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ABSTRACT

Long-wave disturbances of dynamic height in the North Pacific are investigated by means of closely
spaced STD (salinity, temperature, depth) stations and are related to atmospheric forcing. Wavelike
disturbances with length scales between 400 and 600 km are common in the latitude range between 20°
and 30°N. The wave amplitudes are larger in the western than in the central and eastern Pacific, and they
depend upon season. A large eastward decrease in wave amplitude is observed near the Emperor seamount
chain. The wavelike disturbances extend to several hundred meters’ depth, with an exponential-type-
decrease in wave amplitude. The baroclinic currents associated with the dynamic height perturbations
are an order of magnitude larger than the mean currents. The perturbations are related to atmospheric
forcing, in particular the curl of the wind stress field. Where the distribution of the curl is zonal, meridional
waves are excited, which are reflected in north~south dynamic height sections. Where several forcing regions
by the curl of the wind stress coexist, the observed dynamic height sections show complex and asymmetric
perturbations. The observed 400-600 km wavelengths are commensurate with planetary waves of diverse
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origin; the exact processes of their formation are poorly understood at present.

1. Introduction

The spatial distribution of dynamic height is of con-
siderable interest to oceanographers because it deter-
mines the configuration of the baroclinic flow field, an
important aspect in ocean dynamics. For any given
time, the baroclinic flow field can 'be visualized as con-
sisting of a mean flow field and a perturbation. The
mean dynamic topography ef the Pacific Ocean, based
on conventional hydrographic casts with Nansen
bottles, has been depicted by Reid (1961) and Wyrtki
(1974) and is reasonably well known. The dominant
features are the subtropical highs and the subpolar
and equatorial lows, the position and extent of which
vary with season and depth (Reid and Arthur, 1975).
Typical length scales of these features are several
thousand kilometers.

When closely spaced hydrographic stations are ana-
lyzed in detail, it is found that perturbations are super-
imposed upon the mean topography. These perturba-
tions may be either wavelike, with typical length scales
of hundreds of kilometers, or of an irregular kind con-
sisting, for example, of a single steep slope, followed by
minor undulations. In the central North Pacific, wave-
like disturbances in the temperature field were first
described by Bernstein and White (1974), who found
scales between 300 and 500 km to be dominant. Dy-
namic height, however, is not only a function of tem-

! Contribution No. 0928 from the Department of Oceanog-
raphy, University of Washington, Seattle.

perature, but also of salinity, and it is of interest to
find out whether the spatial structure evident in the
temperature field is reflected also in the geopotential
field.

The origin of the wave-like disturbances with length
scales of several hundred kilometers is attributed to
planetary waves. In an ocean driven by traveling atmo-
spheric disturbances and by differential heating and
salt input, these waves are likely to be forced, rather
than free. Moreover, the planetary waves interact with
the complicated topography of the ocean bottom,
creating in some cases standing and reflected wave
patterns. It is no wonder, then, that difficulties arise
when one tries to relate the observed wave patterns to
simple mathematical models. Nevertheless, it is note-
worthy that the observed wavelength can be explained
by 1) traveling atmospheric disturbances (Longuet-
Higgins, 1965; Lighthill, 1967); 2) stationary atmo-
spheric disturbances of annual and semiannual fre-
quency (Lighthill, 1967); Duing, 1970; Ivanov and
Novitsky, 1975); 3) standing Rossby waves, in which
the westward phase speed is balanced by a uniform
eastward setting current of only a few centimeters per
second (Pedlosky, 1971); and 4) reflection of Rossby
waves from boundaries such as the Aleutians (Kinder
et al., 1975). The relative importance of the above
mentioned processes cannot be assessed at the present
time, but can be expected to vary from one geographic
region to another.

In the following, a description is given of the spatial
distribution of dynamic height in the North Pacific.
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FiG. 1. Seasonal variation of the curl of the wind stress, based on a 1° latitude-
longitude grid. Areas of strong positive curl are cross hatched; areas of strong

negative curl are shaded by diagonal lines.

Emphasis is placed on wave-like perturbations observed
in long sections of closely spaced stations, and some of
the possible causes are discussed. Of these, atmospheric
forcing is of particular importance, because a nonuni-
form wind stress field is known to generate planetary
waves (Longuet-Higgins, 1965).

2. Data

The dynamic heights relative to 1500 db were com-
puted from field measurements of temperature and
salinity made on cruises of the R/V Tkomas G.
Thompson of the University of Washington during the
years 1968~1975. On these cruises, stations were spaced
27-36 km apart on sections up to 2700 km long. The
vertical sampling was at 3 m intervals between 0 and
1500 m and was done with a Plessey model 9006 STD
and a model 9040 CTD, calibrated in the field. The

integration of the specific volume anomaly was carried

out by utilizing all the data between 0 and 1500 m.
The dynamic heights are expressed in units of J kg™,
equivalent to 0.1 dynamic meter. An estimate of the
geometric sea level height can be obtained by dividing
the dynamic height values by the acceleration of
gravity.

3. Spatial and temporal variations of the curl of
the wind stress

The curl of the wind stress is an important driving
force for planetary waves (Longuet-Higgins, 1965;
Lighthill, 1967 ; 1969). In order to understand better the
wave-like perturbations in dynamic height, it is neces-
sary to take a brief look at the configuration of the curl
field.

The mean seasonal variation of the vertical com-
ponent of the curl of the wind stress for the central
North Pacific is shown in Fig. 1. The figure is based on
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the stress of the geostrophic wind, resolved on a 1°
latitude-longitude grid. The close resolution is neces-
sary to bring out the oceanographically relevant spatial
features. It is seen that the distribution of the curl of
the wind stress is predominantly zonal. Bands of nega-
tive curl occur to the south of the westwind maximum
and to the north of the tradewind maximum and are
related to subtropical and subarctic oceanic fronts
(Roden, 1975). Bands of positive curl are found to the
north of the westward maximum and are indicative of
large-scale oceanic upwelling. The intensity of the
wind stress curl and the position of the zonal bands
varies with season. In the latitude belt between 40° and
45°N, the curl decreases from 6 X 10~7 N m—3 in winter
to —1 X 1077 N m~® in summer, indicating a seasonal
change in sign. In subtropical latitudes the sign of the
curl does not change, but the intensity decreases from
—4 X 1077 N m~3 in January to —1 X 1077 N m~2 in
July. The zonal distribution of the curl of the wind
stress on long-term mean monthly time scales is also
found when observed winds are used (Wyrtki and
Meyers, 1975).

The predominantly zonal orientation of the wind
stress curl in mid-ocean acts as a line source for plane-
tary waves with mainly meridional wavenumbers,
which can be detected in north-south dynamic height
sections. It is important to consider not only the shape
and intensity of forcing by the curl of the wind stress,
but also the duration of forcing. If forcing is of an
impulsive type, waves of all frequencies, however high,
will be created; if the duration is finite, waves of low
and moderately high, rather than very high frequency
will be excited (Lighthill, 1969).
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F16. 2. Meridional profiles of dynamic height, relative to 1500 db,
in the tropical western Pacific in April 1971,
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4, Observed proﬁies of dynamic height

a. Western North Pacific

Meridional profiles of dynamic height along longi-
tudes 154°E, 168°E and 177°W are shown in Fig. 2.
The sections were occupied toward the end of the
winter season when atmospheric forcing was strong.
In all sections, wave-like disturbances with length
scales between 400 and 500 km stand out. There is
little variation of the wave pattern with latitude or
longitude; on the other hand, waveheights vary con-
siderably from one geographical region to another. The
most pronounced change in waveheight takes place
between longitudes 168°E and 177°W, with the heights
in the western section being two to three times larger
than in the eastern one. This agrees with investigations
on the standard deviation of dynamic height in which
it was found that the amplitudes in the western Pacific
were about twice those in the central Pacific (Wyrtki,
1975).

The large change in waveheights between longitudes
168°E and 177°W cannot be attributed to the wind field
alone, because atmospheric forcing at both longitudes
was approximately the same (Roden, 1972). A possible
explanation for the marked decrease in waveheight is
the Emperor seamount chain, a major topographic
feature, which extends in a NNW-SSE direction at
approximately longitude 170°E. This submarine moun-
tain range rises 3 to 4 km from the surrounding seafloor
and comes to within 1 km of the sea surface in places;
it is not an unbroken barrier, however, but has several
large and deep gaps. The Emperor seamount chain has
a decided effect upon the Kuroshio : usually well-defined
by a high-speed core to the west (Kawai, 1972); it is
hardly recognizable to the east (Roden, 1970, 1972).
Apparently, the seamount chain acts as a perforated
barrier, which is efficient in diffusing the energy of a
strong current. Whether it is also efficient in diffusing
the energy of planetary waves impinging upon it, is not
known at present and needs to be investigated.

The presence of large amplitude planetary perturba-
tions in the dynamic height profiles shown in Fig. 2
makes it difficult to define the North Pacific current
and to determine its transport. To be meaningful, the
North Pacific current should be defined in terms of
the mean slope obtained by suitable filtering of long
records. The mean slopes of dynamic height suggest
eastward flow between latitudes 27° and 43°N. The
speeds of the baroclinic flow associated with the mean
slopes are quite low and vary between 0.04 and 0.08
m st (Table 1). The speeds associated with the per-
turbations, on the other hand, are typically an order
of magnitude larger, reach up to 0.6 m s, and can be
either to the eastward or westward.

b. Central North Pacific

Meridional profiles of dynamic height at longitude
158°W are shown in Fig. 3 as a function of pressure.
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TasLE 1. Baroclinic flow, relative to 1500 db, associated with
mean and perturbation slopes of dynamic height. All units are
in m s71; eastward and northward directions are positive.

Perturbation

Section Mean speed speed (max)

North Pacific current between 27° and 41°N

154°E, Apr 1971 0.08 0.58
168°E, Apr 1971 0.06 0.48
177°W, Mar 1971 0.04 0.23
158°W, Jan 1974 0.03 0.49
158°W, Apr 1968 0.03 0.10
158°W, Oct 1975 0.03 0.31
Tradewind current between 12° and 25°N
143°W, Oct 1972 —0.05 0.41
133°W, Oct 1972 —0.04 0.25
California current between 117° and 153°W
32°-33°N, Oct 1972 —-0.01 —0.17

The prominent features are the perturbations with
length scales between 400 and 600 m. The perturbations
are in phase and of the same wavelength down to about
the 600 db level. The wave amplitudes decrease ex-
ponentially with increasing pressure (depth): at latitude
32°N, this decrease is from 1 J kg™ at 0 dB, to 0.5 ]
kg at 300 db, to 0.25 J kg~ at 600 db, yielding a decay
coefficient of 0.0023 per decibar (meter). The ahove
implies that the size of the baroclinic perturbations in
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Fic. 3. Vertical variation of meridional dynamic height profiles
relative to 1500 db in the central Pacific in October 1975,
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Fi6. 4. Seasonal variation of meridional dynamic height profiles
relative to 1500 db in the central Pacific.

the upper few hundred meters of the ocean is about the
same and that the speed of flow associated with them
decreases rather slowly with increasing depth.

The seasonal variation of dynamic profiles at longi-
tude 158°W is indicated in Fig. 4. The mean slopes are
quite small and show little seasonal variation, yielding
a mean eastward current of 0.03 m s™! in the latitude
range between 27° and 47°N. The perturbation slopes,
however, vary considerably with season and yield cur-
rents several times as strong (Table 1). The absence
of seasonally variable mean flow and the dominance
of time variable perturbation flow suggest that the
mesoscale waves are related to atmospheric forcing.

In January 1974, the zone between 21° and 33°N was
dominated by strong and steady easterly winds and
perturbations with wavelengths of 300-500 km and
amplitudes of about 1 J kg~ were found. In April 1968,
weak winds prevailed between latitudes 23° and 43°N
and the perturbation amplitudes were small. In early
October 1975, a few transient disturbances of moderate
strength occurred north of 37°N; calms prevailed be-
tween 32° and 34°N, and well-developed trade winds
were encountered south of 30°N. The primary atmo-
spheric forcing region was in the trade wind belt, which
explains the southward increase in perturbation
amplitude.

The above findings are in agreement with studies of
the spatial distribution of the standard deviation of
dynamic height. For the mid-Pacific, Wyrtki (1975)
finds a twofold southward increase in the standard
deviation between latitudes 45° and 25°N and a decided
lack of seasonal variation of the mean dynamic

topography.
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F16. 5. Zonal profile of dynamic height relative to 1500 db in the subtropical
eastern Pacific in October 1972.

¢. Eastern North Pacific

The longitudinal distribution of dynamic height in
the eastern subtropical Pacific is shown in Fig. 5. The
section extends about 3300 km due west of the Cali-
fornia-Mexico boundary and was occupied during the
fall season when northerly winds were prominent. A
meridionally oriented source of strong wind stress curl
was present between 125° and 135°W, giving rise to
planetary waves with predominantly zonal wave-
numbers. These waves are clearly reflected in the zonal
dynamic height profile shown. The waves are quite
regular, with wavelengths of about 400 km and wave-
heights of the order of 1 J kg~!. Wavelength and wave-
height are almost independent of longitude. The oscilla-
tions are superimposed upon a gentle and uniform east-
ward slope. The mean current between 117° and 153°E
is to the southward at 0.01 m s, Currents associated
with the oscillations are typically 0.1 m s~ and may be
either to the northward or southward.

Meridional sections of dynamic height at longitudes
133°, 143° and 153°W are shown in Fig. 6. The sections
cover the trade wind and subtropical regions of the
eastern Pacific and were occupied in the fall season.
Several sources for atmospheric forcing of planetary
waves were present: a zonal band of positive wind
stress curl between 10° and 15°N, a zonal band of
negative wind stress curl between 20° and 25°N and a
meridional band of positive wind stress curl between
125° and 135°W, to the north of 30°N (Roden, 1974).
Because of the existence of several forcing regions,
complicated planetary wave patterns can be expected.

Several interesting features stand out in the merid-
ional dynamic height profiles. At 153°W, wavelike
perturbations with length scales between 400 and
500 km are prominent. The wave heights decrease
northward as one proceeds from the trade wind region
toward the subtropical belt of low winds. This is ex-
pected as the wave energy decreases with distance from
the forcing region. At 133° and 143°W, the outstanding
features are the asymmetry of the perturbations to the
south of 25°N and the virtual absence of perturbations
to the north of this latitude. The features are not easy
to explain. The asymmetry with the steeper slopes
toward the north could result from the Ekman-type
mass convergence near the northern trade wind bound-
ary. The virtual absence of perturbations to the north
of the trade wind boundary could conceivably result

from planetary wave interference, because of the
proximity of several atmospheric forcing regions.

The mean slopes between 9° and 23°N are to the
southward and suggest a mean westward baroclinic
flow of 0.05 m s™!, which can be identified with the
trade wind current. The asymmetry of the perturba-
tions is such that stronger eastward than westward
baroclinic flow is encountered, a feature also noted by
Seckel (1968). Maximum perturbation flow speeds are
of the order of 0.4 m st (Table 1). '

5. Theoretical aspects of planetary waves of 400-
600 km scale

The observations of dynamic height in the North
Pacific suggest planetary oscillations with length scales
between 400 and 600 km. It is of interest to investigate
briefly the properties of such waves and to speculate
on the reasons for their existence. An exact theoretical
deduction taking into account the nonuniform atmo-
spheric forcing, the variable bottom topography and
the inhomogeneous mean current field is not possible
at present. Instead, several idealized but instructive
examples will be given and their relevance discussed.

a. Free Rossby waves, no mean current

The wavenumbers are assumed known from observa-
tions, and it is desired to find the corresponding fre-
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TasLE 2. Frequencies (s, s7), phase velocities (C,, m s7*) and group velocities (C,, m s73) of free barotropic and baroclinic Rossby
waves of 400 km length (k, }=1.57X107% m™) at diﬁerent‘latitudes. Barotropic waves are for an ocean 4 km deep. Baroclinic waves
are for a mixed layer depth of 100 m and a density ratio A(p/p) =103.

Latitude
Parameter 1 4 15 30 45 60 1 4 15 30 45 60
Barotropic , Baroclinic
Zonal waves (}=0)
aX10¢ 1.45 1.45 1.40 1.24 1.02 0.73 141 1.01 0.20 0.05 0.02 0.01
CpX 102 9.23 9.23 8.94 7.93 6.51 4.61 8.97 6.47 1.30 0.35 0.14 0.07
direction 270 270 270 270 270 270 270 270 270 270 270 270
C,x 102 9.23 9.23 8.94 7.93 6.51 4.61 8.48 2.62 0.92 0.32 0.14 0.07
direction 090 090 090 090 090 090 090 090 270 270 270 270
Meridional waves (k=0)
I3 0 0 0 0 0 0 0 0 0 0 0 0
C, X102 9.23 9.23 8.94 7.93 6.51 4.61 8.97 6.47 1.30 0.35 0.14 0.07
direction 270 270 270 270 270 270 270 270 270 270 270 270
' Oblique waves (k=1)
aX 108 0.72 0.72 0.70 0.62 0.51 0.36 0.71 0.60 0.18 0.05 0.02 0.01
CpX 10 6.53 6.53 6.32 554 4.59 3.25 6.43 5.37 1.59 0.47 0.20 0.10
direction 225 225 225 225 225 225 225 225 225 225 225 225
CyX10? 4.61 4.61 447 3.97 3.25 2.30 449 3.19 0.09 0.31 0.14 0.07
direction 360 360 360 360 360 360 352 347 288 274 272 270

quencies, group velocities and phase velocities. This is
easily obtained from the dispersion relation (Longuet-
Higgins, 1965).

o=—Bk/(B*+P+a?); o= f/gh, M

where o is frequency, % and ! are the zonal and merid-
ional wavenumbers, f is the Coriolis parameter, 8 its
change with latitude, g is the acceleration of gravity
and % is the ocean depth for barotropic waves, and
h=Apk%'/p for baroclinic waves, where Ap is the density
difference across the pycnocline and %’ is the mixed
layer depth.

The eastward and northward components of the
group velocity are given by

Cosm B —P—a2)/ (4 Pt o)
Coy=2Bkl/ (k*+ P+ a?)? }
while those for the phase velocity are obtained from
Coe= —B/ (B4 P+a?) }
Coy= —B/1(E+ Pt )

Numerical examples for barotropic and - baroclinic
waves of 400 km wavelength are given in Table 2 as a
function of latitude. The computations were done with
k, 1= 157X10"" m™, h=4 km, »'=100 m and Ap/p
=103, The term a’= f2/gh was found to be small com-
pared to % and / for barotropic waves and large com-
pared to % and ! for nonequatorial baroclinic waves.

For zonal barotropic waves, (/=0) in deep ocean
(e— 0), the group and phase velocities are of equal
magnitude but opposite direction. The phase velocity
is to the west, and the group velocity is to the east with
speeds between 0.04 and 0.09 m s For meridional

@

3)

barotropic waves (k=0) the phase velocity vanishes,
while the group velocity is to the west. For barotropic
waves with k=1, the zonal component of the group
velocity vanishes, while the meridional one is to the
northward. The frequencies associated with the zonal
barotropic waves vary between 10~% and 1.5X 1078 s™!
and correspond to periods between 2 and 3 months.
Natural periods of this length are not prominent in the
atmosphere (Roden, 1965), and hence, resonance of
zonal waves with the atmosphere seems unlikely. On
the other hand, baroclinic waves with large zonal
wavenumbers have frequencies corresponding to the
annual and semiannual periods of oscillation, and for
such waves resonance with the atmosphere cannot be
ruled out.

Baroclinic waves of 400 km length are strongly
affected by the Corlolis term a?= f2/gh, and the associ-
ated frequencies, group velocities, and phase velocities
vary greatly with latitude. Poleward of 15°, the veloci-
ties are less than 0.01 m s, and poleward of 45°, they
are less than 0.001 m s™, which makes direct measure-
ment difficult.

For zonal baroclinic waves, the direction of the group
velocity changes sign where the wavelength equals the
Rossby radius of deformation, here at about latitude
6°. Poleward of this latitude, the wave energy travels
west ; equatorward, east.? The significant feature is that
in middle and high latitudes, the direction of the group

2 For 400 km long waves, the maximum eastward velocity of
0.08 m st would occur at the equator, and the maximum west-
ward velocity of slightly over 0.01 m s™! would occur at latitude
11°, Waves of 400 km length have yet to be found in equatorial
latitudes, however. '
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velocity of baroclinic waves is opposite that of barotropic
waves of the same wavelength. It would be most de-
sirable to test this interesting theoretical result by
direct measurements.

Meridional baroclinic waves, as in the barotropic
case, have a zero phase velocity and a westward com-
ponent of the group velocity. Baroclinic waves with
k=1, unlike the barotropic case, have a nonvanishing
westward component of the group velocity; for such
waves the direction of wave energy propagation changes
from northward at the equator to westward at latitudes
30-60°.

Frequencies associated with baroclinic waves of 400
km length vary between 10~2 and 10~% 571, decreasing
with increasing latitude. The frequency at latitude 15°
equals the annual frequency. The trade winds, which
dominate in this latitude, also show a strong annual
signal. Resonance with the atmosphere is likely, there-
fore, in the trade wind region. Whether it occurs also
in higher latitudes is not known at present because of
the shortage of sufficiently long meteorological time
series which would permit one to look for spectral peaks
at very low frequencies.

b. Free Rossby waves, constant mean current

For a constant mean current ¥V, making an angle «
with the northern direction, the dispersion relation is
given by

o= V,(k sina+1 cosa) — B/ (k24 12+ a?). 4)

The group and phase velocities can be obtained in the
customary ways; they differ from expressions (2) and
(3) only by additional terms involving the mean cur-
rent. An interesting case occurs when the phase speed
vanishes and the waves become standing Rossby waves.
This happens when the mean current has the critical
speed
: 8k

Voo= ,
T (B 4-P4-a?) (k sina+1 coser)

®)

which is equal to about 0.1 m s~ for barotropic waves
of 400 km length and about 0.01 m s~ for baroclinic
waves of the same length. Mean currents of this mag-
nitude are quite common in the ocean and, hence, by
implication, standing Rossby waves should be common
also. The observed wave-like perturbations in the dy-
namic height profiles may be a reflection of this.

c. Forced Rossby waves, circular stationary storm

The case was investigated in detail by Longuet-
Higgins (1965) assuming impulsive forcing in time. For
a storm of quarter diameter 7o, having a maximum
windspeed Wnax at a distance 2r, from, its center, the
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wave amplitude is given by

3%y paW maxtoro / (k24 a?)} )

ot \| BB —P)at—st|}

4:(2702—1:"7’ 04
() @

(L4w2r)72
where «®=k41%, e=2.78..., p, is the density of air,
7 is the drag coefficient, and # is time. The wave ampli-
tudes are strongly dependent upon the storm diameter
D= 4r;and upon the “resonance factor” (3k2—?)a?—«?,
which becomes zero at the latitude corresponding to
f*=ghi*/ (32— ). For barotropic waves in deep water,
resonance is unlikely, because the term involving ¢? is
small compared to «* For baroclinic waves resonance
is unlikely at the equator, where ¢® vanishes, and in
higher latitudes, where the ¢? term often exceeds the «*
term by an order of magnitude. For baroclinic waves
of 400 km length of interest here, ‘resonance” is
limited to a narrow band near latitude 4° and does not
occur elsewhere. In latitudes poleward of about 6°,
the wave amplitudes depend critically upon the size of
the storm. The dependence is given by the last paren-
theses in (6). Maximum amplification occurs when the
wavelength L =2.6D; half of the maximum amplifica-
tion occurs when L=1.5D and L= 5D ; wave amplitudes
become very small for LL0.75D and L>15D. For
400 km waves to have been forced by a circular storm,
the required storm diameters are in the range between
100 and 300 km, approximately. Such storms are rare
in extratropical regions, where the observed storm

diameters are typically of the order of 1000 km.

The above disagreement between theory and ob-
servation does not necessarily mean that circular
extratropical storms cannot create waves of 400 km
length. It only means that impulse type forcing in the
time domain is not able to do so. To refine the theory,

it is necessary to take into account the finite duration
of the storm.

d. Forced Rossby waves, traveling transient disturbance

Planetary waves excited by traveling atmospheric
disturbances of finite extent and duration were investi-
gated by Lighthill (1967, 1969). If 0< 0¢< p1, where oo
is the frequency of forcing by the atmospheric distur-
bance and ¢1=2/T; is the highest frequency charac-
teristic of the forcing effect (T'; being the duration of the
disturbance) and if the atmospheric disturbance pro-
gresses with constant speed ¥V making an angle a with
the northward direction, the following characteristic
equation is obtained:

[oot Vol(k sina+1 cosa) J(R2+P+a?)=pk=0. (7)

The equation allows one to assess the character of baro-
tropic and baroclinic Rossby waves in the wavenumber
plane. The shape of the curves in the wavenumber
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plane depends strongly upon the parameters Pi=go/
(VoB8)t and Pa= (Bgh/4f2V o)t If a®>=0 in (7), such as
at the equator or, very nedrly, when barotropic waves
in deep water are considered, the relevant parameter
is P;. For P;<1 all waves of frequency ¢¢<c; will be
of a trailing character with small directional spread.
For P;2>1 trailing as well as leading waves are gen-
erated, and the directional spread is large in the vicinity
of the traveling disturbance. In the general case for
a?#0, waves will be of a trailing character with narrow
directional spread when P;> P,. To bring out the dif-
ference between barotropic and baroclinic cases, con-
sider two typical examples. Firstly, assume a fast-
moving storm of 4 days duration (61=1.82X10% s71)
moving ENE with a speed of 10 m s near latitude
45°N. In the barotropic case P1=1.42 for oo=01. Be-
cause all frequencies below the highest frequency o:
are important, the entire range 0> P;2> 1.42 must be
taken into account, meaning that the directional spread
is large and that Rossby waves are found all around
the disturbance. In the baroclinic case, with a mixed
layer depth of 100 m and a density ratio Ap/p= 103, one
has P,=0.006 and P;>>P;, which means that all Rossby
waves trail the disturbance with narrow directional
spread.

Secondly, consider a slow moving system with low
frequency, such as the seasonal displacement of the
subtropical high-pressure cells. Here, the duration is 6
months, so that ¢;=3.98%X10~7 s and the speed of
advance Vy is of the order of 0.05 m s~ In this case,
at latitude 30°N, P;=0.398 and P,=0.136 so that both
in the barotropic and in the baroclinic states the
planetary waves trail the disturbance with a narrow
directional spread.

Finally, for disturbances stationary in space (Vo=0),
but variable in time (o070), expression (7) reduces to

ook P+ a?)+pk=0, ®
which, in the wavenumber piane, is a circle of radius
R= (,82/4‘702); (9)

which shrinks to a point when oo= (gh)}/2f. For deep
water (k=4 km) barotropic waves, this occurs when
oo=1.58X 1075 57! or T'=4.4 days; for baroclinic waves
(A=100 m, Ap/p=10"3) this happens when go=7.77
X10~% st or T'=2.7 years (both examples are for
latitude 45°). A point in the wavenumber plane is
equivalent to waves of constant length in the x—y plane.
The physical interpretation is that when the frequency
of oscillation of the atmospheric disturbance is near the
cutoff frequency for Rossby waves, waves of constant
length can be excited. For barotropic waves in mid-
latitudes, this is measured in days; for baroclinic
waves—in years. The time variations in the wind field
are frequently peaked at a period of a few days, but
convincing peaks with a period of a few years have yet
to be found in mid-latitude wind spectra. Therefore,

VoLume 7

Rossby waves of constant wavelength, if at all excited
by a stationary atmospheric disturbance of time vari-
able intensity, are likely to be of the barotropic kind.

6. Conclusions and suggestions for future research

The following conclusions can be drawn from an
examination of closely spaced dynamic height sections
and highly resolved wind stress fields:

1) Wavelike perturbations of dynamic height with
length scales between 400 and 600 km are com-
mon in the North Pacific.

2) The perturbations are more pronounced in the
western than in the central and eastern parts of
the ocean. The largest decrease in wave amplitude
takes place in the vicinity of the Emperor sea-
mount chain, a major topographic feature.

3) The perturbations extend from the sea surface
to a depth of several hundred meters. In the
central Pacific, the wavelength is almost inde-
pendent of depth and the wave amplitude de-
creases with depth slowly in an exponential
fashion.

4) The baroclinic currents associated with dynamic
height perturbations are often an order of mag-
nitude stronger than the mean flow, complicating
the definition of the North Pacific current.

5) There is some evidence that the perturbations are
related to atmospheric forcing, particularly the
curl of the wind stress field. In the central Pacific,
the curl field is predominantly zonal and varies
strongly with season. This excites predominantly
meridional waves, the amplitude of which de-
pends upon season. There is almost no seasonal
variation of the mean baroclinic field in the
mid-Pacific.

6) During late summer and early fall, the perturba-
tion amplitudes decrease northward in the central
Pacific. A plausible assumption is that the wave
amplitudes decrease with distance from the forc-
ing region. The main forcing during this time of
the year is in the trade winds, and, as the waves
propagate into the calmer regions to the north,
the wave amplitudes decrease.

7) The observed dynamic height perturbations with
400-600 km length scales are commensurate with
several theories of free and forced Rossby waves.
The exact mechanisms of the formation of Rossby
waves of this length scale are poorly understood
at present, however. The difficulty arises from the
fact that in nature the waves result from com-
plicated interactions of nonuniform atmospheric
forcing, variable bottom topography, and an in-
homogeneous mean current field.

There are several outstanding questions to be solved
in connection with perturbations of dynamic height.
The link between atmospheric forcing and the wave-
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like perturbations needs be investigated more fully and
the response times established. Further evidence is
needed for the decrease of perturbation amplitude with
distance from the forcing region and of the dissipation
mechanisms involved. The influence of large-scale topo-
graphic features upon planetary waves, such as the
Emperor seamount chain and the Hawaiian ridge, de-
serves careful study.

The findings presented here are for the open North
Pacific far from continental boundaries. Different per-
turbation patterns of dynamic height may occur in
regions close to such boundaries. Theoretical studies
(Longuet-Higgins, 1965; Lighthill, 1969; Pedlosky,
1971) have shown that, near such boundaries, incident
and reflected planetary waves give rise to eddy-like
flow patterns, which can propagate toward the interior
of the ocean. Eddies in the dynamic height topography
have been observed both in the western (Kawai, 1972)
and the eastern Pacific coastal areas (Defant, 1950;
Reid et al., 1963), but a firm link between these observa-
tions and the planetary waves has yet to be established.
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