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Introduction

In this article, we outline the ro le of the Earth’s rota-
tion in modi fying curre nts in inlan d waters . The first
investi gation into these dynami cs was co nducted
by Lord Kelvi n in the nineteent h centur y, an d the
analyt ical model he develo ped is still useful in
descr ibing some of these dynamics today. More
recen tly, theoretical develop ments, labora tory experi-
menta tion, and field meas urements have allo wed for
the develo pment of a relativel y complet e picture of
the role of the earth’s rotat ion in inland wat ers.
It is important to note that the effect of the earth’s

rotation on currents in stratified lakes is predominantly
through periodic, oscillatory motions such as gravity
waves and vorticity waves, which will be defined later.
It is not possible to discuss one without the other, and so
in this article we discuss both waves and the currents
they induce simultaneously, remembering that waves
can be identified through fluctuations in potential
energy (typically measured as thermocline or isotherm
oscillations) or kinetic energy (typically measured
as currents). It is therefore essential that the reader
has a good understanding of the material presented in
the preceding article. We follow on from this material
by investigating how the wind induces motion in
large lakes, where the rotation of the earth cannot be
ignored.
We begin by defining sever al paramete rs that will

assist in descr ibing the impacts of the earth’s rotat ion.
The most important pa rameter is the Coriol is pa ram-
eter (or the iner tial freque ncy)

f ¼ 4p
T

sin y ½ 1�

where T is the peri od of rotation of the earth (1 day or
86 400 s), y is the latitud e, and the units of f are
radia ns per second. This param eter is zero at the
equator (me aning that the eff ects of the eart h’s rota-
tion on intern al waves and currents can be ignore d at
the equator ), an d reache s a maxi mum va lue at the
poles . The inerti al pe riod is defin ed as

TI ¼ 2p
f 

½ 2�

which is infini te at the equator, and has a mi nimum
value of 12 h at the poles . We also defin e the Ross by

radius of deform ation

R ¼ c

f 
½ 3�

where c is the celerity (spee d) of long gravi ty waves in
the water body of interes t, where we define long
waves as those whose wave length is far greater than
the water depth. For surfa ce (‘ba rotropic’) waves
c ¼ ffiffiffiffiffiffi

gH
p

, wher e g is the gravi tational consta nt
(9.8 m s � 2) and H is the water dep th, as de scribed in
the prece ding article.

Note that it is possible to repre sent a stratifi ed
system as an equiva lent dep th of homogeno us fluid
so that the internal (‘ba roclini c’) dyn amics can be
repre sented by the same eq uations. For example, for
a two-layer stratification, we can define the equiva-
lent depth as

He ¼ r2 � r1
r2

h1h2
h1 þ h2

½4�

where r is the density and h the depth and the sub-
scripts refer to the upper and lower layer. This allows
for simple definition of the barotropic phase speed
as c ¼ ffiffiffiffiffiffi

gH
p

, and the baroclinic phase speed as
ci ¼ ffiffiffiffiffiffiffi

gHe
p

, and also allows us to define an internal
Rossby radius of deformation that applies to barocli-
nic processes (those due to stratification) as

Ri ¼ ci
f

½5�

The equivalent depth can also be defined for
a continuous stratification, using cm in eqn. [17] dis-
cussed later in this chapter.

We also define the Burger number

S ¼ R

L
½6�

where L is a length characterizing the basin length
and/or width and R can represent either the Rossby
radius or the internal Rossby radius. This dimension-
less number is used to help classify both vorticity and
gravity waves, and has been called by various names
in the literature, such as the stratification parameter
or nondimensional channel width. It is simply the
ratio of the length scales at which rotation effects
become important to the length scale of the lake in
question, so for S ! 0 rotation is very important for
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the dynamics, and for S!1 rotation can be ignored
as the lake is physically small. Note that there is no
abrupt transition, where the effects of rotation are
suddenly felt at S¼ 1, but a gradual transition – this
will be discussed later in this article.

Governing Equations

The dynamics described herein are based solely on the
linear inviscid equations of motion for a homogenous
fluid. The x-momentum, y-momentum, and conser-
vation of mass equations are

@u

@t
� fv ¼ �g

@�

@x
½7�

@v

@t
þ fu ¼ �g

@�

@y
½8�

@�

@t
þ @

@x
ðHuÞ þ @

@y
ðHvÞ ¼ 0 ½9�

where � is the height of the water surface above
equilibrium,H is the water depth, and f is the Coriolis
parameter. The momentum equations listed here are
nothing more than the application of the Newton’s
famous equation F¼ma, where the terms on the left-
hand side represent acceleration terms (unsteady and
Coriolis, respectively), and the term on the right-hand
side represents the restoring force due to gravity. The
same equations can be applied for barotropic and
baroclinic motions, where for the baroclinic case,
we replace the actual water depthH by the equivalent
depth He described earlier.
In describing the effects of the earth’s rotation on

currents in inland waters, we consider two classes of
motion based on the above equations. As we are
interested in rotational effects, we first assume
f 6¼ 0, such that we are sufficiently far away from
the equator. For the first class of motions, which we
will term ‘gravity waves,’ we also assume that the
body of water under consideration is sufficiently
small such that f can be considered constant (i.e.,
the lake is at a constant latitude) and that the bottom
is flat, and therefore the restoring force is due to
gravity only. For the second class of motions, which
we will term ‘vorticity waves,’ we assume f is constant
as for gravity waves, but we allow for variable water
depth. This variable water depth allows for waves
that arise due to the conservation of angular momen-
tum. Dynamically, the second class of motions have
similar characteristics to planetary Rossby waves in
the ocean and atmosphere (i.e., where the latitude is
not considered constant). In most cases, gravity
waves dominate the dynamics of lakes and hence are
explained later in detail. Only a brief summary

description is given of the dynamics of vorticity
waves, and for additional information the reader is
referred to the references in Further Reading.

Gravity Waves

Of the two classes of periodic motions outlined ear-
lier, gravity waves are the most well-studied and best
understood in inland waters. We will consider only
linear waves, that is, motions where the amplitude
of the oscillations of the thermocline is small com-
pared with the depth of the surface and bottom layer.
This is not a major restriction on the analysis, as the
inclusion of nonlinear effects has been shown in most
cases to require only a minor correction to the linear
approximation. In this article, we focus on cases
where the Burger number is �1, such that rotational
effects can be expected. For surface (barotropic)
waves, this would typically require lakes of more
than 300 km width, of which there are very few.
For baroclinic motions, where the phase speed c is
far less than for barotropic motions, there are many
lakes in which the Burger number is �1. For typical
values of the baroclinic internal wave phase speed
(0.05–0.4m s�1), the internal Rossby radius is
�1–5 km (Figure 1), indicating that internal gravity
waves in lakes of this scale (or larger) should experi-
ence the rotational effects of the earth. Note also that
unlike the barotropic phase speed, which depends on
water depth alone, the baroclinic phase speed varies
as a function of stratification and so changes through
the year. Rotation may therefore play a more impor-
tant role in the internal wave dynamics during the
strongly stratified period when the internal Rossby
radius (and therefore the Burger number) are minimal
than at other times of the year.
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Figure 1 Internal Rossby radius as a function of latitude for

several internal wave speeds. For horizontal length scales similar

to or greater than the internal Rossby radius, rotational effects
should be observed.
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To underst and the form of these motio ns in inl and
waters , it is instruct ive to build up our knowl edge
from simpler systems . We begin in a rotat ing system
without bounda ries, such as in the midd le of the
ocean far from the co ast, where the classi c gravity
wave solutions are called plane progres sive Poincar é
waves. The ampl itude ( � ) and veloc ity structure ( u,v)
associat ed with these wave s can be descr ibed by

� ¼ �0 cosðkx � o t Þ ½10�

u ¼ ðo �0 =kH Þcosðkx � o t Þ ½11�

v ¼ ð  f �0 =kH Þsin ðkx � o t Þ ½12�
where u is the veloc ity in the dire ction of propagat ion
of the wave, v is the velocity in the trans verse direc-
tion, �0 is the maxi mum ampl itude, k is the wave
number ( ¼2 p/l, where l is the wave length), o is the
wave frequen cy (¼ 2p /T, where T is the wave perio d),
H is the water depth (or equiva lent water dep th He

for an internal wave), and f is the inertial freque ncy.
The fluid particle traject ories (in plan view, as the
vertica l motion is small due to the linear wave
assum ption) are ellipses with majo r axes in the direc-
tion of propagat ion, with the ratio of the ellips e axes
equal to o= f and the dire ction of rotat ion anticy-
clonic (i.e., oppos ite to the dire ction of rotation of
the eart h). For short waves, which have high fre-
quency, o=f is large and so the traj ectory ellipses are
long a nd thin. Long wave s are the opposit e, with o =f
appro aching one a s the wave freque ncy is low and
therefore the particl e track s are cir cular and trac e
out the well-know n ‘inert ial circles’ in the ocean
( Figure 2). The radius of these circula r trac ks is U =f ,
which can be refor mulated using eqn s. [11] and [12]
as �0 =kH .
An important aspect of the dynamics of internal

waves influenced by the earth’s rotation is that energy
is generally not equally split between kinetic and poten-
tial forms. For the plane progressive Poincaré wa ve
(Fi gu re 2 ), the mean kinetic energy per unit area is

KE ¼ 1

4

o 2 þ f 2

o 2 � f 2

� �
r g �  20 ½ 13 �

where r is the water density, and the potential energy
pe r uni t a re a i s

PE ¼ 1

4 
r g �  20 ½ 14 �

such that the ratio of potential to kinetic energy is

PE

KE 
¼ o 2 � f 2

o 2 þ f 2 
½ 15 �

This indicates that waves with a frequency much
greater than the inertial frequency will have a potential

to kinetic ratio approaching one (as in the nonrotating
case where f! 0), and that waves close to the inertial
frequency will have close to zero potential energy signal
(such as the wave shown in Fi gu re 2 ). This has implica-
tions for measurement of these waves, as they will only
generally be observed by current measurements (a mea-
sure of kinetic energy) and not by fluctuations in strati-
fication (a measure of potential energy variation).

The introdu ction of a bounda ry allows for the
existenc e of Kelvin wave s. The classi cal Kelvin wave
solution is one in which the velocit y perpendi cular to
the shore is considered to be zero (Figure 3). These
waves prop agate paral lel to the bounda ry wi th the
maximum amplit ude at the shore, where the waves
crests to the right (in the Northern Hemis phere) when
looki ng along the direction of pro pagation. The
amplit ude decreases expon entially offsho re at a rate
equal to the Ross by radius of deform ation R ,

� ¼ �0e
�y=Rcosðkx � otÞ ½16�

where x is both the alongshore direction and the
direction of propagation, and y is the offshore direc-
tion (Figure 3). Note that the phase speed of the wave
is c ¼ ffiffiffiffiffiffi

gH
p

, the same as for a wave in a nonrotating
system. Current vectors, by definition, are rectilinear
and oscillate in the alongshore direction only. As with
waves in a nonrotating frame, the ratio of potential to
kinetic energy is unity. For internal Kelvin waves, the
dynamics are the same, except that the baroclinic
phase speed applies and the wave amplitude decreases
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Figure 2 A long plane progressive Poincaré wave, in an infinite

ocean, where o�f. Note the rotation of the current vectors is
opposite to the direction of the earth’s rotation. Reproduced from

Mortimer CH (1974) Lake hydrodynamics. Mitt. Int. Ver. Theor.

Angew. Limnol. 20: 124–197, with permission from

E. Schweizerbart (http://www.schweizerbart.de/).
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exponentially offshore with the internal Rossby
radius of deformation Ri.
The introduction of a second boundary signifi-

cantly complicates the waves supported in a rotating
system. A channel (defined as two parallel walls with
open ends) is able to support progressive Poincaré
waves, made up of an obliquely incident plane pro-
gressive Poincaré wave with its reflection, and stand-
ing Poincaré waves, consisting of two progressive
Poincaré waves traveling in opposite directions.
These waves consist of cells similar to those presented
in Figures 2 and 3, however the velocity at the border
of each cell approaches zero. Closing a basin, and
therefore creating a ‘lake,’ significantly complicates
the wave field. For a rectangular basin, due to the
complexity of the corners, an incident plus a reflected
Kelvin wave is required along with an infinite number
of Poincaré waves of the same frequency to satisfy the
boundary conditions. Far simpler solutions can
be found by assuming lakes to be represented by
circular or elliptical basins of uniform depth, which
we will use in the following discussion. As outlined
earlier, a key nondimensional parameter controlling
this response is the Burger number S. Based on this
parameter, it is possible to determine the wave fre-
quency for both circular and elliptic basins, the ratio
of potential to kinetic energy in the wave response,
and the response of a basin to external forcing. We

will also rely on the simplified Kelvin and plane pro-
gressive Poincaré waves described earlier to assist in
interpreting the results.

To understand the spatial structure of the waves
(and the currents they induce) in a rotating system, it
is helpful to consider the two end points: strong rota-
tion (S!0) and no rotation (S!1). For inland
waters, these might also be considered the ‘large
lake’ and ‘small lake’ case. For S!0, in the lake
interior, we might expect plane progressive Poincaré
waves to be present as outlined earlier (Figure 2),
where the frequency approaches the inertial fre-
quency, the current vectors rotate anticyclonically
and the majority of energy is in the kinetic form.
At the lake boundary, we might expect the classical
Kelvin wave solution, where the offshore decay in
amplitude is exponential at a rate R, the velocity at
the boundary is parallel to the shore, the ratio of
potential to kinetic energy is unity and the frequency
approaches zero (Figure 3). Data collected from the
North American Great Lakes support this conceptual
model, with motion in the interior dominated by
near-inertial frequencies and motion at the boundary
appearing in the form of ‘coastal jets,’ which are the
manifestation of the Kelvin wave solution. As the lake
gets smaller (i.e., for S!1), we should expect waves
that are similar to the nonrotating case, where the
ratio of potential to kinetic energy is unity, and the
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Figure 3 A long Kelvin wave progressing in the x-positive direction, with the shore located at y¼0. Channel walls can be

placed vertically at any point of constant y, for example indicated by the planes AB and CD. Reproduced from Mortimer CH (1974)

Lake hydrodynamics. Mitt. Int. Ver. Theor. Angew. Limnol. 20: 124–197, with permission from . . . (http://www.schweizerbart.de/).
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offsh ore decay of amplit ude is no longer expon ential,
and the cu rrent vect ors becom e rectilinear (i.e. , the
ellipses beco me long and thin).
How the charac teristic s of these waves vary as a

funct ion of Burger number an d aspect ratio of the
lake is graphi cally pr esented in Figure 4. The nondi-
mens ional freque ncy o / f and the ratio of pot ential to
kinetic energy are prese nted for analyt ical solutions
to the circula r a nd elliptical basin case for cyclon ic
(Kelv in-type) an d a nticyclon ic (Poincaré -type ) wave s.
Note that the poten tial to kinetic energy ratio s are
integrat ed over the enti re lake, and do not represent
the cha racter at a pa rticular point in space. We first
consi der waves in a circula r basin (wh ere the asp ect

ratio by definition is 1:1). In the strong rotation case
( S! 0), the cyclon ic wave freque ncy goes to zero and
the energy ratio approache s unity. This is the Kelvi n
wave limit for a semi-inf inite bounda ry outlined ear-
lier ( Figure 3). For the an ticyclon ic wave , the fre-
quency ap proaches the iner tial freque ncy and the
energy is pred ominantl y kinet ic – the plane pro-
gressive Poincar é wave solut ion outlined earl ier
( Figure 2). As S increase s, the wave frequency for
both types of wave s increase s and slowl y converg es
as the lake gets small er. The energy ratio for the
anticycl onic wave also increase s and asym ptotically
appro aches unity, the nonr otation limit ( S!1 ). For
the cyclonic wave, the energy ratio increase s to a
maximum of � 1.5, before asym ptotical ly approach-
ing unity as S !1 . Important ly as S!1 these two
solutions have the same charac teristics (frequency,
energy ratio, cross -basin struc ture), except that they
rotate in oppos ite directi ons. They will thus mani fest
themsel ves at high S as a standi ng wave .

The distribu tion of potential (i.e., therm ocline
oscilla tions) and kinet ic energy (i.e., curre nts) in the
basin also chan ges as the importanc e of rotat ion
changes ( Figure 5). For the strong rotation case
( S! 0), the cross-shor e potent ial energy structure of
the cyclonic waves has the expon ential decay asso-
ciated with Kelvi n waves pr opagating along a sho re-
line, wher e we can rewri te eqn. [14] � ¼ �0 e

� y = SL so
that for small S the expo nential decay is rapid relative
to the lake width ( Figure 5(a) ). The kinetic energy
is also predom inantly locat ed close to the shore
( Figure 5(c) ), hence the term ‘coastal jet’ being
applied to these moti ons in the North Ameri can
Great Lakes. As the impo rtance of rotation decreases
( S increase s), there is a strong er signal of the cyclon ic
waves presen t in the interi or. It is imp ortant to note
that for this case, the currents are not parallel to the
bounda ry everywhe re in the lake – next to the sho re-
line they rem ain parallel as in Figure 3; howev er,
toward s the interi or, the cu rrent ellipses becom e
more circular and a ctually rotat e in a cyclon ic direc-
tion. For the anti cyclonic (Poinc aré -type) waves, the
structure changes very little as the im portanc e of
rotation changes ( Figure 5(b) and 5(d) ). Note that as
S!1 , the dist ribution of the potent ial and kinetic
energy in the cycl onic wave ap proaches that of the
anticyclonic wave.

We now consider the impact of changing the
aspect ratio by moving towards elliptical basins from
a circular basin shape. Note that the Rossby radius is
defined in the elliptical basin based on the length of
the major axis, not the minor axis, in Figure 4. The
effect of decreasing the aspect ratio is that the system
approaches the nonrotating case for lower values of S.
Unlike the case of the circular basin, the frequencies of
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each cyclonic and anticyclonic wave pair diverge rather
than converge. In the limit of S!1 , the cyclonic waves
transform into longitudinal seiches, whereas the anti-
cyclonic waves become the transverse seiche solution.
It is for this reason that wind-forcing in the transverse
direction has been observed to more easily generate
anticyclonic, Poincaré -type, waves.

Current Structure and Measurement

As we ha ve made the linear wave assum ption, the
vertica l veloc ities induce d by these motions are
small ; howev er, the hor izontal current structure can
show significant complexi ty both in the horizon tal
and vertica l dimen sion. The co mplexity in the hor i-
zontal dire ction is due primari ly to the presen ce of
bounda ries (and hen ce the horiz ontal struc ture of the
waves), wher eas the vert ical complexi ty is due to both
the strati fication and the vert ical mode.

It is im portant to tie the vert ical pos ition of the
measu rement locat ion with the lik ely motio n that
domi nates the flow. The simple st meth od to deter-
mine the lik ely points of maxi mum displ acement
and maxi mum curre nt is to solve the long linear
internal wave proble m in a rotating syst em

d 2 wm ðz Þ
dz 2

þ N 2 ðz Þ
cm

wm ðz Þ ¼ 0 ½ 17�

where wm is the vertica l veloc ity eigenfun ction for
waves of vertical mode m , z the vert ical dim ension,
N 2 (z ) is the vertical profi le of the squ are of the buoy-
ancy freque ncy,

N ðz Þ2 ¼ � g

r0

@ rðz Þ
@ z 

½ 18�

where g is the gravi tational acceler ation , r0 is a refe r-
ence densi ty (typical ly the maxi mum de nsity), r( z ) is
the v ertical profile of density, and cm is the internal
wave phase speed for the particul ar vertica l mode in
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Figure 5 Radial structure of cyclonic and anticyclonic wave energy distribution as a function of Burger number for a circular lake for
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questio n. This is an eigenval ue prob lem, such that an
infini te number of solutions exist for an infini te num-
ber of vertical modes m . For the case of a con stant N 2 ,
the equatio n has the sinus oidal solution

wm ðz Þ ¼ sin
mp
H

z
� �

½ 19�

um ðz Þ ¼ u 0m cos
mp
H

z
� �

½ 20�

cm ¼ H

mp 
N ½ 21�

where um is the hor izontal v elocity induce d by the
wave an d u 0m is a consta nt. It is quite clear from the
above that the posit ion of maxi mum vert ical displ ace-
ment is offset from the pos ition of maxi mum hor izon-
tal current, which the selection of measu rement
points needs to take into accoun t. Note that the
equiva lent dep th for each vertica l mode in a co ntinu-
ously stratifi ed syst em can be calc ulated as
Hem ¼ c m =

ffiffiffi
g

p 
.

For nonc onstant N 2 (z ), eqn. [17] is relativel y easily
solved numer ically as it takes the form of a
Sturm –Liouville equati on, so from a dep th pro file of
temperat ure a vertica l profile of N2 can be comput ed
and fed into the eige nvalue solve r, whi ch wi ll retur n
both the eigenval ues cm and the eigenvect ors wm.
These eige nvecto rs will indicate which regi on of the
water colum n will exp erience the maximum isoth erm
oscilla tions, and the deriv ate of this eigenvect or with
respe ct to z will give the position of the maximum
horiz ontal veloc ity fluctuations . It is at these loca-
tions that thermistor s and curren t met ers should be
concent rated , respe ctivel y. For most vertica l modes,
concent rating instrum ents in an d arou nd the thermo-
cline is sufficient , except for capturing the veloc ity
signa l of the first vertica l mod e in which curre nt
measu rements are best made eith er near the surface
or bottom .
A key method to lin k currents with the wave

motion descr ibed earlie r is the use of rotary spectra
of curre nts. By analyz ing the differe nt directio n of
propa gation of the curre nts at different depths and
points in space, it is pos sible to underst and not only
the predom inant frequency of osci llation but also the
predom inant direction of rotation. Figure 6 shows
data from La ke Kinnere t in whi ch the basin- scale
wave fie ld is domin ated by a cyclonic vertical mode
one Kelvi n wave of period �24 h, an an ticyclonic
vertica l mode one Poincaré wave of pe riod �12 h,
and an an ticyclon ic vert ical mode tw o Poincar é
wave of period � 22 h. Analysi s of curre nt data col-
lected at this location indicate s that the Kelvin wave
effect on curren ts in the therm ocline (where the 24 � C

isotherm is locat ed) is weak at this station as the
curre nt in the 20–24 h ban dwidth is domin ated by
anticycl onic rotation.

Vorticity Waves

Fro m the above equatio ns, allowin g eith er f to vary as
a funct ion of y (the b-plan e) or all owing H to vary as
a function of x and y allows a similar clas s of wave s to
exist. In the ocean, where f does vary, a class of waves
called Rossby wave s (or planet ary Ross by waves)
exist because of the conser vation of angular
momentum.

In inland waters such as lakes, these effects can be
ignored as they are generally smaller than 500 km and
f can be assumed to be constant. However, variations
in water depthH result in a similar type of wave being
possible, again due to the conservation of angular
momentum. The structure of these motions is typi-
cally more complex than planetary Rossby waves as
variations in water depth can occur in all directions,
whereas variations in f are limited to the north–south

107

106

105

104

103

102

10−6 10−5 10−4 10−3

Frequency (Hz)

S
pe

ct
ra

l d
en

si
ty

 (
(m

2 /
s2

)2
/H

z)

Total
Anti-cyclonic (clockwise)
Cyclonic (anti-clockwise)

Figure 6 Spectra of currents along the 24C isotherm in Lake

Kinneret during summer 1998 at station T3 on the western

margin, showing the total spectrum, the component due to
anticyclonic motion (‘Poincaré waves’), and the component due

to cyclonic motion (‘Kelvin waves’). The arrows denote periods

of 24 and 12h from left to right. Adapted from Antenucci JP,
Imberger J, and Saggio A (2000) Seasonal evolution of the

basin-scale internal wave field in a large stratified lake. Limnology

and Oceanography 45: 1621–1638.
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directi on. In this sect ion, we use the term ‘vortic ity
waves’ to descr ibe these motions, though they are also
called ‘topog raphic wave s,’ ‘vortical modes ,’ ‘se cond
class waves,’ or ‘quasi-g eostro phic waves. ’ These
waves have been observe d in larg e lakes such as
Lake Onta rio, La ke Mic higan, Lake Zurich, an d
Lake Lugano.
The freque ncy of these motions is always subine r-

tial (i.e., less than the inertial frequen cy a t that lati-
tude) , and the freque ncy de pends prim arily on the
topograph y of the basin as it is the topog raphy
(thro ugh the variatio n in H ( x,y )) that causes changes
in angular mom entum . Impor tantly, the freque ncy of
these motion s is not a function of stra tification , and
so does not vary on a seasona l basis . This simplifies
the meas urement of these waves as they are existi ng at
the same frequen cy year-round .
The se waves propa gate their pha se cyclonic ally

(anticl ockwise in the Nort hern Hemis phere) ; how-
ever, the curre nts measured rotat e both cyclonic ally
and anti cyclonic ally dependent on the hor izontal
structure of the wave . The curre nts induce d by these
waves in the bottom layer con sist of a ba rotropic
compone nt only, whereas in the surface layer both a
barotr opic and a barocl inic curren t compo nent exists,
provide d the uppe r layer is relativel y thin than the
lower layer. The exact struc ture of these wave s is
difficu lt to determin e as there are mul tiple solutions
that have similar freque ncies, thou gh it is recogn ized
that the fundam ental modes are the most likely to be
genera ted.

Practical Guide to Measurement of these
Waves

On the basis of the afore mentione d disucssi on, a step-
by-step guide is provide d on the met hod that should
be ap plied when inves tigating these wave s-
Gra vity Waves:

1. Compu te inerti al freque ncy for the latit ude of the
lake in question using eqn. [1].

2. Make a simp le tw o-layer approxima tion to the
stratifi cation, an d compu te the equiva lent water
depth He using eqn. [4].

3. Compu te the inte rnal wave speed using
c ¼ ffiffiffiffiffiffiffi

gHe
p

. Typically this value will be between
0.1 and 0.3 m s �1 .

4. Compute the internal Rossby radius using eqn. [5].
5. Based on the dim ension of the lake, comput e

the Bur ger num ber us ing eqn . [6]. If the lake is
approx imately circula r, use the radius for
the lengt h-scale L . If the lake is approx imately

elliptic al, use the maj or axes half -length for the
length-s cale L . If the Burger number is greater
than 2, rotat ional effect s will be mi nimal. If the
Burger num ber is less than 1, rotational eff ects
will be very im portant .

6. From Figure 4(a), read off the nondim ensional
frequen cy o/f for both the fund amental (lowest
horizo ntal mode) cyclon ic a nd an ticyclon ic wave
for the aspect rati o of your lake.

7. Compu te the an gular freque ncy o from the non-
dimensi onal freque ncy o/f and the iner tial fre-
quency f for each of these two fun damental
modes .

8. Compu te the period T of these two wave s from
T ¼ 2p =o.

9 . Ins tall meas uring equipment (ther mistor cha in and/
or c urr ent me ters) for a sufficient pe riod to
measure more than 10 cycles of each wave.  For
example, if T ¼ 2 d ays , at l ea st 2 0 da ys of me asu re-
ment will be r equ ired to achieve significant confi-
de nce i n t he d ata an alysis . T h e loca ti on of th ese
instruments should be carefully selected and is non-
trivia l. Typic ally the b est locat io n is ha lfway be-
tween the lake center and th e l ak e b ou nd ar y.
Multiple s ampling points are genera lly n eces sary –
if two sta tion s a re deploy ed the y should no t be
placed 180� apart as the direct io n o f p ropag ation
can not be determ in ed. It is b est t o o rient s tations
such that they are 4 5– 13 5 � of fset.

10. Comp ute spectra of temp erature signals, iso-
therm depths, or integrat ed pot ential energy to
determi ne the domi nant freque ncies in the field.

11. Comp ute rotar y spect ra of curren ts to deter mine
the dominant rotation direction.

12. Compute phase and coherence between stations
to assist in determining rotation direction and
spatial structure. This can be done graphically
by simply overlaying signals from the two sta-
tions or by using spectral analysis techniques.

Vorticity Waves:

1. Compute inertial frequency for the latitude of the
lake in question us ing eq n. [1].

2. Deploy current meters for many periods longer
than the inertial period, typically several months
of record will be required. Two stations are re-
quired at the minimum, as with gravity waves
they should not be placed 180� apart. Current
meters should be placed in both the upper and
lower layer, away from the thermocline.

3. Compute spectra of current signals to determine
dominant frequencies, whether these frequencies
change as a function of stratification, and whether
the upper and lower layer current structure differs.
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Armed with this information, it should be possible to
determine which waves are dominating the tempera-
ture and current signals. Going into greater detail
would typically require the reader to conduct further
reading.

Glossary

Anticyclonic – Rotating in the opposite direction as the
earth’s rotation (clockwise in the Northern Hemi-
sphere, anticlockwise in the Southern Hemisphere).

Baroclinic – A flow in which lines of constant pres-
sure are not parallel with lines of constant density,
in the context of lake dynamics this applies to all
motion that is dependent on stratification.

Barotropic – A flow in which lines of constant pres-
sure are parallel with lines of constant density, in
the context of lake dynamics this assumption can be
made when considering surface motion only.

Cyclonic – Rotating in the same direction as the
Earth’s rotation (anticlockwise in the Northern
Hemisphere, clockwise in the Southern Hemi-
sphere).

Equivalent depth – Depth of homogeneous fluid
where the long-wave barotropic phase speed
c ¼ ffiffiffiffiffiffiffi

gHe
p

is equal to the long-wave baroclinic inter-
nal wave phase speed. As internal waves travel
slower than surface waves, the equivalent depth is
always smaller than the actual depth.

Gravity wave – Oscillatory motion where the restor-
ing force is due to gravity.

Rectilinear motion – Movement in a straight line.

Vertical mode – Number of maxima in the vertical
velocity structure for a particular wave.

Vorticity – The curl of the velocity field, or circulation
(‘spin’) per unit area about a local vertical axis.

Vorticity wave – Oscillatory motion that results from
the conservation of angular momentum in flow
over varying topography.
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