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ABSTRACT 

Annual variation in the depth of 14°C throughout the 

tropical Pacific Ocean between 30°N and 30°S is studied on 

the basis of 156,000 bathythermographs . Large amplitude 

variations are found in the region between 4°N and 15°N. 

Near 6°N the variations in depth propagate westward . Near 

10°N they have the same phase across the ocean from the 

American coast to 145°E. A simple model of large - scale, 

low frequency currents can account for the variations. The 

model is driven by divergence in the Ekman layer set up by 

the surface wind stress, called Ekman pumping . It also 

incorporates the planetary , geostrophic divergence inherent 

on a rotating sphere. The rate of chang e in depth at 10°N 

is in phase with the Ekman pumping ve l ocity . The geostrophic 

divergence is small because the variations do not have an 

appreciable east -west slope . Both Ekman pumping and geos-

trophic divergence are active at 6°N, because the oceanic 

response has the form of a westward propagating wave . This 

is a nearly resonant response due to the zonal length scale 

of the Ekman pumping velocity field , which is nearly equal 

to the half wave length of a free non- dispersive Rossby 

wave with a period of 1 year . 
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I . INTRODUCTION 

The variation in strength and thermal structure of 

the Pacific Equatorial Currents in response to annual 

forcing by the trade winds is an example of air - sea inter-

action on the largest possible scale . The purpose of this 

study is to describe the variations in thermal structure 

and to relate them to the wind field. Observed vertical 

displacements of the thermocline are compared to displace­

ments caused by two processes that dominate low - frequency 

oceanic circulation . The first is Ekman pumping, as defined 

by Veronis (1973) . A variable wind stress acting on the sea 

surf ace with a frequency which is much smaller than the 

inertial frequency sets up a quasi-stationary Ekman layer ; 

divergence of the Ekman transports yields a vertical vel­

ocity at the bottom of the Ekman layer. The thermocline is 

advected vertically by the Ekman pumping velocity if no 

other process that alters the thermal structure is active . 

Ekman pumping is illustrated in Fig. lA, which shows 

easterly wind stress and northward Ekman transports in the 

northern hemisphere. The magnitude of the wind stress and 

of the transport is proportional to the length of the arrows . 

A region of divergence in the Ekman layer causes an upward 

velocity. The second process is the planetary, geostrophic 

divergence inherent on a rotating sphere (Stommel, 1957) . 

It is illustrated in Fig . lB . The sea surface slopes 
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upward to the west in a limited region, and is flat 

elsewhere . The slope is uniform in the north-south direc-

tion . The thermocline slopes in the opposite sense 

because the cold water in the lower layer is at rest. 

Arrows indicate a southward geostrophic current in the 

upper layer which increases in strength toward the equator 

due to decrease in the Coriolis parameter. The current is 

obviously divergent, and the thermocline is displaced 

upward in the absence of all forces other than the illus-

trated horizontal pressure gradient. This process will be 

called by the abbreviated name geostrophic divergence . 

The emergence of these processes from the equations of 

motion will be demonst rated in Chapter III . 

Several studies carried out during the last decade 

have established the need for this investigation. Annual 

variation of the North Equatorial Current was first 

observed during the Trade Wind Zone Oceanography expedition 

(Seckel, 1968). A later study of the dynamic topography of 

the sea surface based on all the available oceanographic 

station data and on sea level observed at islands revealed 

that the North Equatorial Current and the Countercurrent 

are strongest from September to December and weakest from 

March to May, and that the South Equatorial Current is 

strongest when the two currents in the northern hemisphere 

are weakest (Wyrtki , 1974) . Variation in the ~orth 

Equatorial Current was related to the trade winds by 
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Meyers (1975), who found that vertical displacements of the 

thermocline in the Central Pacific are in phase with the 

Ekman pumping velocity calculated from the wind stress . 

White (1977) suggested that the agreement in phase occurs 

only near 150°W, but not at other longitudes, because a 

forced planetary wave propagates across the ocean between 

10°N and 20°N . The monthly thermal structure in this 

region does noc show the suggested wave (Robinson, 1976), 

but rather indicates that the North Equatorial Current 

reaches maximum strength at the same time at all longitudes. 

DeWitt and Leetma (1978) analyzed data from the Eastropac 

expedition and found that vertical displacements of the 

thermocline and the Ekman pumping velocity are in phase 

at 119°W. While there is no doubt that annual variations 

in the equatorial currents occur, their detailed descrip­

tion throughouc the tropical Pacific is still lacking, and 

a consistent model showing how they are driven by the trade 

winds has not been achieved . 
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II. DATA SOURCES AND DATA PROCESSING 

A. The depth of the 14°C isotherm 

Low frequency variation in thermal structure is 

believed to be directly related to the variation in 

strength of geostrophic currents in the tropical Pacific 

Ocean (Meyers, 1974, 1975; Wyrtki ~ al., 1977). Mapping 

of the thermal structure is the easiest method of observing 

variable currents because the measurement of temperature at 

depth is technologically simple com~ared to direct measure ­

ment of currents with moored current meters. 

The methodology of a careful analysis of the clima­

tological temperature - depth (T/Z) data is described in this 

chapter . The standard instruments used in gathering T/Z 

data are the mechanical bathythermograph (MBT), the expend -

able bathythermograph (XBT) and the hydrocast. Hydrocasts 

are somewhat redundant because an MBT or XBT is usually 

launched at each hydrocast station . In order to study 

climatological aspects of the thermal structure with the 

largest possible data set, all of the MBT and XBT data in 

the archives of the National Oceanographic Data Center 

(NODC), Washington, D . C. were acquired through R. Wert, 

NORPAX data manager . The ~BT's were received on magnetic 

tape in August, 1974. The last update of this tape was in 

1973 . The XBT's were received in June 1976, and the last 

update was in 1975. Several tests were made to see if the 
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tapes contained data f rom previous well known oceanographic 

cruises and the data archived at Fleet Numerical Weather 

Central, Monterey, Ca . While most of these tests were 

affirmative, some data from the Eastropic Expedition (King 

and Doty, 1957) and the Equapac Expedition (Austin, 1957) 

were missing. Wert (1976) has noted that 100,000 MBT 

slides held by NODC have not been processed due to lack of 

BT-logs and callbration data. It would be use ful to see if 

the data from these expeditions are among the scrapped 

casts. Data in the region from 30°N to 30°5 and 140°E to 

the American coast were sorted into 15 files, one for each 

10° band of longitude, and the MBT's and XBT's were merged 

into a single data set . The merged data coverage is shown 

in Fig . 2 . The areas north of the equator and near the 

North and South American coasts are the most densely 

sampled . Sampling in the South Pacific is best between 

140°W and 170 °W , but weak on either side of this zone. 

Low frequency variability of the thermal structure in 

the tropical Pacific is characterized by vertical displace­

ments of the thermocline which occur without change in the 

vertical temperature gradient . The correlation coefficient 

of the depth of 14°C vs . the depth of 18°C throughout the 

tropical Pacific is shown in Fig. 3. The coefficients 

were computed from all the T/Z casts within areas covering 

2° of latitude and 10° of longitude . The coefficients 

are high throughout the tropical Pacific except near the 
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Fig . 2. Data coverage - bathythermographs . Number of 
casts per 5° square : black >1000, double 
hatched 500 - 1000, hatched 300-500, stippled 
120-300, blank <120. 



180° 

20° 

100 

00 fiil~~[;:;~: ~,~~; ::i' ,, ,. ',.,,L:,::::~:dff(s~ 

· ~ 10°1 _ '• ,::i· .. I 

20° 

s 
JOj400 E 180° 

F i ~ . 2 . See caption on facina ~a G e . 

140° 

140° 

100° w 7030° 

100°w 

N 

20° 

10· 

~----fo· 

10° 

20· 

s 
70·30• 

co 



~r" . I 
10"!-

l 
I o· 

~·~ 
I 

20· 

s 
Jo;~o·; 

Fig. 3. 

01 
1 
1 
1 
I 

8o 

o• 

aJ 

~ 

·s~· ·~o· 

' 
'":;C*VJ 

IOCtU 

9! 91 

93 

... 
Iv 7~ 

94 

92 75 

1% 139 

180" IAC" 1oo·w 

Correlation coefficie nt of the depth of 
vs. depth of is•c . ( lt. 0 c vs . i1°c in 
parentheses ) . 

30 

I 
[ 

r Jf 
I' 

Fig. 4. Vertical temperature s tructure at 160°W 
observed during che Equapac expedition 
( Austin, 1957). 

9 

'";o· 
rN 
I 
I 

""":c· 

10· 

20 · 

s 
1o·:;o· 

l t. 0 c 



10 

eastern boundary . They are slightly smaller along the 

equator as would be expected . They are also smaller toward 

the centers of the subtropical gyres . The correlation of 

the depth of 14°C with the depth of ll°C is shown in 

parentheses. The deeper isotherms are very highly corre-

lated in the centers of the subtropical gyres . Apparently 

the depth of 14°C is more representative of the variability 

of subtropical gyres than the depth of 18°C because the 

shallower isotherm is influenced by surface heat exchange 

at higher latitudes (Wyrtki ~· al., 1977) . A nearlv com-

plete description of the variability of the thermal struc­

ture can be achieved by mapping the topography of one 

isotherm in the tropical Pacific because the vertical 

temperature gradient is nearly constant in time. 

Several criteria influence the selection of an 

isotherm. It should be deep enough so that it is not 

affected by heat exchange through the surface . This 

requires that it be deeper than the maximum vertical 

density gradient, whose stability su?presses mixing. It 

should also be deeper than th~ bottom of the near surface 

layer in rapid baroclinic motion . However it cannot be so 

deep that the vertical temperature gradient is small, 

because the error in calculating the depth of an isotherm 

is large in this case. The depth of 14°C (D14 ) satisfies 

these criteria as seen in Fig . 4 . It is clearly below the 

most rapid portions of the North Equatorial Current (NEC), 
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the South Equatorial Current (SEC) and the Countercurrent 

(ECC), and above the leve l of weak vertical gradients. It 

should be noted that a majority of T/Z casts in the 

western Pacific do not reach the depth of 14°C; conse­

quently, the data coverage for this isotherm is not as good 

as shown in Fig. 2 . The temperature structure oi the upper 

150 m in the western Pacific has been thoroughl y analyzed 

by Robinson (1976) and White and Wylie (1977) . Therefore 

the shallower isotherms were not analyzed in this study. 

The use of MBT's and XBT's imposes limits on the 

accuracy of the data . Vertical temperature gradients are 

accurately measured by MBT ' s but the in situ temperature is 

not. Overall system errors including digitizing range from 

± .2°C to ±l . 5°C (Wert, 1976) . The approximate error in 

calculating the depth of 14°C is the quotient of a typical 

error in temperature measurement, say l°C, and a typical 

vertical temperature gradient, . 12°C/m, which equals 8 m. 

The temperature measured by XBT is considerably more accu­

rate, ranging from ± .03 to = . 2°C; however, the error in 

measured depth is about 5 m (Hert, 1976). The system used 

in gathering T/Z data for this study does not ~ermit reso­

lution of the annual signal where the amplitude is less 

than approximately 8 m. 

The merged data set was analyzed by two independent 

procedures . The data were first very carefully analyzed by 

hand. This procedure involved many subjective decisions, 
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as does any hand analysis . It is essential to gain 

confidence that the main features of the analyzed field 

are independent of the subjective decisions. Therefore 

the data were analyzed a second time by a completely objec-

tive technique which is described later. The two analyses 

were compared, and only features which appeared in both 

were studied further . 

The hand analysis was carried out as follows. First 

0
14 

was averaged in 1 °-squar es where the number of observa­

tions exceeded 4 during a month, and the mean value, stan-

dard deviation and number of casts was stored. Meridional 

sections of 0
14 

in the form of scatter diagrams were then 

plotted for each 10° of longitude (Fig. 5), and a smooth 

contour was drawn through the points by hand. Where the 

sampling density was weak, the contour was drawn with the 

aid of data from the preceeding or following month or from 

an adjacent longitude . The contour was digitized at each 

2° of latitude and stored on cards . Fourier coefficients 

were computed from the 12 monthly values at each grid 

point. The statistical significance of the 2nd and higher 

harmonics was tested using the F-ratio (Hayes, 1970, p. 51), 

and those harmonics which did not pass at the 10% level 

were set equal co zero . Very few higher harmonics passed 

except near the east ern boundary. n14 was calculated again 

from the significant harmonic coefficients . Then spatial 

fluctuations with a zonal scale of 20° of longitude were 
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removed by filtering with a ~. ~ . ~ weighted zonal 

running mean . 

In order to analyze the data objectively, all of the 

casts in a large region were represented by a function (D) 

of latitude ( 0 ), longitude (>. ) and time (t) 

D = M(S,,\) + C(8,,\) cos wt+ S(8,,\) sin wt 

w = 2rr/12 

l 0 
M( S , ,\ ) = E mi Fi 

i=l 

l 0 
C(8 , ,\) = 2: ciFi 

i=l 

S( 8 ,A) = 
l 0 
E siFi 

i=l 

Fl = l Fz = e F3 = >. 

F4 e2 F5 = 6/.. F6 ,\2 

F7 e3 F8 = ez>. F9 e ,\ z 

F10 1. 3 

Them., c. ands., i 
l. l. l. 

1' 2, 10 were determined 

by the method of least squares. The amplitude (s 2 + c 2 ) ~ 

for areas of different size are shown in Fig. 6A. 
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The number of observations used in each calculation and 

the RMS error of estimate (o) is also shown. The error of 

estimate increases as the area extends further northward 

because the amplitude of the annual signal decreases toward 

the north. Variance about the mean topography (om) can 

also be calculated and an interesting statistic is the 

percent reduction in variance (R) by the sinusoidal terms 

R 
(om - o) 

100 x 

The statistic R decreases as the area extends further 

northward, but is not changed if the area covers a 

wider range of longitude. The influence of the spatial 

variability of sampling density is seen in Fig. 6A by 

comparing the panels for 6°N - 10°N, 160°W-180°W and 

6°N-10°N, 140°W-180°W . The first was calculated from 729 

observations; it shows an amplitude of less than 10 m 

near 12°N, 175°W. The adjacent 6° x 20° rectangle is 

more densely sampled, consequently the second panel was 

calculated from 2723 observations. The larger annual ampli-

tude in the densely sampled area has been imposed on the 

region near 12°N, 175°W. Details of the objective analysis 

as well as estimated statistics like cr and R are dependent 

on the extent of the region . Use of a region of uniform 

size throughout tbe area under study seemed desirable. 

Therefore the regions were limited to 20° of longitude 
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in order to reduce the effect of spatially variable 

sampling density . Larger regions would combine poorly 

sampled areas with well sampled areas (Fig. 2). The lati-

tudinal extent is limited by the use of cubic polynomials . 

A ridge in the amplitude of the annual signal can probably 

be well represented by the polynomials but not two adjacent 

ridges. The regions were limited to 6° of latitude because 

the hand analysis had already revealed that ridges would 

occur near 5°N and 11°N . The stability of solutions for 

areas covering 6° of latitude and 20° of longitude can be 

demonstrated by calculating the amplitude in overlapping 

areas (Fig. 6B) . Although the three panels are calculated 

from different data, the three representations are highly 

consistent . Stability is dependent on the density of the 

observations . Instability was found in areas where the 

number of observations was l ess than 200 . The determinant 

of the matrix of coefficients of the 30 unknown m., 
l. 

and s
1
's, usually had a value less than 1 in this case . 

The RMS error of estimate (cr) throughout the region 

being studied is shown in Fig . 7. It is between 15 and 

20 m except near the eastern boundary and in the area 

south of Japan. The error is due to fluctuations at all 

frequencies other than l cycle per year and is the 

"noise" in which the annual variations are embedded . 

The percent reduction in variance about the mean (R) 

achieved by the annual sinusoidal terms is shown in Fig. 8 . 
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The reduction exceeds 30% over a wide area in the tropical 

Pacific. The objectively analyzed anomalies were also 

filtered with a ~. ~. ~ weighted zonal running mean. 

Comparison of the hand and objective analyses for 

November tests the reliability of the analyzed data (Figs . 9 

and 10). The areas where the magnitude of the anomaly in 

0 14 excee ds 10 m is enclosed by lines. The two analyses 

are in remarkably good agreement in the areas of large dis ­

placements . It should be noted that in the South Pacific 

near 10°S, 110°W the hand analysis (Fig . 10) shows large 

anomalies which emerged essentially from data taken during 

the Eastro pac cruises in 1967 and 1968 (Love, 1971, 1972a, 

1972b, 1973, 1975) . This anomaly did not appear in the 

earlier data analyzed by Wyrtki (1964). It is at this time 

not clear whether the anomalies near 10°S, 110°W are due to 

annual or interannual fluctuations. The reliabil ity of the 

analyzed data can be further tested by direct comparison to 

the original scatter diagrams . The scat ter diagram and 

hand analysis for 150°W-160°W in April is shown in Fig. 11. 

The hand analysis for November (dashed line) is superimposed 

on the April data. The deviations between the November 

analysis and the April data leave little doubt that the 

anomalies between the equator and 15°N in the Central 

Pacific are real features of the circulation. 

The hand analysis is used for the remainder of this 

study because I have greater confidence in it. Where data 
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are sparse, the hand analysis is at least always 

representative of the few data that exist in the region. 

Very anomalous observations which deviated from the 

analyzed values by more than 100 m were easily identified 

and eliminated . Highly anomalous data taken during 1971 

and 1972 are circled in Figs. 5 and 11. The objective 

analysis is dominated by the densely samp led areas, and its 

quality control is not as simple. Only those features 

which appeared in both the hand and the objective analyses 

are discussed in detail. 

B. The wind field 

Annual variation in the trade wind field over the 

Pacific Ocean was studied on the basis of 5 million wind 

observations made by ships. The data sources and data 

processing have been discussed in detail in two technical 

reports (Wyrtki and Meyers, 1975 a , b) . In particular the 

calculation of the differential operator CURL was described. 

The annual variation of the wind field has been discussed 

in detail in a separate article (Wyrtki and Meyers, 1976). 

The spatial distribution of wind observations is shown in 

Fig. 12. 



.. 
"' ... 

::> e : o o ~ o o e ~ ! ~ o c o 

~ ::: ~ 

~ c 0 0 c ~ 0 0 0 0 

0 0 0 ;> = 

0 0 0 0 0 

.. .. 
;::; .... 

0 0 0 0 0 ~ : 0 ~ 0 0 0 0 ~ 0 ... 
:: 

0 C" 0 0 0 

24 



25 

III . LARGE SCALE, LOW FREQUENCY 

VARIATIONS IN TROPICAL CURRENTS 

The physical processes that govern the variability of 

large scale, low frequency tropical currents (excluding 

currents at the equator) are believed to be the divergence 

set up at the surface by the wind stress and the planetary 

geostrophic divergence inherent on a rotating sphere 

(Yoshida, 1955; Stammel, 1957; Yoshida and Mao, 1957; 

Fedorov, 1961; Gill and Niiler, 1973; Meyers, 1975; Uhite, 

1977a, b; DeWitt and Leetma, 197 8) . The emergence of these 

processes from the equations of motion is shown in the 

simplest possible way in the model developed below. The 

necessary distance separating the current from the equator 

is discussed later . 

Consider an ocean with a rigid lid and an infinitely 

deep bottom layer as shown in Fig . 13. The equations of 

motion for small perturbations in the upper layer about a 

state of rest are 

fv 

Vt + fu = - g 'hy + TY/ho 

ux + Vy = ht/ho 

g I = 6pp - lg 
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where x and y are horizontal coordinates positive toward 

the east and the north, u and v are eastward and northward 

velocity components, subscripts are partial derivatives, f 

is the Coriolis parameter, g is the acceleration of gravity, 

p is density in the upper layer, P + 6p is density in the 

lower layer, Tx and Ty are wind stress toward the east and 

north, h is the thickness of the upper layer when the 
0 

ocean is at rest, and h is the perturbation in thickness 

of the upper layer, positive when the interface is dis-

placed downward. Variable currents are nearly in gees --

trophic balance when their time scale is longer than a few 

inertial periods and the wind is weak (Bryden, 1977). The 

fundamental response of the upper ocean to a variable wind 

stress is the Fredholm solution (Ekman , 1905) which shows 

that quasi-stationary Ekman currents will develop if the 

time scale of wind fluctuations is more than a few inertial 

periods (Greenspan and Howard, 1963) . Therefore solutions 

to the equations of motion with frequency w and with w~< f 

nearly satisfy the momentum equa~ions 

fu -g'hy + TY/h
0 

Solving these equations for u dnd v and substituting into 

the equation of continuity yields 
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which is the vorticity equation . The local time derivative 

of vorticity does not appear because it is negligible when 

the space scale of the motion is large. Scale analysis 

reveals in detail the conditions under which time variable 

motion can be described by this vorticity equation, and 

interested readers are referred to Yoshida and Mao (1957), 

Phillips (1963, p . 161) and McCreary (1977, p . 22) . The 

approximation filters internal inertio-gravitational waves, 

Kelvin waves, and short, dispersive Rossby waves from the 

possible responses of the model. The approximation is not 

valid near the equator and the required minimum separation 

from the equator is discussed in the following paragraph. 

The following transformations yield an equation which will 

be convenient for later applications . Let 

h' = -h 

(
Ty) 
f x 

Then the equation becomes 

x ' -x 



Sg ' h 0 h I + h I 

t f2 x 
T 

CURLz f 

Dropping the primes on h' and x' yields 

(1) ht + ch = x w 

( 2 ) w curlz 
T = f 

(3) 
Sg ' ho 

c = 
f2 
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The rate of change in depth of the thermocline is ht , the 

Ekman pumping velocity is W, and the planetary geostrophic 

divergence inherent on a rotating sphere is ch 
x 

Note that 

derivatives with respect to y (latitude) do not appear in 

(1) which means that the latitudinal variability in W and 

c can be incorporated into analytic solutions (White, 1977) . 

Also the x coordinate can be replaced by the distance from 

the eastern boundary. These features of the model allow 

for a wide range of flexibility in testing the oceanic 

responses to meridionally and zonally varying wind fields . 

A solution to the homogeneous form of (1) which is proper-

tional to exp[i( Kx - wt) ] where Ka nd ware wave number and 

frequency yields the dispersion relationship for very long, 

non-dispersive, baroclinic Rossby waves (Veronis and 

Stammel , 1956, Fig. l; Lighthill, 1969, Fig. 2) 
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w 
= 

K 

A wind field will generate a large response in the ocean 

due t o resonance when its zonal length scale divided by its 

time scale nearly equals c . Resonance is discussed further 

in Chapter 5. 

Local accelerations are not negligible at the equator 

even in low frequency motion . The minimum distance from 

the equator at which (1) is valid is easily calculated 

using the equation for meridional velocity (v). This equa-

tion will only be used to compare the size of terms derived 

from accelerations to terms derived from the Coriolis and 

pressure for c es; for simplicity the wind stress is set 

equal to zero . Taking time derivatives of the momentum 

equations and substituting for h from the appropriate 

spatial derivatives of the equation of continuity yields 

(4) 

(5) 

Operating on (4) with g'h a
2

/ ax a y - f a / a t and on (5) with 
0 

~ 2 ; ~ t 2 - g ' h ~d 2 / ~ x 2 d dd. h 1 · · a a o . an a ing t e two resu ting equations 

yield s an equation in v alone (Lighthill, 1969), 
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( 6) = 0 

The terms involving v and v come from Coriolis and 
t x 

pressure forces . The remaining terms come from local 

accelerations. Substitution of non- dimensional variables 

x ' y I t I Wt 

v ' v/v(s) 

yields 

I 
V t I t It I 

- v' t 
v ' x 0 

Consider currents ~ith a zonal length scale 

so that the terms involving v ' t ' and v ' , 
x 

a r e the same 

order of magnitude. For 

1300 km (S and f at 10°N, 

w equal to 2ri/lyr, L equals 
x 

-2 
g ' = 4 cm s and h = 200 m) . 

0 



The coefficient of ' v x ' x't ' satisfies 

= < .02 

throughout the tropics , therefore, the term with v ' , 't' x x 
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is negligible . The coefficient of vt' t't' is small every-

where except within a few lO ' s of kilometers of the equator . 

The coefficient of v , , , is inversely proportional to the y y t 

square of the Coriolis parameter and increases as the 

equator is approached . It also increases as the meridional 

length scale decreases . The smallest meridional length 

scale apparent in the wind field is 6° of latitude (666 km) 

as shown in the next chapter . 

equator be ,5 ' y then f equals 

v satisfies y I y I t I 

< 0 . 1 

Let the distance from the 

s 0 • y The coefficient of 

when 8y is greater than or equal to 584 km. Thus the terms 

which depend on local accelerations are negligible and (1) 

is a good approximation if the zonal length scale of the 

current exceeds 1300 km, the meridional length scale 

exceeds 666 km and the current is not within 584 km of the 

equator . 
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IV . ANNUAL VARIATION IN THE DEPTH OF THE THERMOCLINE 

Annual variation in the strength of the Pacific 

equatorial currents is expected to be related to the 

trade winds in the elegantly simple way discussed in 

Chapter III . The goal of this chapter is to describe the 

variable currents and trade winds and to test if vertical 

displacements of the thermocline are in phase with the 

Ekman pumping velocity computed from the wind stress, or 

with the Ekman pumping velocity plus the geostrophic diver-

gence as discussed in Chapter III . The test involves 

comparing the terms in (1) for each month . Given the wind 

stress and depth of the thermocline in January, the rate 

of change in depth is calculated at each grid point using 

(1) . The rate of change permits a prediction of the depth 

for February . The depth for March is similarly calculated 

from the wind stress and depth of the thermocline observed 

in February, and so on through the year. In comparing the 

terms in (1) we will look for agreement in large scale 

features of the spatial distribution of each term, rather 

than numerical agreement at each grid point, because the 

bathythermographic data coverage is not sufficient to 

calculate long term monthly means with small confidence 

limits . The results of this test will be given after the 

annual variations in the depth of the thermocline and the 

trade winds are described . Note that ( 1) is singular at 



the equator; calculations for the region 4°N to 4°S are 

discussed in Chapter VI. 
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The trade winds vary during the year with the strong-

est winds in the winter/spring hemisphere. The wind stress 

curl and Ekman pumping velocity, however, are relatively 

insensitive to the changes in wind strength and depend 

mainly on the locations of the zones of strong meridional 

shear, which change in latitude throughout the year (Wyrtki 

and Meyers, 1975a, 1976) . The Intertropical Convergence 

Zone (ITCZ) in the eastern and central Pacific is located 

about 3° south of its mean position during the northern 

winter and spring, placing a region of strong cyclonic 

wind stress curl between 5°N and 10°N (Fig. 14). During 

the northern summer and fall the ITCZ shifts about 6° 

northward placing the cyclonic wind stress curl between 

10°N and 15°N (Fig . 15) . The region south of 10°N is 

covered by anticyclonic wind stress curl, which is very 

strong in the eastern Pacific due to the formation of a 

monsoon wind blowing into Central America (Sadler, 1976). 

The strongest shear occurs in a narrow band (200-400 km in 

winter, 400-600 km in summer) just north of the ITCZ and 

this band passes over the mean position of the ITCZ twice 

each year; consequently, annual variation in shear is 

large at the northern and southern limits of the position 

of the ITCZ and small at the mean position . Another zone 

of strong cyclonic wind stress curl is located in the south 
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Fig . 14. Wind stress in February. 

Fig. 15. Wind stress in August . 
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western Pacific along the southern flank of a trough 

whose axis runs from the northern Coral Sea to and beyond 

Fiji during the southern summer (Fig . 14). The trough 

shifts northward and weakens during the southern winter. 

The Ekman pumping velocity (W) in (2) was computed on 

a 2° latitude by 10° longitude grid. Evaluation of the 

CURL operator using finite differences has been discussed 

in Wyrtki and Meyers (1975). Variation in the Ekman pump-

ing velocity throughout the year is described in Fig. 16, 

which shows a map of the amplitude of the annual harmonic 

of W. The month during which W attains its maximum value 

is also shown at a few key locations. Maximum values in 

the region between 10°N and 15°N occur during August and 

September across the entire Pacific . The amplitude is very 

large between 4°N and 8°N in the eastern Pacific with maxi-

mum value in March. The fluctuations are not in phase 

across the Pacific and maximum values occur nearly six 

months later in the western Pacific. The Ekman pumping 

velocity in the southwestern Pacific is considerably 

smaller than in the North Pacific and has a maximum value 

in February. The spatial structure of the Ekman pumping 

velocity in the tropical Pacific is by no means simple. 

Averaging it over longitude or latitude as other investiga-

tors have done can be misleading. Consequences of zonal 

and meridional variation in the forcing will be discussed 

in the following chapter . 
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The observed response of the Pacific equatorial 

currents to forcing by the trade winds will be discussed 

next . 

by a system of nearly zonall y oriented ridges and troughs 

(Fig. 17) which separate the North Equatorial Current, the 

North Equatorial Countercurrent and the South Equatorial 

Current (Knauss, 1962). The countercurrent ridge is loca-

ted near 10°N between the North Equatorial Current and 

Countercurrent . The countercurrent trough is located near 

5°N between the Countercurrent and the South Equatorial 

Current. The near equatorial ridges at 2°N and 2°S divide 

the South Equatorial Current into branches which flow on 

either side of the equator . The mean structure and its 

relationship to the Sverdrup transports calculated from the 

wind stress will be discussed in a separate paper . 

The ridges and troughs change in depth throughout the 

year . The displacement of the thermocline from its mean 

position during February, May, August and November is shown 

in Figs. 18 through 21 . Arrows on the isolines indicate 

the direction of inferred changes in geostrophic flow. 

During November the countercurrent ridge is high across the 

entire Pacific while the countercurrent trough is deeper 

than normal in the Central Pacific. Consequently the North 

Equatorial Current is strengthened across the entire basin 

while the Countercurrent is greatly strengthened in the 

Central Pacific . The map also shows strengthening of the 
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South Equatorial Current between about 4°N and 4°S and 

weakening between 4°S and 10°S . The map for May is almost 

exactly the reverse of the map for November . The displace-

ments at 6°N propagate westward as seen by following the 

dome at 115°W in February through the other months. Varia-

tion in the depth pf the thermocline is summarized in Fig . 

22, which shows the amplitude of the annual harmonic of 0 14 

throughout the tropical Pacific, and the month of maximum 

displacement at key locations . 

Whether or not these variations in the currents are 

consistent with the model developed in Chapter III was 

tested by the following calculations. Monthly displacements 

(hE) were calculated from the Ekman pumping velocity given 

in (2) at each grid point by evaluating the integral 

The brackets <> indicate the annual mean value. Monthly 

displacements (hG) were also calculated from the geostrophic 

divergence in (3) by evaluating 

t 

hG(t) = J chxdt' - <hG> 
0 
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The calculated anomalies hE (t) and hE (t) + hG (t) were 

compared t o the o b served anomalies (h) a t each grid point 

by calc ulating the correla t i o n coefficient for the twelve 

monthly values . The correlation coefficient of two 

sinusoidal curves , cos wt and cos ( wt+ ~ ) , is cos cb , and 

equals . 87 if the lag ~ equals 1 month. Areas where the 

correlation coefficient b e t we en hE and h exceeded . 87 is 

shown in Fig . 22 . The figu r e indicates that the Ekman 

pumping velocity is in phase with vertical displacements 

of the thermocline in the region between 10°N and 15°N 

across the Pacific from the eastern boundary to 155°E . 

The corre l ation coefficient does not give any information 

about the ag r eement in magn itude of the anomalies . This 

was evaluated by calculating the ratio (R') 

R' = 

where h ' is either hE (t) or hE (t) + hG (t) . The value of 

R' is zero if the compared quantities are exactly equal and 

increases in size as the difference between the compared 

quantities increases . The average value of R' in the region 

where the Ekman pumping v e l ocity and displacements of the 

thermocline are in phase is . 22 . The magnitude of a typical 

displacement is 15 m, which implies that a typical error 

( E ) is 7 m as shown in the calculation below . 
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Excluding small isolated spots, three smaller areas of 

phase agreement are found centered at 24°N, 155°E in the 

western Pacific, at 10° S, 1 05°W in the eastern Pacific and 

at 20°S and the dateline . Notably absent from the regions 

of phase agreement is the area between 4°N and 8°N which 

has both large observed displacements and Ekman pumping 

velocities . Addition of the geostrophic divergence yields 

calculated displacements hE (t) + hG (t) which are in phase 

with observed displacements throughout most of the region 

from 4°N to 15°N (Fig . 24) . The implication is that the 

annual variations in strength of the North Equatorial 

Current and the Countercurrent are consistent with a model 

that incorporates Ekman pumping and geostrophic divergence. 

Models which incorporate more terms in the vorticity equa­

tion can be developed ; however, these two processes are 

fundamental and will be active in any model. 

To summarize the results presented in this chapter, 

vertical displacements of the thermocline between 10°N and 

15°N are in phase with the Ekman pumping velocity, while 

from 4°N to 6°N they are in phase with the Ekman pumping 

velocity plus the geostrophic divergence. We might ask 

why the response is different at these two latitudes. The 
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answer probably concerns t he structur e of the wind field . 

The Ekman pumping velocity has equal phase a cross the 

Pacific at 10°N; it shifts in phase nearly half a year at 

6°N . The amp l itude at 6° N also has a larger zonal varia­

bility than at 10°N . The ocean ' s response to these varia­

tions in the wind field is discussed in the next chapter . 
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V. ON THE ANNUAL ROSSBY WAVE IN THE TROPICAL NORTH PACIFIC 

Vertical displacements of the thermocline are in 

phase with the Ekman pumping velocity plus the geostrophic 

divergence in the region between 4°N and 15°N. The best 

resolution of the annual signal was achieved in this region 

because the annual amplitude of the displacements in it is 

larger than anywhere else in the tropical Pacific. We are 

encouraged to investigate this region in greater detail. 

In the last chapter the mean topography of the thermocline 

in January (an initial condition) and the Ekman pumping 

velocity were used to calculate the topography of the 

thermocline in February. The observed topography for Feb-

ruary was then introduced as a new initial condition to 

calculate the topography for March . Calculations for the 

full year required 12 initial conditions . It is possible 

to solve (1) for an arbitrary forcing function using only 

one initial condition and a boundary condition. These 

solutions can be called forced baroclinic Rossby waves 

because the free sinusoidal solutions are the well known, 

non-dispersive Rossby waves discussed by Veronis and 

Stammel (1956) and Lighthill (1969). In this chapter 

solutions to (1) for idealized wind fields are used to 

show their general properties. Then a solution for a 

forcing function which closely approximates the observed 

wind field is found and compared to observations. The 



52 

solutions discussed in this chapter show why the oceanic 

response at 10°N is dominated by local Ekman pumping 

while the response at 6°N propagates westward and geos-

trophic divergence is not negligible . 

The general solution to (1) is the sum of a particular 

solution plus the solution to the homogeneous equation. 

The general solution of the homogeneous equation is 

h = h(x-ct) 

Given an initial condition 

h(x,O) 

the solution to the homogeneous equation for all subse-

quent time is 

h(x , t) 

which represents non-dispersive westward propagation of the 

initial topography . The ocean has an eastern boundary at 

x = 0, therefore h. (x) is not defined for x <O and the solu-
1 

tion h(x,t) for x<ct is also not defined. The existence 

of a solution for x>ct is represented in Fig. 25 which 

shows the characteristic of the differential equation and 

the initial condition . It is clear that the initial con-

dition influences the solution only in the part of the x,t 
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space where x>ct (region I) . A solution in the part where 

x<ct (region II) requires a boundary condition 

hb ( t) = h ( 0 , t) 

The solution to the homogeneous equation in this case is 

written in the form 

h(x,t) x h(t - -) 
c 

For the boundary condition the solution is 

h(x,t) 

which represents non-dispersive westward propagation of the 

boundary condition . If a solution to (1) is sought for a 

limited part of the ocean, say for 

L > x > 0 

then Fig. 25 suggests that the initial condition influences 

the solution until t equals L/c and subsequently the solu-

tion depends only on the boundary condition. The solutions 

discussed below are all in region II, and depend only on 

the eastern boundary condition . 

White (1977) solved (1) but his solution does not 

represent the observations. He used the idealized forcing 
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function 

W = A cos wt 

and the boundary condition 

The solution is 

( 7) 
2A . Kx Kx 

h = w sin(z-) cosCz- - wt) 

Observed displacements of the thermocline in a small area 

of the Central Pacific were used to evaluate A and the 

phase. White (1977) then used (7) to calculate a map of 

the amplitude and phase of the annual wave throughout the 

tropical North Pacific (Fig . 26) . This wave propagates 

through the amplitudinal envelope (Fig . 268) at twice the 

phase speed of a baroclinic, non-dispersive Rossby wave . 

The observed topography of the thermocline throughout the 

tropical Pacific shown in Figs. 18 through 21 shows that 

the fluctuations at 10°N have nearly the same phase across 

the Pacific from the eastern boundary to 145°E. The wave 

suggested by White (1977) shifts in phase by a full cycle 

over this range of longitude (Fig . 26A). The wave shown in 

Fig . 26 is therefore not present. 
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The solution (7) is only one of the possible 

solutions to (1). Others can be found by altering the 

forcing function and the boundary condition. The condition 

is the logical one if the model uses quasi-geostrophic 

equations at the coastline. In reality local accelerations 

are not negligible at the coast, and the accelerations 

permit Kelvin waves to travel along the coast. Packets of 

these waves can change the depth of the thermocline along 

the coast (McCreary, 1976; Hurlburt , 1976) . Without resort-

ing to a more complex mathematical model (1) can be solved 

using the observed boundary condition at some distance far 

enough away from the coast so that local accelerations are 

negligible. With the same forcing function as in White 

(1977) and with the boundary condition changed to 

t 

f Wdt 
0 

(i.e . local forcing by the Ekman pumping velocity near the 

coast) the solution is 

(8) h(x,t) 
A 

sin Wt 

In this solution the displacements of the thermocline are in 



58 

phase with the Ekman pumping velocity across the entire 

ocean. A resonant response of the system is found by 

letting the forcing function be 

W = A sin(Kx) cos(wt) 

with K almost equal to w/c . The solution for constant 

boundary condition is 

(9) h(x,t) = A [cos(wt - wx) - cos(wt - Kx)] 
c 

neglecting small terms, which are not divided by the factor 

K- w/c . The response becomes very large as K- w/c becomes 

small . Thus a system governed by (1) can yield 

1. a forced wave which propagates at twice the phase 

speed of a free non-dispersive Rossby wave as in (7). 

2 . a local response forced by the Ekman pumping velocity 

as in (8) or 

3. large amplitude, resonant waves which propagate at 

nearly the phase speed of a free non-dispersive Rossby 

wave as in (9) . 

Solutions for the observed wind field will now be studied 

to look for properties 1) through 3) and also they will be 

compared to the observed variations. 

For an arbitrary forcing function W(x,t), an arbitrary 



boundar y condition hb(t), and the initial condition 

h.(x,o) = 0, the Laplace transform of the solution is 
1. 

H(k ,s) = w( k,s) + cH(o,s) 
(kc + s) (kc + s) 
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where k is the transform parameter for x, s is the transform 

parameter for t, w(k,s) is the forcing function transformed 

in space and time and H(o,s) is the boundary condition 

transformed in time. Inverse transformation in k and 

application of the convolution theorem yield 

1 
H(x,s) = 

c 

x - ~(x-r;) 
J e c w(l.; ,s ) df.; + H(o ,s) e 
0 

s 
c 

x 

Inverse transformation in s and another application of the 

convolution theorem yield 

h(x,t) 
x t 

= l ff 6[t - T - (x - i;l] W(?;,T) dTdc'.; 
c c 

0 0 

t 

+ J 
0 

where o is the Dirac - delta function. The solution in 

region II of Fig. 25 (x<ct) is independent of the initial 



condition . After a time interval L/c the solution yields 

values of h across the ocean from the origin to L for all 

subsequent time. Using the inequalities 

t - (x- z;) > 0 
c 

z:; > 0 

T < t 

and properties of the Dirac-delta function, the integral 

over T can be evaluated to yield the solution 

(10) h(x, t) 
1 x 
c l 

0 

The observed Ekman pumping velocity can be very closely 

represented by a function of the form 

W = A(x) cos (wt) + B(x) sin (wt) 
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A(x) and B(x) are the annual harmonic Fourier coefficients 

of the observed Ekman pumping velocity . They are piece-

wise-continuous, linear functions between grid points. The 

forcing function is then specified by 



A(x) 

B(x) 

1 
Y1 x + Y2l 

2 Y1 x + Y2 
2 

Y Nx + ~r .N 
1 2 

Y 1 + Y4l 3 x 

2 2 
Y3 x + Y4 

Y N + Y4N 3 x 
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a.2 > x > a.1 

a3 > x > Ct 2 

N+l N 
Ci >x>a 

a 2 > x > a 1 

0'.3 > x > a.2 

N+l N 
a >ir>a 

where the yi are calculated from the harmonic coefficients 

at points on the x-axis a 1 , a 2 ~3 
' ' 

N+l a . A 

tedious but otherwise straight forward integration of (10) 

with this forcing function yields 



(11) h(x,t) 

aM+l. > 

Ci(x,t) 

Si(x,t) 

K = W/c 

M 
x > Ct. 

i 
1 Y1 

= c [~ (cosn + Kl;sinn) 
K 

i i+l Yz n=n1+1 i;;=~ 
+ ~- sinnl ' · 

K n=n. i;;=c:i. 1 

l. ' 

i 
1 y 3 
c r~2- (sinn - Kl;cosn) 

K 

n-n --ai+l 
COST)) - i+l, t,-

n=n ·, i;;=a.1 
l. 

r) = Wt - Kx + Kl; 

M+l 
a = x 

62 
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The non-dispersive Rossby wave phase speed 

c = 

must be evaluated before calculating displacements of the 

thermocline from (11). Observed displaceraents at 6°N 

plotted as a function of longi tude and time (Fig . 27) 

-1 suggest a phase speed of about 64 cm s (represented by a 

line in the lower left portion of the figure). The solution 

(11) with this phase speed and the observed boundary condi-

tion at 80°W is shown in Fig. 28 . The solution propagates 

westward at the free wave phase speed and has a large ampli -

tude ( >60m). The half-wave length corresponding to the wave 

number w/c (with w = 2 . 10- 7 s-l and c = 64 cm s- 1 ) is 

4 1 . 0 x 10 km, or 91° of longitude at 6°N . This half-wave 

corresponds to the distance from 160W to the American coast , 

and traverses a distinct maximum in the spatial distribution 

of the Ekman pumping velocity (Fig . 16). Also the Ekman 

pumping velocity in the eastern and western Pacific i~ 

6 months out of phase. It appears that the westward propa-

gating wave at 6°N is a nearly resonant response of the 

ocean to the zonal distribution of the Ekman pumping 

velocity as in case J . The calculated displacements are 

three times larger than the observed displacements at least 

partly because both dissipation and dispersive transport of 

energy to other latitudes are not permitted by the 
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differential equation (1). 

The phase speed c can be calculated from the density 

structure through its dependence on g ' h , and it is possible 
0 

to test if the value estimated above (c = 64 cm s-1 ) is 

consistent with the observed density structure . The quan-

tity g'h can be calculated from oceanographic station data 
0 

with the formula 

where H(l) is the first baroclinic equivalent depth. The 

physical meaning and calculation of H(l) has been discussed 

in detail by Lighthill (1969, p. 85 ££ . ). Near 6°N H(l) is 

53 cm at 129°W and 83 cm at 160°W, as calculated from the 

oceanographic station data described in Table 1. The phase 

-1 
speed calculated from the mean equivalent depth is 65 cm s 

which is remarkably close to the value determined from 

Fig . 27 . 

Observed displacements of the thermocline at 10°N as a 

function of longitude and time have nearly the same phase 

from the American coast to 145°E (Fig. 29) . The figure does 

not suggest a value for c . Subtraction of the zonal mean 

displacement each month shows that relatively small westward 

propagating features with a phase speed of 56 -1 
cm s are 

hidden beneath the large zonally uniform signal (Fig. 30). 
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LATITUDE LONGITUDE H(l) DATA SOURCE EXPEDITION 

6°N 160°W 83(cm) Reid (1965) Equapac 

10°N 160°W 53 

l8°N 160°W 90 

7°N 129°W 53 Reid et . al. Downwind 
(1965-) 

11°N 128°W 51 

19°N 125°W 57 

Table 1. First baroclinic equivalent depth H(l). 
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-1 The solution (11) with c = 56 cm s , and with the observed 

forcing function at 10°N and the observed boundary condi-

tion at 100°W is shown in Fig . 31. The figure suggests a 

local response in the thermocline forced by the Ekman 

pumping velocity as in case 2. The underlying westward 

propagating features also appear in the solution when the 

zonal mean is removed (Fig . 32). The solution at 10°N is 

weakly dependent on the value of c because geostrophic 

divergence is of only minor importance at this latitude . A 

complication is that the phase speed calculated from the 

d . 10°N d d 20 -l . ensity structure at oes not excee cm s using 

the mean value of H(l) in table 1. Perhaps a model which 

includes the meridional transport of energy, mean currents, 

and a more realistic vertical density structure can account 

for the observed phase speed . 

In summary of this chapter, the oceanic response at 

6°N to forcing by the Ekman pumping velocity takes the form 

of a nearly resonant non-dispersive Rossby wave because the 

length scale of the free Rossby wave nearly matches the 

zonal length scale of the forcing function. At 10°N the 

thermocline is in phase with the local Ekman pumping vel-

ocity from 100°W to 145°E . 
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VI. THE REGION BETWEEN 4°N AND 4°S 

The equator is a singular region where quasi-geostrophic 

dynamics breaks down, and the mode l developed in Chapter III 

is not applicable . The Ekman pumping velocity in the region 

between 4°N and 4°S was computed with a simple model that is 

consistent with the dynamics of equatorial currents. The 

wind stress must be balanced by friction at the equator, as 

has been discussed in a conceptual model by Cromwell (1953). 

Recently Gill (1975) and DeWitt and Leetma (1977) derived 

equations that permit ca l culation of the Ekman pumping 

velocity at the equator from a known wind stress. The model 

by Gill (1975) was adopted for t his study . It uses a fric-

tional force which is proportional to velocity (Wyrtki, 

1956) . The solution is 

(12) w = - (z+H) 
H 

. ~(r2 -S2y2)Tx + 2rB 2yTY 

Cr2 + S2y2) 

where z is the vertical coordinate positive upward, the 

origin is at the sea surface, H is the thickness of the 

wind driven layer, and r is the constant of proportionality 

between frictional force per unit mass and velocity. The 

other symbols were defined in Chapter III . The value of r 

was determined from the observations of Taft and Jones (1973), 
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-3 -1 who calculated a vertical velocity of 8·10 cm s at 28 m 

depth from carefully measured horizontal currents . The 

wind stress was 
2 

. 32 dynes/cm at the time, and the depth of 

the core of the undercurrent was 100 m, which was assumed to 

be an appropriate value for H. The value of r calculated 

-6 -1 
from (12) with y and ,Y equal to zero is 3·10 s The Ekman 

pumping velocity was calculated in the equatorial Pacific 

from (12) using this value of r, z equal to H/2 and the 

observed monthly wind stress. These values were used to 

complete Fig. 16 near the equator and to carry out the 

calculations described in Chapter IV. 

The geostrophic divergence was estimated at 2°N and 

2°S by calculating the zonal gradient of the zonal geos-

trophic current. This estimate gives the correct sign of 

the horizontal divergence when the oceanic motions are 

composed of equatorial Rossby waves (Matsuno, 1966, Figs. 4 

and 5) and is exactly the horizontal divergence when the 

oceanic motions are composed of equatorial Kelvin waves. 

The values at the equator were assumed equal to half the 

average of values calculated at 2°N and 2°S. The factor of 

one- half was introduced because observed displacements of 

the thermocline have maximum amplitudes on either side of 

the equator except near the eastern boundary (Fig. 4). The 

values at 4°N and 4°S were calculated as described in 

Chapter IV. 

The sum of displacements calculated from the Ekman 
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pumping velocity and the geostrophic divergence are in 

phase with observed displacements only in the region near 

the eastern boundary (Fig. 24), and not along the remainder 

of the equator. The vertical velocity calculated from the 

wind stress with (12) is very large along the equator; 

however, isotherms are not directly advected by this current 

because mixing is very intense. The response of the equa-

torial Pacific Ocean to annual forcing by the equatorial 

easterlies will be described in detail in a separate paper. 
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VII. CONCLUSION 

Annual variation in the depth of the thermocline has 

been described throughout the tropical Pacific Ocean and 

related to forcing by the trade winds. A large response in 

the ocean was found in the region from 4°N to 15°N. Near 

6°N the monthly anomalies propagate westward at nearly the 

phase speed of non-dispersive Rossby waves. Near 10°N the 

monthly anomalies have the same phase across the ocean from 

the American coast to 145°E. A simple model of large-scale, 

low frequency currents is able to account for the observed 

variations in the thermocline . The model is driven by diver-

gence in the Ekman layer set up by the surface wind stress, 

called Ekman pumping by Veronis (1973). It also incorporates 

the effect of planetary, geostrophic divergence inherent on 

a rotating sphere (Stammel, 1957). The oceanic response at 

10°N is in phase with the Ekman pumping velocity, and the 

effect of geostrophic divergence is small. The response 

takes this form apparently because the forcing is strong 

and nearly zonally uniform . Geostrophic divergence is not 

negligible at 6°N, because the oceanic response is in the 

form of a westward propagating wave. The wave is formed 

apparently because the zonal length scale of the forcing 

function is nearly equal to the wave length of a free non­

dispersive Rossby wave with a period of 1 year. 
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