
research on reservoir safety reconnended by the Departmentrs Reservoir
Safety Conrmittee. The study was directed by Hr l{ W Owen, Research Manager
of the Coastal Bngineering Group, Haritime Engineering Department.





NOTATION

E Wave energy

Ei (f) Component of the rrave energy/frequency spectrum

F Fetch length

i  Dinensionless fetch length (eF/Uz)

F- Effect ive fetch lengthe
F, Fetch length measured along a direct ion O.

1 "

F^ Fetch length measured along the predominant vrave direction
P

g Acceleration due to gravity

H_ Significant wave heights -
H Dimensionless vave height gLr/llz

n Directional spreading e>qponent

T_ Wave period at the pedk of the wave energy/frequency spectrum
D

T_ Dirnensionless peak wave period gT*/Up  - p

T- Mean zero-crossing wave period
z

i Dimensionless mean vave period.. eT ,/U

U Wind speed (usual ly at a height of  10m above vater leve1)

O Angle between wind direction and fetch direction

Oi Fetch direct ion

O Wind direct ionw

I Predominant wave direction
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INTRODUCTION

Ttre generation of waves on any body of water depends

on the strength of the wind, the length of tirne for

which it has been blowing (duration), the distance

over the vater for which i t  has been act ing ( fetch),

and the depth of wat,er. Most of the research effort

on the medsurement and prediction of waves has been

devoted to oceanic and coastal waters, with long wide

fetches and typical durations of several hours or even

days. Inland reservoirs are however very differenL:

fetch lengths are typi-cally only a few kilometres, the

width of the reservoir is frequently small compared to

its length, and wave conditions are often governed by

high wind speeds acting for very short durations,

typical ly less than one hour.  In addit ion, reservoirs

are frequently constructed in deep valleys in upland

areas, vhere the loca1 topography can signi f icant ly

affect both the wi-nd speed and direction over the

reservo i r .

Bearing a1I these factors in mind, i t  would be very

surprising if lrave prediction methods developed for

coastal and oceanic waters could be applied without

modif icat ion to the est imation of waves in reservoirs.

A lfunited amount of work has therefore been undertaken

by various researchers to derive methods of modifying

the wave prediction techniques used for open lraters.

Most of these modified nethods have been reviewed in

an earlier report on wave prediction in reservoirs

(Ref 1).  In this present report  the wave predict ions

obtained by six different methods have been compared

with measured wind and wave data obtained from two

reservoirs in Scot land.

Details of Megget Reservoir and Loch Glascarnoch are

given in Chapter 2 of this reporL, together with an

account of the vind and wave measurement programmes in

each. Chapter 3 descr ibes-the prel iminary analysis of
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2.L Megget Reservoir

the data col lected at both reservoirs,  and in

Chapter 4 the six rnethods used for wave prediction are

described br ief ly.  In Chapters 5 and 6 the

predictions obtained are compared vith the measured

data. Final ly Chapter 7 contains a discussion of the

results, and draws some conclusions and

reconrnendations from the study.

This report  forms part  of  a research project on waves

in reservoirs,  commissioned by the Reservoirs Safety

Conrnittee of the Department of the Environment. The

research includes not only the prediction of waves in

reservoirs,  but also the design of the protect i -on

against wave attack on the upstream face of dams.

Wind and wave measurements have been carrj-ed out by

Hydraul ics Research Limited's Field Studies Team at

Megget Reservoir  and at Loch Glascarnoch reservoir ,

both in Scotland. Ihe measurements at llegget were

carri-ed out on behalf of R H Cuthbertson and Partners,

Consult i -ng Engineers for the reservoir ,  whereas those

at Loch Glascarnoch were obtained specif ical ly for

this research oroiect on l taves in reservoi-rs.

Megget Reservoi-r lies on the River Tweed approximately

50km south of Edinburgh, and was officially opened in

1983 by Lothian Regional Council to meet an increasing

water demand in the Edinburgh and Midlothian area.

The reservoir is approximately rectangular, with a

length of 3.5km and a width of 600m (Fig 1) and has a

normal vater level of 334rn OD. The upstream face of

the dam has a slope of 1 to 1.5, and is protected from

wave att,ack by riprap rock armour layers. At the time

of i ts design i .n the late 1970s, standard wave

prediction techni-ques suggested that the reservoir



would have an annual extreme significanL wave height

of a l i t t1e over half  a metre. However,  v isual

observations on the reservoir since its completion

indicated wave heights much larger than originally

o(peeted. This discrepancy could have been due either

to inadequacies in the vave prediction methods used,

or to unusually high winds in the immediate vicinity

of the reservoi.r ,  or to the presence of a large

reflected.wave component from the upstream face of the

dam. Because these larger waves could have serious

impl icat ions for the design of the slope protect ion on

the upstream face of the dam the consulting engineers

for the reservoir conrnissioned Hydraulics Research to

carry out wind and wave measurements at the site for a

l2-nonth period, and by combining the results with

other avai lable wind data, to derive revised est imates

of extreme rrave heights.

Wind and wave recording vas carried out from 23 April

1985 to 7 llay 1986: the positions of the instrunents

are shown in Figure 1. For wave measurements a

standard Datawell waverider buoy was used, deployed in

about 35-40m of water about 250m west of the dam. For

wind measurements the instrumentation consisted of a

Didcot Instruments anemometer and wind direction

sensor, both modified to include heating elements to

prevent icing during winter. The equipment was

mounted on a mast extending from the roof of a

building on top of the draw off and overflow tower.

This placed the equipment at 10-15m above the water

surface (depending on the reservoir level at the

t ime), and 5m above the dam crest.

In view of the short wind fetches involved i-n Megget

Reservoir, a wind record was obtained every 15

minutes: rrave records of 8 minutes 20 seconds duration

vere also obtained every 15 minutes, but only when the

15 minute average windspeed exceeded lOm/s. At this



2.2 Loch Glascarnoch

very oq)osed locati-on, windspeeds greater than this

occurred for about 16% of the time during the

deployment period.

The data from the vind recorder vas analysed on site

to give the mean wind speeds and directions over 15

minutes and over 60 minutes, and the results

transferred by magnetic tape to the mainframe computer

at HR. The data from the wave recorder was logged on

magnetic tape, and transferred to HR for analysi-s.

Here the significant wave height and mean wave period

vere calculated for each record by the method of

spectral  analysis.

Loch Glascarnoch is located in the North of Scot land,

approximately 40km north trest of Inverness. The

reservoir  and dam was designed by Sir  Alexander Gibb

and Partners, and construct ion r+as completed in 1957.

The reservoir is owned by the North of Scotland Hydro

Electr ic Board, and is used to generate eLectr ic i ty.

The reservoir  is approximately rectangular in plan,

with a length of 7kn and an average width of 740m

(Fig 2).  The normal water leve1 is 252m OD. From the

dam, the main axis of the reservoir is aligned roughly

in a north westerly direction. The dam itself has a

vertical upstream face consisting of dressed masonry

blocks. The reservoir is located alongside the main

road to U1lapool,  and NSHEB staff  have on several

occasions noticed severe wave action at the dam,

accompanied by a significant volume of spray

overtopping.

Loch Glascarnoch was selected as the site for further

measurements after a fairly extensive search amongst

UK reservoirs and 1akes. The main select ion cr i ter ia

lrere as fol lows : -



a) Length/width rat io about 10 or greater.

b) Length 4km or greater.

c) Fair ly straightforward plan shape.

d) Main axis of reservoir aligned broadly with the

prevai l ing wind direct ion.

e) Preferably located in a windy area, eg uplands.

Cri ter ion (a) was to give a rather di f ferent rat io of

Megget Reservoir  ( length/width about 6).  I t  vas

decided to examine a greater length/w-idth ratio

because it was thought that there r.rere few

dif f icul t ies in predict ing wave heights in relat ively

short, and lride reservoirs. Criterion (b) would insure

wave periods generally longer than 2 seconds, which is

towards the lower limit of the sensitivity of the

waverider buoys being used for wave measurements.

Cri ter ia (d) and (e) were hopeful ly to ensure that

reasonably strong winds and hence large waves would

occur in what was planned to be a fair ly short

deployment of the wind and wave instrumentation.

The initial search was carried out rnainly by reference

to the register of dams in the [IK, prepared by the

Bri t ish Nat ional Committee on Large Dams (Ref 2),

supplemented by information from Ordnance Survey maps

at  a  sca le  o f  1 :25 ,000.  A  shor t l i s t  o f  about  20

reservoirs and lakes was identified.

Inevitably, most of these vere located j-n Scotland or

the north of England. A ser ies of more pract i -cal

criteria was then introduced to narrow the choice of

s i t e s :  -

f) Suitable structure for mounting wind recording

instrumentation.

g) Suitable building for housing the data receiving

stat ion, ideal ly with electr ical  power

ava i lab le .



h) Reasonable road access to the downr+ind end of the

reservoir where the instrumentation would be

deployed.

i)  Local staff  avai lable and wi l l i .ng to perform

routine maintenance.

Since the f inal ly selected reservoir  rrras l ikely to be

some considerable distance away from Wall ingford,

c r i te r ion  ( i )  was  essent ia l .  The o ther  c r i te r ia ,

whi le not essent ial ,  rqould have been very cost ly

and/ot inconvenient i f  not sat isf ied. Most of these

pract ical  considerat ions could only be discovered by

direct discussions lrith the omers of the various

reservoirs,  and since about half  of  those on the

short l ist  l rere oldned by NSHEB discussions vere held

f i rst  rrr i th them. Whi lst  in Scot land on other

bus iness ,  a  member  o f  HR's  s ta f f  v is i ted  the  Ch ie f

Engineer of NSHEB in Edinburgh, and with his staff

went through the requirernents and the list of

reservoi.rs.  As a result  of  these discussions Loch

Glascarnoch was selected, and considerable assistance

was received from the local staff  of  the North of

Scot land Hydro Electr ic Board in deploying the

equipment, and in carrying out the routine

maintenance.

Wind and wave recording was carried out initially from

11 February 1987 to 2O May 1987, which i t  was hoped

vould give sufficient measurements of large waves for

comparison with waves measured under similar

windspeeds at Megget Reservoir. Both the waveri-der

buoy and Lhe anemometer r.rere identical to those used

on ilegget Reservoir, and they were deployed at the

positi-ons shown in Figure 2. The waverider buoy was

located in about 24 metres of wat,er, about 760m metres

west of the vertical faced dam. The anemometer lras

mounted on a mast extending from the railing of the

access br idge leading to the draw off  tower located



on the south side of the loch. This placed the

anemometer at L2 - L7m above the water surface

(depending on the water level), and about 300m array

from the vaverider buoy.

Although the waverider buoy and anemometer were

unchanged, the rnethod of use and the data analysis

procedures were changed.

A wind record was obtained every 15 minutes and when

the average value over this period exceeded Bm/s

(within the sector 220-340"N) the vave rider buoy

logger was triggered. Waves were then recorded for

8 minutes 32 seconds every 15 rninutes until the mean

vind speed or direction dropped. During a second

deploynent in the vinter of B7/BB (12 December 87 -

13 Apri l  88) the wind speed and direct ion was recorded

continuously and the wave buoy logger was triggered to

record for B minutes 32 seconds every lX hours

regardless of wind condit ions.

During the first deployment only the % hourly mean

wind speed and direct ion vere calculated at the si te,

with al l  other analysis being carr ied out at HR.

During the second deployment both this wind analysis

and a wave d,ata analysis were carried out at the site

with significant wave heights and mean wave periods

being calculated from both a wave counting and

spectral  analysis.  fn al l  cases data was stored on

magnetic tape cartridge for transfer to the HR main

frame computer.



3 .1

PRELIMINARY

DATA A}IALYSIS

Waverider Buoy

accuracy

The waverider buoys used in both the Megget Reservoir

and in Loch Glascarnoch are manufactured by Datawell

B.V.,  Ho1land. The manufacturer 's l i terature points

out that the accuracy of t.he buoy decreases markedly

for mean vave periods less than about 2 seconds. In

many of the records obtained from the tvo reservoirs

the indicated wave period fel l  below this threshold.

After the completion of the measurements in Loch

Glascarnoch the waverider buoy was therefore tested in

a very large wave tank at Hydraul-ies Research. Tests

were carried out at a range of wave periods and wave

heights. The wave heights recorded by the waverider

buoy vere then compared t'ith those measured by a

standard laboratory twin-wire wave gauge, to derive a

function describj-ng the wave height correction factor

to be appl ied at each wave period. Since these tests

were carried out at fixed wave periods with regular

waves the measured wave energy,/wave frequency spectra

for 16 representative sets of measurements from Megget

reservoir were examined. For each spectrum, the wave

energy at each wave frequency was corrected by the

correction function just described: the complete

spectnrm was then re-assembled and the corrected value

of significant wave height r+as calculated. The

percentage error in vave height was then noted, and in

general it was found to depend both on the vave period

and the wave height, as shown by Figure 3. In theory,

the error contours dravn on this Figure could have

been used to correct all the wave measurements

col lected on both reservoirs.  However,  s ince almost

all of the wave data had already been analysed, to

apply this correction vould have been very exPensive.

In vievr of this problem, i t  was decided to abandon al l



3.2  Megget  da ta

measurements having a mean period of less than 2. I

seconds. Figure 3 shows that all the remaining

measurements would have a wave height error of less

than 5%.

The appl icat ion of the wave period threshold of 2.  I

seconds resulted in about half of the available wave

data being abandoned, but this st i1l  lef t  a

considerable volume of data for analysis (2375

records) .

The analysis of the Megget data which had been caried

out in 1986 (Ref 3) had shown that the waverider buoy

was almost certainly picking up wave energy reflected

from the dam face. The nain evidence for this vas

frorn the scatter diagram of wave height and wave

period, reproduced here as Figure 4. This diagram

shor.rs the number of occasions when a given wave height

and wave period occurred simultaneously. By drawing

onto the diagram the contours of equal wave steepness

(vave height/wave length) it could be seen that the

largest waves had a steepness in excess of 0.08.

Theoretical factors and measurements of ocean wave

records lead one to expect a maximum wave steepness of

about 0.065. Comparison of these two values indicated

the presence of reflected waves vith heights of about

23?6 (0.08/0.065-1) of the incident vaves. The

avai lable l i terature on wave ref lect ion suggests that

fo r  a  I  to  1 .5  rock  s lope a  re f lec t ion  coef f i c ien t  o f

about 30-40% would be expected for 2 second vaves '

slightly higher values than the data suggested. The

difference between the measured and expected values

was probably due to the position of the waverider buoy

relative to the dam face. In the subsequent analysis

of the wave data, it vas assumed that the reflected

wave hei.ghts ranged from 20% fot 1.7s waves to 30% for

2.7s waves: these ref lected lraves were subtracted from



the measured waves to give the heights of the incident

vaves arriving at the waverider buoy, and travelling

towards the dan. It is the incident vaves whi-ch are

irnportant in designing the slope protection on the dam

face, and it is also the incident waves which are

calculated by any of the avai lable predict i .on methods.

ltre same correction factor for wave reflections was

therefore used for the data being considered in the

present research project

When the wind data at Megget was analysed in 1986 it

was also found that windspeeds were very much higher

than expected, due to the rather exposed location and

to the relat ively deep val ley in which the reservoir

is placed (see Fig l ) .  One anomaly which was never

sat isfactor i ly resolved was that the measured wind

direct ions appeared to di f fer consistent ly by about

10-15o compared with those measured rout inely at other

anemograph stat ions in the loca1ity.  FurLhermore,

much better correlations between wind speed and vave

height were obtained if the measured wind directions

were corrected by this amount.  For use in this

present research project the corrected wind direct j -ons

have been used throughout.

After abandoning records with wave periods less than

2.1 seconds, and after applying correct ion factors for

wave ref lect ions and for wind direct ion, al l  the

resulting data was divided into subsets according to

the mean fourly wind direct ion. Direct ion intervals

o f  1 0 o  w e r e  u s e d ,  c e n t r e d  o n  0 0 5 o ,  0 1 5 o ,  0 2 5 o  e t c .

For each data subset a scatter table was then

prepared, showing the number of occasions when a given

significant wave height occurred simuLtaneously vith a

given mean-hourly windspeed, for the selected mean

hourly wind direct ion. These scatter tables are

reproduced in this report  as Tables 1-14, and on each

table the mean value of the signifi-cant wave hei-ght

10



for each windspeed is also l isted. I t  is interest ing

to note from these Tables that there is a considerable

scatter in the wave heights associated with a given

windspeed and wind direction. This scatter is partly

due to the stochastic nature of waves, whereby no two

relatively short duration measurements of the same

rvave field can be erqpected to give identical results.

However it is probably mainly due to the variations in

windspeed and wind direction during the hour-long

period over which the mean wj-nd conditions are

calculated. No predict ion method can est imate the

rnagnitude of the vave hei-ght variations, but it should

be possible to predict the mean wave height for any

given mean hourly windspeed and direction.

3 .3  G lascarnoch da ta

Because of the very few occasions on which strong

windspeeds occurred duri-ng the periods of deployment

of the wind and wave recording equipment at

Glascarnoch, the total number of records obtained was

rather 1ow. After abandoning those measurements

showing mean wave periods less than 2.1 seconds, a

total  of  only 432 tecords was lef t  for detai led

ana lys is .

The remaining wave measurements were plotted as a

scatter diagram showing the numbdr of occasions when a

given wave height and a given wave period occurred

simultaneously, Figure 5. By drawing onto this

diagram the contours of equal wave steepness it was

seen that some of the recorded waves had a steepness

in excess of 0.08, against a maxirnum expected

steepness of 0.065. The scatter diagram thus

indicated the presence of reflected rtlaves vith heights

up to about 40% of the incident waves. For a vertj-cal

dam face a ref lect ion coeff ic ient very close to one

would be expected, implying that almost all the wave

1 1



energy incident upon the dam face would be reflected

back frorn it. Because the significant wave height of

a given wave train is proporti-onal to the square root

of the energy of the waves, this impl ies a ref lected

wave height of about 41.4t of the incident vave

height. This agrees well with the maximum of the

reflected waves measured at Glascarnoch. However the

measurements show that the reflected waves are present

only for the shorter wave periods caused by the lower

windspeeds, and di-sappear at the longer wave periods

caused by the higher windspeeds. The waverider buoy

is located at 760m from the dam face and it seems

likely that the waves reflected at the dam are unable

to travel this distance against the stronger r .r inds.

In the subsequent analysis of the data it was assumed

that the ref lected waves var ied from 41% fot 2. I

second waves to zero for 3.3 second waves: these

reflected waves were then subtracted from the measured

waves to give the heights of the incident waves

arri.ving at the waverider buoy.

After abandoni-ng records with wave periods less than

2.1 seconds, and after applying correct ion factors for

vave ref lect ions, al1 the result ing data was divided

into subsets accordi-ng to wind direct ion. Direct i -on

intervals of 10o were used, centred on 285 ,  295,

305oN etc. For each data subset a scatter table was

then prepared, showing the number of occasions when a

given signj-ficant r,rave height occurred simultaneously

with a given windspeed, for the selected wind

direct ion. These scatter tables are reproduced in

this report  as Tables L5-20. On each table the mean

value of the significant wave height at each windspeed

is  a lso  l i s ted .
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PREDICTION

METHODS TESTED

4 . 1  S M B / S a v i l l e

method

The significant wave heights obtained for a given

windspeed and wind direction were compared vith

several different wave prediction methods, which are

now brief ly descr ibed. Further detai ls of  most of

these methods are given in the literature review

publ ished at the beginni-ng of this research project

( R e f  1 ) .

The SMB wave prediction curves were originally

produced in 1947 for forecasting wave heights and

periods in oceans and coastal  waters. The curves were

rev ised in  1952,  and soon a f te rwards  (1954)  Sav i l le

published a method for using the SMB prediction curves

to forecast wave heights and periods in reservoirs

(Ref 4).  The method rel ied upon the replacement of

the direct fetch length (measured along the wi-nd

direct ion) by an effect ive fetch over a range of

direct ions spanning the wind direct j ,on. The effect ive

fetch length is actual- ly def ined as

I  F i  cos2 (o i -Ow)
- a-e  

)  cos  (O i  -  Ow)

where the sunrnat ion is over the range lo,-a-, |<+s'  and
l -  w l

F = effect ive fetche
F: = fetch length along the i th radial

l _ -

O = lrind direction

O. = direct ion of the i th radial

The effective fetch length as defined above was

derived on a purely empir ieal  basis in order to

achieve good agreement between the 1952 SMB wave

prediction curves and an extensive series of wind and

wave measurement,s carried out in reservoirs in the USA

l ?



between 1952 and 1954. Nevertheless the concept of

effect ive fetch became f i rmly establ ished in aI l

standard reference books from the mid 1950's unt i l  the

nid 1970's,  where i t  was always quoted i-n conjunct ion

lrith the SMB wave prediction curves. These curves

however were themselves revised further in 1976, which

has caused some confusion. For example, the wave

prediction method quoted in the Institution of Civil

Engineers Guide to Reservoir  Safety (Ref 5),  publ ished

in 1978, is based on the 1952 and not the 1976 version

of the SMB curves. At fetch lengths typical  of

reservoirs di f ferences of up to about 10% can occur

between the wave heights predicted by the two versions

at the same windsoeed.

In this present study, the 1976 SMB wave predict ion

formul-ae have been used,

f f  =  0 . 2 8 3  t a n h  t o . 0 1 2 5  F o ' 4 2 1

and  i_  =  7 .54  ranh  l o .o r7  u0 .25 ,z

where the dimensionless wave height H, dimensionless

period Tr,  and dimensionless fetch length F are

def i -ned as: -

g  H" /Uz

= g T"/U

E F/tJz

4.2.L General  JONSWAP formulae

The JONSWAP method was first publi-shed j-n 1973,

(Ref 6) and this or other very similar rnethods due to

Mitsuyasu or to Lin have now become almost universally

adopted for predicting vave conditions in oceanic and

H =

T
^ z
! ' =

4.2 JONSWAP methods
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H-

and i= p

i -=g
P

coastal  waters. The basic equat ions predict  the

complete shape of the wave energy/vave frequency

spectrum. However these basic equations can be

integrated nun:erically to give the significant wave

height and peak period. Different authors achieve

slightly different numerical constants in their

integrated equations, but those used at Hydraulics

Research are as fol lows:-

0.00178  i0 ' s

0 .3s2  F0 '3

where T /U
v

With a typical JONSWAP spectrum of wave energy the

mean zero-crossing and the peak wave periods are

re la ted  by  the  express ion  T ,  =  O.87 TD.

The JONSWAP prediction formulae were deri.ved from

measureinents in the open sea, and there has been

considerable discussion about the fetch length vhich

should be used when predicting wave conditions in

enclosed vaters such as reservoirs.  For comparison

with the wave measurements in Megget and Glascarnoch

reservoirs three different definitions o'f fetch length

have been used, as descr ibed belovi .

4 .2 .2  D i rec t  f e t ch

The feteh length was measured as the simple di-stance

from the waverider buoy location to the edge of the

reservoir in the direction of the mean hourly I' ind.

4 .2 .3  Sevmour 's  e f fec t i ve  fe tch

Soon after the publication of the JONSWAP formulae,

Seymour (Ref 7) proposed an al ternat ive to Savi l le 's

1 5



def ini t ion of ef fect ive fetch. Seymour's proposals

are based on the commonly-held belief that wave energy

norrnally has a directional distribution which is

proport ional to cos20, where O is the deviat i -on angle

fron the predominant wave direction. Seymour's basic

formula then becomes

a

E = 3 I E . c o s 2  ( 0 . - o ) A o
T I -  1  1  W

from which the significant wave height is given by

H  = 4 { E
q

In Seymour's formula, E. is the wave energy generated

along a direct ion O. by a wi-nd speed U act ing over a

fetch length F'  and AO is the direct ional increment.

The summation is carried out over the range
t l

lOi-O*l=g0".  The wave energy E:_ is calculated by the

JONSWAP formula, and the combined method is sometimes

referred to as the JON(SWAP) SEY(MOUR) wave predict ion

method. I t  should be noted that s ince Seymourrs

rnethod is based on a weighted average of wave energies

(rather than fetch lengths as in Savi l le 's method)

this calculat ion has to be repeated for each di f ferent

windspeed.

Recently there has been some discussion about whether

the directional spread of wave energy is as broad as

the function cos2O suggests (90% of the energy vithin

about 150o).  There is general  agreement that a

function of the form cosnO is appropriate, but values

of n up to 30 have been suggested (90% of the energy

within about t15o).  As wel l  as the standard Seynour

method, the very narrol{  cos3oO distr ibut ion was

therefore also used in the comparisons with the

measured data.
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4.3 Donelan nethods

4.3 .  I  Or ig ina l  method

In 1980 Donelan published a further alternative

definition of effective fetch, based on the argument

that the fetch length should be measured along the

wave direct ion, not along the wind direct ion (Ref B).

However, the wj-nd speed to be used in the wave

prediction forrmrla should then be the component along

the rrave direction. Donelan further argued that the

predoninant wave direction was that vhich produces the

maximum value of Tn. Donelan actually used his own

unique wave prediction formulae, which can be written

4 -

0 .00366  r0 ' 38
=  0 .541  ; 0 ' 23

Re-arrangement of the second of these equations

shows that the ma>rimum value of To is achieved vhen

the  produc t  [cos(o , , -p ) ]0 '54  Yr j ' zz  reaches  a  max imum
r t  t

within the range lor-pl=90" 
where p is the predominant

wave direction, and F, is the fetch length measured

along that direct ion. For any i rregular shorel ine,

and a given wind direction, the value of P satisfying

this condition can only be determined by trial and

error. However, since the product is independent of

wind speed, the calculations have to be performed only

once for each wind direct ion (see Appendix).

H -

i'
P

It is difficult to understand why the

direction should necessarily coincide

the maximum value of Tn, rather than

of wave energy E or wave height H" (=

was the case, re-arranging the f i rst

predominant wave

with that giving

the maximun value

4 { E ) .  I f  t h i s

equation
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5 .1

COMPARISONS AT

MEGCET RESERVOIR

Basis  of

comparison

would  g ive  the  produc t  cos(o* - r ) t ' ' o  t ,  ' 38  
to  b"

maximised. This alternative definition was examined

briefly for the Megget data, but the predominant wave

direction \ras very litt1e different from that

calculated by maximisine Tn. For comparison with the

measured data, Donelan's or iginal  assumption of

maximising Tn was therefore used.

4 .3 .2  DoneIan /JONSWAP method

Donelan's or iginal  method of wave predict ion used his

orin wave prediction formulae, which are significantly

di-fferent from almost all other modern formulae.

Donelanrs basic concept of measuring the feteh length

along the vave direction rather than the wind

direction was therefore combined with standard JONSWAP

formulae, and compared with the measured data. Using

the JONSWAP formula, T- is maximised r+hen the product

cos(o- - -p )0 '4  r -O '3  , . " f ,hes  i t s  peak  w i th in  the  range
,  v '  P

l t*- t l  = no".  (Maximising H, would depend on the

p r o d u c t  c o s ( O * - e )  F " ' - )  .

As described in the previous section, the measured

wave data lras compared with the results obtained from

6 wave predict ion methods, namely:-

(a )  SMB/Sav i11e

(b) JONSWAP straight fetch

(c) JONSEY cos2O distr ibut ion

(d) JONSEY cos3oO distr ibut ion

(e) Donelan's or iginal  method

(f) Donelan/JONSWAP method

(sMB/S)

(JONSWAP/Sr)

(JONSEY/2)

(JONSEY/30)

(DONELAN)

(DON/JON)

l 8



5 , 2  E f f e c t  o f

direct ion

wind

For the Megget data, tables 1-14 include the mean

value of significant wave height for each wind speed

and for each wind direction. The 6 wave prediction

methods l isted above were therefore used to calculate

significant wave heights for the same values of

windspeed and direction shown in those tables. For

each wave prediction method, plots were then prepared

showing the comparison between measured and calculated

\dave heigtits a) for a range of directions at given

windspeeds, b) for a range of windspeeds at given

direct ions. With windspeed increments of 2m/s, and

direct ion intervals of 10o, a large number of such

plots were produced. For this report ,  a

representat ive sample of these plots has been

selected, and also plots have been combined to al low

some comparison between the accuracies of di f ferent

predict ion methods.

Conparisons between the measured and predicted wave

heights for different r.rind directions are shor,m in

Figures 6 to 11 at standard windspeeds of 14 anc

22m/s. A11 the prediction methods tested gave maximum

wave heights occurring at wind directions within the

range 235o to  245oN,  very  c lose  to  the  ax is  o f  the

reservoir  which has an or ientat ion of 240oN. The

measured wave heights however do not show such a peak

at either of the standard windspeeds shown, nor at any

of the other wi.ndspeeds examined during the study.

For a given windspeed, the largest wave heights tend

to occur for v ind direct ions between 175 and 215oN.

The reason for this is not at  al l  c lear:  one possible

reason may be the fact that although the reservoir is

aligned at 240oN for mo.st of its length, the upstreatn

end is at a di f ferent al ignment,  with the last

kilometre or so curving through 220"N and eventually

1 9



180"N (Fig 1).  I t  is possible that waves generated in

this arm of the reservoir  for a wind direct ion of 195"

for example may be able to propagate around the corner

and into the main port ion of the reservoir ,  whereas at

a wind direction of say 240o waves generated in the

upstream arm may be dissipated on the south eastern

shore .

5 . 2 . L  S M B / S a v i l l e  n e t h o d

Figures 6 and 7 show the predi-ctions using this

method, and the comparisons vi th the measured data, at

windspeeds of 14 and 22m/s respectively. Both Figures

show a slight overprediction of wave heighL for winds

blowing along the reservoir  axis,  with an error of

about 5%. The predicted wave heights are much more

synrnetrical about the reservoir axis than are the

measured vaves, and thus the predict ions are greater

than measured for more northerly vave direct ions, and

are less than measured for more southerly winds.

5.2.2 JONSWAP methods

Figures B and 9 shov comparisons with measured data at

windspeeds of 14 and 22m/s respecti-vely, for the three

different JONSWAP methods, namely JONSWAP/SF,

JONSEY/2, and JONSEY/30 (see Sect ion 5.1).  From these

diagrams it is clear that the original Se5rmour rnethod

(JONSEY/2) serj-ously underpredicts the wave heights

for all windspeeds and di-rections. JONSEY/2 is based

on a wide angular spread of wave energy which gives

90% of the wave energy within about 50o of the riind

direct ion. I f  this angular spread is reduced

considerably to about +15o (JONSEY/3O) then the

agreement between measured and calculated waves is

much better, witl. .,..rut 3% underprediction for wind

direct i -ons close

under-oredict ion

to
^ $
d v

the reservoir axis. However the

other vind direct ions is rather

z v



5 .3 Ef fec t  o f

r.rindspeed

Iarger.  I f  the direct or straight l ine fetch is taken

as the basis for predict ions (JONSWAP/SF) the results

at medium windspeeds (14mls) are very similar to

JONSEY/30, but at higher windspeeds there is an

overpredict ion by about 15% for wind direct ions close

to the reservoir axis, with significant under

predict ion for other wind direct ions.

5 .2 .3  Done lan  methods

Figures 10 and 11 show comparisons with the measured

data at windspeeds of 14 and 22m/s respect,ively, for

the two different Donelan methods, namely DONELAN and

DON/JON (see Sect ion 5.1).  The or iginal  DONELAN

method considerably overpredicts wave heights for most

wind direct ions, except in the region of 210oN where

measured wave heights are larger than would have been

expected. I f  the Donelan vave forecast ing formulae

are replaced by the JONSWAP formulae (DON/JON), then

the overpredict ion i -s considerably reduced, especial ly

at the higher windspeed. Again the best agreement i-s

obtained at wind direct ions of about 210"N.

Comparisoris between the measured and predicted wave

heights for different windspeeds are shown in

Figures'12 to 20 fot  wind direct ions of 245" (close to

the aligrunent of the main axis of the reservoir -

240 'N) ,  and 215o and 285 'N.  Not  a l l  compar isons  are

included in this report ,  only those which serve to

amplify or to clarify the observations noted from the

eomparisons of the different methods when examining

the effects of wind direct ion.
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5.3 .  1  SMB/Sav i l1e  ne thod

Figure 12 shows the comparj-son between measured and

predicted wave height at  a wind direct ion of 245'N.

General ly the l ines of predicted and measured waves

are very nearly para1}eI,  but v i th the predicted wave

heights about 0.03m greater than measured. For wind

direct ions of 215o an 285'N (Figs 13 and 14) the

agreement is much worse, mainly because predicted wave

heights are fair ly symmetr ical  about the direct ion of

the reservoir 's main axis whereas the measured data

has a pronounced skewness. Consequently lrave heights

are underpredicted at 215oN, and over predicted at

2 8 5  0  N .

5 .3 .2  JONSWAP methods

Figure 15 shor+s the comparison between the measured

and predicted wave heights for a wind direct ion of

245"N, and for the three di f ferent JONSWAP predict ion

methods tested (JONSWAP/SF, JONSEY/2 and JONSEY/30).

In general ,  JONSEY/2 glves a considerable

underpredict ion of wave hei-ghts at al l  windspeeds,

with increasing error both in absol-ute and percentage

terms at the higher r,rindspeeds. On the other hand,

JONSWAP/SF overpredicts wave heights at alrnost all

windspeeds, on average by about 0.09m. JONSEY/30

gives rnuch better agreement with the measured data,

although there appears to be some tendency to

underpredict slightly the wave heights at very high

vindspeeds. This tendency is probably exaggerated by

the relatively high waves measured at a windspeed of

Z\m/s, but even i f  this data point is dismissed the

underly ing trend is st i11 present.

Figures 16 and 17 show the compari-sons at 215oN and

285'N. At 215oN, al l  three methods give very sini lar

results,  with considerable underpredict ion of the vave

22



5 .4  D iscuss ion

heights rneasured at this wind direct ion. At 2B5oN,

JONSWAP/SF and JONSEY/30 give almost identical

underpredictions, whereas JONSEY/2 happens to give

fairly good agreement, although this is probably

largely coincidence.

5 .3 .3  Done lan  rne thods

Figure 18 shows the comparison between the measured

and predicted wave heights for a vind direction of

245o fot the two different Donelan methods employed,

namely DONELAN and DON/JON. Both Donelan methods show

a very considerable overpredict ion of wave heights,

with the original DONELAN method giving increased

er rors  a t  la rge  w indspeeds.  A t  215 'N,  F igure  19 ,  bo th

Donelan methods give better agreement than any of the

other methods tests.  At 285oN, Figure 20, the Donelan

methods give a substantial overprediction of wave

he igh ts .

Probably the most surprising feature of the r.rave

measurements obtained in Megget Reservoir was that

for a given windspeed the largest waves were not

caused by winds blowing along the reservoir 's main

axis al igned at about 240'N. For wind direct ions of

about 175-215'N the waves were signi f icant ly larger.

None of the wave prediction methods which were tested

could reproduce this feature, and for a given

windspeed all gave maximum wave heights for vind

d i rec t ions  c lose  to  240oN.

For winds blowing close to 240'N, the SMB,/SaviI le

method gave reasonably good agreement, which is

perhaps not surprising since this method was very

extensively tested and calibrated against wind and

wave measurements in US reservoirs. However, this

method uses rather old vave predict ion formulae, and

many people have argued that with the modern JONSWAP
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6 .1

COMPARISONS AT

LOCH GLASCARNOCH

Bas is  o f

comparison

formulae Savi l lers effect ive fetch concept is not

necessary, and a straight fetch should be used. This

argurnent is not borne out by the Megget data where the

JONSWAP/SF method significantly overpredicts wave

he igh ts .

Both Savi l le 's and Seymour's concept of ef fect ive

fetch are based on a cos20 distr ibut ion of wave

energy, with the fetch length based on a weighted

average over about +45o. The method of weight ing

differs between the two methods, but the JONSEY/2

method shovs a substantial underprediction of wave

height.  The JONSEY/30 method, which uses Seymour's

basic concept,  but v i th a cos30O wave energy

distribution, gives much better agreement vith the

measured data. With this method, the fetch length is

a weighled average over about t l5o. Both of the

Donelan methods vhich vere tested gave signi f icant

overpredict ions of vave height.

After completing the comparisons between measured and

predicted wave helghts at Megget Reservoir, it was

decided that only 4 methods of prediction should be

used in the cornparisons with the Loch Glascarnoch wind

and wave data. These 4 methods were

(a) SMB/SaviI le (sMB/s)

(b) JONSWAP straight fetch (JONSWAP/SF)

(c) JONSEY cos3oO distr ibut ion (JONSEY/30)

(d) Donelan/JONSWAP method (DON/JON)

For the Loch Glascarnoch data, Tables 15-20 shov the

mean value of significant wave height for each vind
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speed and each wind direction. The four wave

predict ion formulae were f i rst  used to calculate

significant vave heights for the same values of

windspeed and wind direction as used in these tables.

However,  because Loch Glascarnoch is rather narrow,

the longest fetch exists only over a very narror,/ range

of direct ions (296-304"N) .  For wi-ndspeeds of 295,

305, 315oN etc i t  was found that some of the

prediction methods cornpletely ignored this long fetch.

The predictions were therefore repeated at wind

d i rec t ions  o f  290,  300,  310oN e tc .

For each wave prediction method,

prepared showing the comparison

calculated wave height

(a )  fo r .  a  range o f  d i rec t ions

(b) for a range of windspeeds

plots were then

between measured and

given windspeeds

given direct ions.

a t

4 L

6 , 2  E f  f e c t  o f

d i rec t ion

wind

A large number of plots were produced, but only a

representat ive select j -on are included in this report .

Comparisons between measured and predicted wave

heights for different vind directions are shown in

Figures 22 to 29 at standard windspeeds of B and

L4m/s. A11 the prediction methods produce maximum

values of s igni f icant wave height at  about 300oN'

close to the al ignment of the reservoir  (303"N). The

measured data shows litt1e consistency in the

direct ion of the wind causing the largest waves.

6 .2 .L  SMB/Sav i1 le  methods

Comparisons of the measured

predicted using this method

and 23 for windspeeds, of 8

At both nindspeeds and for

wave heights and those

are shown in Figures 22

and 14mls respect ively.

almost al l  wave direct ions
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6 . 3  E f f e c t

speed

of wind

the predictions are noti-ceably lower

wave heights.

than the measured

6.2.2 JONSWAP methods

Figures 24 and 25 show comparisons with measured data

dt windspeeds of B and L4m/s respecti.vely for

predictions made using the JONSWAP,/SF method, while

Figures 26 and 27 show the comparison with JONSEY/30

predict ions. The straight fetch method (JONSWAP/SF)

gives fairly good agreement at both windspeeds when

the wind direct ion is closely al igned with the axis of

the reservoir  (about 300oN). However for al l  other

wind direct ions there is a ser ious underest inate of

rtrave heights. The JONSEY,/3O nethod on the other hand

gives substant ial-  underpredict ions for al l  v indspeeds

and wind direct ions.

6.2.3 DoneIan,/JONSWAP methods

Figures 28 and 29 show wave height predict ions

produced by the DON/JON methods, compared with

measured signi f icant vave heights, at  windspeeds of 8

and 14mls respect ively.  At the lower windspeed, the

agreement between measured and predi-cted wave heights

is fair ly good for aI1 direct ions. At the higher

windspeed the DON/JON method tends to overpredict the

measured wave height for most direct ions.

Although comparisons betlreen the measured and

predicted wave heights for di f ferent windspeeds were

drawn for several  di f ferent wind direct ions, only

those for a wind direct ion of 300'N, close to the

al ignment of the axis of the reservoi-r ,  are reproduced

here. Figures 30 to 33 show the comparison between

the measured vave heights and predicted heights for

z o



6 .4  D iscuss ion

the SMB/S, JONSWAP/SF, JONSEY/3O and DON,/JON methods

respectively. As errpected from the wind direction

plots discussed earl ier,  poor agreement is observed at

all windspeeds for both the SMB,/S and JONSEY/30

methods. The agreement for the JONSWAP/SF is fairly

good, but this is rather deceptive because the

predicted wave heights fall off very sharply for wind

directions only about 5o avay from the reservoir

alignment. The agreement for the DON/JON rnethod is

also quite good, as i t  is also for qui te a wide range

of direct ions.

Because Loch Glascarnoch is rather long and narrow,

wave heights would be expected to peak for wind

direct ions direct ly along the axis of the reservoir ,

and to fall away for other wind directions. The

measured wave data is not ent i rely consistent,  but i t

appears' to show almost constant wave heights over a

fair ly large range of r^ ' ind direct ions especial ly at

lovrer windspeeds. 0f the four prediction methods

examined, the DON/JON method lras the only one which

gave a similar behaviour. The DON/JON method gives a

heavy weighting to the fetch length which corresponds

to the wave direction rather than the r*ind direction:

in a long narrow reservoir  the Donelan method wi l l

almost always give a vave direction close to the

alignment of the main axis of the reservoir.

Consequently, although the longer fetch lengths in

Loch Glascarnoch exist only over a very narrow range

of  d i rec t ions  (296 to  304"N) ,  the  Done lan  method is

biased heavi ly tovards this fetch length for a fair ly

rvide range of direct ions. In direct contrast,  6oY

straight fetch method bases i ts predict ions on the

largest fetch lengths only for wind direct ions of

about 295-305"N, and completely ignores that fetch for

other wi-nd direct j -ons. Consequent ly the predicted
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vave heights decrease very sharply for directions only

slightly outside the range of the longest fetches.

Both the SUB/S and the JONSEY/3O methods are based on

a vei-ghted average of fetch lengths, with the heaviest

weighting being given to the feteh length

corresponding to the wind directj.ons. The SMB/S takes

a weighting over about +45o from the vrind direction,

compared to about +15o for the JONSEY/30 method. In a

long narrow reservoir  the effect ive fetch lengths

determined by these methods of averaging would be very

dif ferent:  the fact that they tend to give rather

sj-milar results for winds acting along the axis of

Loch Glascarnoch is presumably due to the

counterbalancing differences in the SMB and JONSWAP

wave predict ion formulae used.

7  DTSCUSSIoN OF

OVERALL RESULTS

7.1  Compar ison o f

reservoirs

The comparisons which have been made betveen the vrave

height predictions and measurements have yieJ.ded quite

di f ferent results for the two reservoirs.  Before

discussing these results further,  i t  is probably

worthwhile recalling the differences betveen the two

reservoirs. Megget reservoir has a maximum feLch

length of 3850 metres from the location of the wave

rider buoy, occuring along the direct ion 243oN.

However at direct ions outside the range 232 to 251oN

the fetch length is reduced to less than half  the

maximum. 'At Glascarnoch the maximum fetch length is

greater (6345 metres at 303oN) but the range of

direct ions having long fetches is srnal ler,  with fetch

lengths reducing to less than half the maximrun for

direct ions outside the range 296-304'N.
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In Megget Reservoir, the wave rider buoy was 25Om from

the riprap protected sloping face of the dam, and

there was evidence of waves reflecting off the dam

face and reaching the waverider buoy. The measured

wave steepness suggested that the measured wave

heights should be reduced by about 20% on average'

vhich vas done. The waverider buoy in Loch

Glascarnoch vas 760m from the vert ical  faced

dressed-stone dam, but there was evidence of

signi f icant wave ref lect ions reaching the waverider

buoy for shorter wave periods. Deductions ranging

from 4l% fot 2.1s waves to 0% for 3.3 second waves

trere therefore rnade to this measured data.

The waverider buoy in ilegget Reservoir was deployed

for just over 12 months: af ter omit t ing those periods

vhen wind speeds were less than 10m,/s, and after

abandoning those records with mean zero-crossing wave

per iods  o f  less  than 2 .1  seconds,  a  to ta l  o f  2375

mean-hourly records of wind and lrave conditions was

avai lable for analysis.  These covered quite a wide

range of wind directions, and with maximum windspeeds

up to 30m/s. fhe Glascarnoch buoy was deployed for a

shorter per iod, amounting to 8 months in total .  After

al lowing for storms vhich were missed because of

malfunctj-ons of the equipment, and after omitting

those records with rnean wave periods of less than 2.1

seconds, a total of 426 mean-hourly records of wind

and wave conditions was available. This is much less

than at Megget, and the range of windspeeds was also

much less, with a maximum windspeed of only l8m,/s.

Analysis of the vave heights and wind directions at

Megget Reservoir yielded the very surprisi-ng results

that for a given windspeed wave heights did not reach

a maximum for vind directions along the axis of the

reservo i r  (243"N) ,  bu t  fo r  w inds  f rom about  175-215 'N-

In this matter the Glascarnoch data vas not very
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7.2  D i rec t iona l

var iat ion in

wave heights

consistent, but it appeared to show very littl.e

dependence of wave height on vind direction, at least

not lrithin the range of directions which vrere

recorded (125" of the reservoir  axis).

For a given vindspeed, all 6 vave prediction methods

which were examined produced maximum wave heights for

wind directions close to the alignment of the main

axis,  for both reservoirs.  In both reservoirs also

the rate at which predicted wave heights reduced as

the wind direction moved away from the main reservoir

alignment depended very much on the fetch-averaging

techniques used by the di f ferent predict ion methods.

As r+ould be expected, the rate of reduct ion was quite

slow for fetch-averaging techniques based essent ial ly

on a cos2O distr ibut ion of wave energy about the wind

d i rec t ion  (SMB/Sav i l1e ,  JONSEY/2) ,  vh ich  imp l ies  a

weighted averaging procedure over about +45o. The

rate of reduct ion is also quite slorq for the

Donelan/JONSWAP method, vhich also depends on a type

of cos2O funct ion. At the opposite extreme, the

method based on the straight fetch measured along the

wind direct ion (JONSWAP/Straight fetch) gives a very

rapid reductibn as the wind direction moves away from

the central  axis.  fhe rnethod based on the cos3oO

distr ibut ion (JONSEY/30) also gives quite a rapid

reduction, with the ori.ginal Donelan method giving a

slower reduct ion.

Although the measured wave data from the two

reservoirs is not part icular ly conclusive, i t  appears

that wave heights in long narrolr reservoirs do not in

fact depend very strongly on wind direct ion, at  least

for direct ions vi thin about +30o-40o from the central

axis.  This suggests that the ideal predict ion method

wil l  probably be based on something l ike a cos20 wave

3 0



7 .3 Estimation of

wave heights

energy distribution, rather than the much narrower

cos3oO or straight fetch assumptions. This would

appear to rule out methods similar to JONSWAP,/SF or

JONSEY/30 which have been examined in this study.

The various methods examined which use some form of

cos20 funct ion are SMB./Savi1le, the or igi-nal

JONSWAP/Seymour method, and Donelan's method. In the

SUB/Savi l le method, the fetch lengths are measured

over d. i rect ions within 45o of the wind direct ion, and

a weighted fetch length is calculated. This fetch

length is then introduced into the SMB wave prediction

formula. The weighting method is such that even for

vinds blowing along the central  axis,  the effect ive

fetch in a long narrow reservoir  j -s less than half  the

reservoir 's length, the exact rat io depending on the

length/vidth rat io of the reservoir .  Hovever some

people have argued recently that the SMB wave

predict ion formulae great ly exaggerate wave heights at

fetch lengths typical  of  reservoirs,  s ince the

formulae were developed from measurements in the open

oceans with long fetch lengths. Certainly,  in

comparison vith the JONSWAP formulae, for the same

windspeed and fetch length the SMB formulae give wave

heights varying betr^ieen about 15 and 65% larger for

fetch lengths typical  of  reservoirs ( f ig 1, Ref 1) .

I t  is therefore argued that Savi l le 's effect ive fetch

concept for reservoirs,  giv ing effect ive fetches

noticeably shorter than the real fetch (for winds

along the reservoir  axis) is s imply a correct ion

factor to compensate for the basic inaccuracy of the

SMB forrnulae. If this is indeed the case, then the

SMB/Savi l le method vould not necessari ly be expected

to give good agreement vith measured data for all

fetch lengths, fetch length/width rat ios, and

windspeeds. Thus, al though i t  may have vorked vel l
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for the 3 American reservoirs where it was calibrated,

i t  would not necessari ly work ve11 for reservoirs of

di f ferent size or shaoe.

For the Megget Reservoir, the agreement between

measured and predicted wave heights, using the

SMB/Savi l le method, is actual ly qui te good - better

than any of the other methods in fact. However for

Loch Glascarnoch, which is both longer and relat ively

narrower, the SMB/Savi1le method serj-ously

under-predicts wave heights, perhaps over-correct ing

for the exaggerated predict ions of the SMB formulae.

In the original JONSWAP/SEYMOUR method, the wave

energy is calculated along each fetch direct ion within

90o of the wind direct ion, using the component of

windspeed along that fetch di-rection as input to the

JONSWAP wave prediction formulae. The total wave

energy is then obtained from a veighted summation of

the individual fetch wave energies. The effect ive

fetch length which can be deduced from this method

varj-es wj- th the windspeed, but again for long narrow

reservoirs is typical ly less than about 70% of the

reservoir  length, even for winds blowing along the

central axis. The JONSWAP/SeJrmour method was

original ly cal ibrated against measurements in coastal

inlets. However the measurements i-n both Megget and-

Glascarnoch Reservoir ,  which both have a larger fetch

length,/ fetch vidth rat io than the coastal  in lets,  show

that the JONSWAP/Se)rmour method seriously

underpredicts wave height.s in reservoirs.

In the Donelan method, the fetch length is always

measured along the wave direction, not along the wind

direction, and the vind speed component along the wave

direction is used in any wave prediction formulae. In

a long narrow reservoir ,  Donelan's method of

calculat ion is such that the vave direct ion is very

3 2



CONCLUSIONS

close to the central  axis of the reservoir  for al l

wind directions within about t80o of the axis. For

winds blowing directly along the axis, this means that

the full windspeed U and the maximum fetch length F*

are used for r+ave predictions. For winds bloving at

an angle to the axis, the maximum fetch length and

UcosO are used, where O is the angle between wave

direct ion and wind direct ion.

The Glascarnoch measurements showed fairly good

agreement between the measured wave heights and the

predictions made by the Donelan,/JONSWAP method.

Donelanrs or iginal  method was not examined in detai l

at Glascarnoch, but would have given predicted wave

heights slightly higher than the Donelan/JONSWAP

method for winds along the reservoir  axis,  and

slightly lower for vind directions well away from the

ax is .

The measurements in Megget Reservoir shoved that the

original  Donelan method, using Donelan's own

predict ion formulae, grossly overpredicted the

measured vave heights. Using Donelan's concept with

the JONSWAP vave prediction formulae gave better

agreement,  though there was st i l l  a signi f icant

overpredict ion, typical ly about 25%.

Six di f ferent methods have been used in a eomparison

of predicted wave heights and measured wave heights

obtained in an earl ier study of Megget Reservoir .  In

addition, wind and vave measurements were carried out

specificaltry for this study in Loch Glascarnoch

reservoir ,  and compared with predict ions. Loch

Glascarnoch is abouL twice as long as Megget

Reservoir, but about the same vidth.
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Analysis of the vrave heights and wind directions at

Megget Reservoir  y ielded the very surpr is ing results

that for a given windspeed wave heights did not reach

a maximum for wind directions along the reservoj-r

axis, but for vinds about 30-60" off the main

alignment. The Glascarnoch data was not very

consistent in this respect,  but i t  d id not appear to

show much dependence of vave height on wind direction,

at least not within the range of direct i -ons recorded.

For a given windspeed, all six wave prediction methods

vhich were examined produced maximum \,rave heights for

vind directions close to the alignment of the main

axis,  for both reservoirs.  The rate at which the

predicted wave height reduced for other vind

directions depended very much on the fetch-averaging

techniques used by the di f ferent predict ion methods.

Compared rvith the measured variations of wave height.

with wave direct ion, i t  seems very 1ike1y that the

ideal predict ion method would be based on something

like a cos20 wave energy distribution about some

central vave di-rection.

None of the six wave prediction methods which were

examined gave particularly good agreement with the

measured wave height for all windspeeds and directions

in both reservoirs.  In Megget Reservoir  the or iginal

SMB/Saville nethod gave the best agreement of the

methods examined, but the same method seriously

underestimated wave heights in Loch Glascarnoch. In

Loch Glascarnoch, the modified Donelan/JONSWAP method

gave the best agreement, but this method signifi-cantly

overest imated wave heights in Megget Reservoir .

The main conclusion of this study must therefore be

that none of the available wave prediction methods can

be rel ied upon to produce accurate est imates of the

vave heights in reservoirs of s imi lar s ize and shape

5 4



to Megget Reservoir and Loch Glascarnoch. 0f the

methods which have been examined in this study, the

Donelan/JONSWAP rnethod is probably the best: it gives

fairly good agreement for a wide range of vind

directions, and any errors in predicted wave heights

are l ikely to be on the high side, leading to a safe

design.
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APPENDIX .





Alternat ive def in i t ions

It is not inrnediately obvious why the predominant wave

direction should correspond to the maximum value of

peak wave peri-od, rather than the maximum wave energy

(and hence wave height).  In addit ion, Donelan's wave

formulae di f fer f rom al l  other modern formulae, of

which the JONSWAP formulae are probably the most

widely used. The product which has to be maximised

will differ depending on which alternative assumption

is  used,  as  fo l lows:

"o" 
{o*-r) o' 54

"o" 
{o*-r)  o '40

"o"  {o* - r )  1 '24

"o" 
{o*-r)  1 'oo

F  0 .23
?

F  0 .30
P

-  O . 3 8
r

P

F  0 .50
p

(maximum

(maximum

L,v

T. ,
v

Donelan forrnulae)

JONSWAP forinulae)

(maximum H", Donelan formulae)

(maximum H", JONSWAP formulae)

In many situations the predominant wave directions

wi l l  in fact be very simi lar whichever of these

assumptions is used, but i -n this report  Lhe second

assurnption has been adopted throughout the

calculat ions, ie maximising the peak period using the

JONSWAP wave prediction formulae.





APPENDIX

Calculatlon of predomlnant wave direction

In Donelanrs meLhod of wave predict ion, the fetch

length is defined along the wave direction rather than

being based on the wind direct ion. Moreover,  the

windspeed to be used for wave predict ion is the

component along the wave di-rection. Wave conditions

can therefore only be predicted if the predominant

wave direct ion can be calculated.

According to Donelan, the predominant wave dj-rection P

corresponding to a given wind direction O* is that

nrave direct ion which gives the greatest value of TO,

the wave period at the peak of the energy spectrum.

Using Donelan's own wave formulae, peak period is

obtained from the expression

where

v

t -p

0 .541  60 '23

gT/ LU cos (o*-r) J

r = gr' / ltJz cos 2 (o-_-p) l
I ' w

F- = fetch length along the wave direct ion
P

Rearranging this expression gives

, n  =  0 .541  g -0  ' 77  u0 '54  
"o " (o * -e )0 '54  

FpO '23

For a given windspeed, the largest value of Tn is

therefore obtained rrhen the product
^  ( , f .  o . 2 3cos (o -p) " ' ' -  F reacnes r- f , ,s maxlmum.- w  -  

P

For an irregularly shaped fetch area the predominant

wave direction can only be determined by trial and



1 .

error.  For a given vind direct ion, the var ious steps

involved are as fol lows:

Mark out fetch rays from the wave prediction

point for all directions within 190o of the wind

direct ion. Any angular spacing can be used, but

about 5o vould be sui table in most reservoir

app l i ca t ions .

Measure off  the fetch lengths along each ray.

The angular spacing betveen rays need not be

uniforrn: smalLer increments can be used vhen

fetch lengths are changing rapidly with

direct ion, and larger increments vhere the fetch

Iength is almost constant.

For each fetch ray within +90o of the wind

direct ion calculate the value of the requi-red

p r o d u c t  [ e g  c o s ( o * - r ) 0 ' 5 4  F e o ' t t ) .  r d e n t i f y  t h e

maximum value of this product, the fetch ray

direct ion at which i t  occurs, and the fetch

length at that direct ion. For the given wind

direct ion, this fetch ray di-rect ion represents

the predominant wave direct ion.

Repeat the calculations for different wind

directions, and prepare a table showing the wind

direction, predomj-nant wave direction, and the

fetch length corresponding to that wave

direct ion.

Although tedious, these calculat ions are very

straightforvard, and can easi ly be accomplished on a

personal computer. Note also that they have to be

performed only once for each reservoir .

2 .

3 .

4 .




