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ABSTRACT

A ten—level  p r imi t ive  equation ocean circulat ion model

is used to invest igate the formation and propagation of baro—

clinic wavel ike responses to annual variat ions in wind stress

forc ing .  At 12.2 °N a therma l response to Ekman pumping is

observed to be in phase across the ent ire  longi tudinal  extent

of the model Paci f ic  Ocean . A zonal f luc tua t ion  in in ter ior

ocean current systems is also suggested . Eastern boundary

disturbances not related to local forc ing are observed to

propagate poleward . At 6.l°N , main thermocline displacements

are observed to propagat e westward as the result of ver t ical

advection induced by Ekman pumping. Surface layer tempera-

ture disturbances also exist which are produced by meridional

advec tion of mean temperature (colder to the south) by sur-

face Ekman currents. Eastern boundary disturbances also

exist at this latitude and extend to a deeper level. All

• disturbances observed in this investigation are considered

to be permanent fea tures of the model c irculation . Gr id size

limitations preclude detailed investigation of the observed

boundary disturbances with this model .
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• I . INTRODUCTION

• Recent modeling investigat ions of the strength and

• thermal structure of Tropical North Pacific Ocean currents

have prov ided evidence as to the ex istence of a baroc linic

response to annual variat ions in wind stress . Meyers (1978)

has observed variations in the depth of the 14°C isotherm

which , at 60N , propagate westward at nearly the speed of

free , non—dispersive Rossby waves. His model mechanisms at

6°N are Ekman layer divergence (Ekman pumping) as a response

to local wind stress , and planetary , geostrophic divergence

inherent on a rotating sphere . At lO°N M~ yers observed

thermocline depth variations which were nearly in phase

across the Pacific with the Ekman pumping velocity calcu-

lated from the local wind stress. White (1977) found an

agreement in phase only at l50°W , and suggested a baroclinic

response to annual forcing in the form of a long wave which

results from the superposition of baroclinic Rossby waves

emanating from the eastern boundary , and the local forced L

response . This resulting long wave propagated at twice the

speed of free Rossby waves.

The purpose of this study was to investigate further

any low frequency responses to wind forcing in the North

Equatorial Pacific and to consider whether any such responses

are consistent with theory . The numerical model used is that

of Haney (1974) with subsequent improvements involving

10
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parameterization of convective mixing and surface wind stir-

ring (Haney and Davies , 1976) and nonlinear eddy viscosity

• (Haney and Wright , 1975). This model is based on the hydro-

static and Boussinesq approximat ions and is a 10—level prim-

itive equation model in a closed rectangular basin with a

uniform depth of 4 kilomet3rs . The model basin extends from

the equator to 65°N and westward for 90° of longitude from

l25°W. Horizontal resolution is approx imately 3° of longi-

tude and 2° of latitude with 33 uniformly spaced grid points

in both the east—west and north—south directions. The ten

vertical levels are placed at 10 , 32.5 , 62.5 , 102.5 , 162.5 ,

462.5 , 900, 1700, and 3100 meters below the undisturbed sea

surface. The model has been developed and improved in order

to study large—sc ale thermal anomalies observed in the

C ntral North Pacific Ocean by the North Pacific Experiment

(NORPAX).

The model was “spun up ” for a number of years of

simulated time sufficient to allow circulations and thermal

patterns to establish themselves and then detailed analysis

of the transient response in the tropical regions was made .

The wind stress prescribed as a forcing function in the model

from the equator to 30°N was that used by Meyers (1978) and

described in detail by Wyrtki and Meyers (1975). North of

30°N wind stress was calculated from geostrophic wind data

obtained from an NCAR data tape of the Northern Hemisphere

climatological atlases of Jenne et al. , (1969a , b). The

major region of interest was south of 200N. This location

11 
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was where Meyers and White  observed wavelike dis turbances

and it was re~ sonable to expect similar waves in this study .

By analyzing any observed waves as to their phase relation-

ship with the local wind st~.ess curl , their phase speed ,

and their wavelength , possible mechanisms for their genera-

tion and propagation may be suggested and compared with

theory .

By better understanding how the oceanic circulation

changes as a result of variant wind forcing, more compre-

hensive studies of large—scale air—sea interaction and

climatic changes may be undertaken.

12 
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I I .  DATA SOURCES AND PROCESSING

Data from two di fferent sources , one cover ing the region

north of 30°N, and one covering the region south of 30°N ,

were combined to produce a realistic wind stress f ield which

was used as a forcing function in this modeling investiga-

tion . The first data base was that processed and explained

in detail by Wyrtki and Meyers (1975). This monthly aver-

aged wind stress data , sorted into 2° latitude by 10° longi—

• tude fields encompassing 29°S to 29°N and 125°E to 75°W ,

was generously provided by Dr. Steve Piascek of NORDA . Only

the data which was appropriate for use by the model , i.e.

that data from the equator northward and from l450E to l25°W ,

were used in this study . Wyrtki and Meyers calculated these

stress data for each observation according to the formula

= 

~a 
Cd Va t ( U a~ 

V a )

where T is the wind stress , rectangular component positive

to the east (X) and north ~~~ ~a 
is the constant surface air

density of 1.2 kg/rn3, cd is the drag coeffic ient assumed con-

stant in the trade wind zone at 1.5 x ~~~~~ U a and va are

the surface wind components , and I V ’  = 

~~a
2 

+ v 2 )~~, the

magnitude of the surface wind . A quadratic interpolation

scheme was used to transfer the Wyrtki—Meyers monthly wind

stress component arrays , extending from the equator to 29°N.

to the model gridpoints.

13
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The second source of data was an NCAR tape of monthly

mean climatological surface geostrophic wind component data

(Jenne et al . , 1969a , b). These wind components had been

sorted into 5~ latitude by 5° lon gitude fields encompassing

the model latitudes and ranging in longitude from l20°E to

• 80°W . These data were used to calculate surface wind stress

using the same formula as above . However , an atmospher ic

drag coefficient of 1.3 x l0~~ was used (Businger et al .,

1971) and a 10% reduction in magnitude from geostrophic was

assumed. The resulting stress components for the model

domain north of 30°N were interpolated to model gridpoints.

By combining the stress component fields computed and/or

interpolated from the two data sources , 33 x 33 f ie lds  en-

compassing the model’s geographical domain for individual

months were obtained . The Wyrtki—Meyers stress data , in-

cluded from the equator to 29°N , is based on actual wind

observations in the tropics , while the NCAR data , from 30°N

to the northern boundary , is based on geostrophic wind cal-

culations from monthly mean sea—level pressure data. It is

felt that the resulting stress field represents the best

total stress pattern that is presently available from monthly

mean data over the North Pacific Ocean .

Although the major feature of the two stress fields

matched quite well at the common latitude of 30°N , a smooth—

ing technique was employed to remove smill  scale i r r egu l a r—

it ies and improve horiz.ontal  cons is tency.  A wei ghted th ree—

point meridional  average given by

14
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= + .2S (r
~~~~ ÷i — 2T

~~~~~ 
+ t~~~~~~~ 1

) W~

was selected wi th  the weight , W
3
, a Gauss ian func tion of the

la t i tude  (1 is the longi tudinal  gr idpoint  index and .j is the

la t i tud ina l  index) .  W . is detailed and i l lus t ra ted  in
3

Figure 1. At the  in te r face  between the two data sources ,

30°N , W
3 

approaches one , and at the l a t i t ud ina l  boundaries

of the mod~ 1 it approaches zero. Essentially, then , at the

in te r face  the smoothing process was a 
~~~~, f r ,  ~ meridional

filter , and near the boundaries was negligible. The merid-

ional smoothing was per formed twice with boundary va lues

being unchanged . A d d i t i o n a l l y ,  a ~~~~, ~~
-
, ~ monthly time

f i l t e r  was used once over the ent i re  f i e lds  and is given by

is = °5”r + 2  +~~~i ,j , k i , j , k— l i , j , k

where k indicates the m o n t h .

The ocean c i rcu la t ion  model ( Haney et al . , 1978 ) was

integrated over a to ta l  of nine complete annual cycles start-

ing f rom the results  of the previous model.  The on ly  change

from the previous model is the introduction of the  new wind

stress f ie lds  as described above . After nine years of inte-

gration it was clear that the upper layers of the oce an

mode l , i.e. those most strongly affected by the annual

variat ion in wind forcing, were essentially repeating them—

selves one year after another. The results analyzed below

are those from the e ighth  and n i n t h  years of the nine year

integration . Primary attention is devoted to the annual

var iation of model var iab les , less to the annual mean .

15
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III . OBSERVATIONS AND RESULTS

The trade wind f i e l d  over the Pac i f i c  Ocean is one of

the largest and most consistent wind f ie lds  on ear th  al though

l i t t l e  is ac tua l ly  known about i ts  t ime and spacial f luc tua-

t ions  (Wyr tk i  and Meyers , 1976). Wind—driven ocean circula-

t ion studies are la rgely  dependent on wind stress f i e l d

f l u c t u a t i o n s  since the curl of the wind stress , and thus

Ekman surface layer divergence or pumping ,  is a very cruc ial

forcing parameter. Accordingly, maps of the surface wind

stress and of i ts curl were analyzed for  s i g n i f i c a n t  f luc-

tuat ions  which may be re la ted to observable ocean ic

disturbances.

Figure 2 is a depict ion of the  annual mean wind stress

vec tors over the model domain. The region of primary inter-

est in this investigation is that south of 20°N. As shown ,

the Intertropical Conver gence Zone (ITCZ) has an annual

mean position at about 8°N. Wyrtki and Meyers (1975) have

shown that the curl of the wind stress and thus the Ekman

pumping velocity is relatively insensitive to changes in wind

strength and depend mostly on the locations of strong merid-

ional shear , which show latitudinal variation throughout the

year . In the northern hemisphere winter and spring , the

northeast trades are at their strongest and the southeas t

trades at their weakest. The ITCZ lies about 30 south of

its annual mean position and as seen in Figure 3 , a map of

16



wind stress cur l  for  a t y p i c a l  spr ing  month , regions of

strong posi t ive wind stress cur l appear between 5°N and 10°N.

Two zones of pa r t i cu la r ly  s t rong positive curl are apparent ,

one between 155°E and l75°E and another  between l55°W and

l40°W. In the nor the rn  hemisphere summer and f a l l , the

ITCZ shif ts northward to abou t 130N and the  zone of strongest

cyclonic curl is located between lO°N and l5°N as seen in

Figure 4 .

The strongest meridional  shear in the surface wind stress

is obse rved in a band s l i g h t l y  nor th  of the ITCZ which passes

over the annual mean posi t ion of the ITCZ twice per year .

Therefore the amplitude of the first annual variation of the

shear is largest at the l a t i t u d i n a l  extremes of the ITCZ and

small at the  annual me an pos i t ion . Meyers (1978) computed

the ampli tude of the f i r s t  annual  harmonic of the Ekman pump-

ing ve loc i ty  and the depth of the  14°C isotherm in the Nor th

Pac i f i c  and found tha t  both reached maxima at 6°N and at l0°N .

Not surprisingly, these latitudes coinc ided with the zones of
strongest cyc lon ic  wind stress cur l .  As ment ioned p rev ious ly .

at lO°N the Ekznan pumping ve loc i ty  and the  depth of the  14 °C

isothe rm f luc tua ted  in phase across the Pac ific while at 6°N

the temperature f l uc tua t i ons  propagated westward from a

region of resonant forc ing in the Eastern Pac if ic . In order

to analyze results which could best be compared with those
of Meyers (1978), model latitudes of 6.l°N and l2.2°N were

cho sen fo r  study in th is  inves t iga t ion .

17
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a. Results  at 12.2 °N

Meyers ’ (1978 ) result  at lO °N was an oceanic tempera-

ture response which was nearly in phase (a two month zonal

lag) with the local Ekman pumping velocity across the entire

Pacif ic  Ocean . White (1977) theorized tha t  the  annual  fluc-

tuation at any interior ocean location from lO°N to 20°N

depends on the fluctuating wind f i e ld  over the ent i re  east-

ward ocean with the phase speed and amplitude strongly related

to distance from the eas tern boundary . In a bounded ocean ,

the presence of the eastern boundary can significantly alter

the phase distribution of the oceanic response to Ekman pump-

ing by ac ting as a concen trated source of baroc linic

planetary  waves which propagate boundary responses westward

into the in te r io r , d ras t i ca l ly  a l te r ing  the phase r e l a t ion

predicted by local fo rc ing  on ly  (Whi te , 1977).

Model level 5 , corresponding to a depth  of 162.5

meters , was chosen fo r  detailed study since it is the model

level which most closely corresponds wi th  the  observed depth

of the 14°C isotherm (Meyers , 1978). This level is above the

intermediate layers where the ver t ica l  t emperature gradient

is weak and below the level of the max imum dens i ty  gradient ,

whose s t ab i l i ty  shields it from temperature f l u c t u a t ions

associated wi th  sea surface heat exchanges. Time—longi tude

maps of departures from the annual mean (deno ted with a prime)

of the zonal (u ’)  and meridional  (v ’)  f l o w , vertical velocity

(w ’ ) ,  and t emperature ( T ’)  were developed to show any zonal

propagation of wavelike disturbances . Figures 5 and 6 are

such maps of u ’ and v ’ respect ively  at leve l 5 across 12 .2°N

18



over the last two years of the model run . These f igures in-

dicate westward propagati ng annual  signa ls  wh ich emana te from

near or at the eastern boundary with the zonal component hav-

ing a slightly faster phase speed and a higher magnitude .

Figure 7 is a similar depict ion of the disturbance ver tical

ve loc i ty ,  w ’ . The major fea tures of the open ocean ver tical

veloci ty f i e ld  in Figure 7 develop near the eastern boundary

and seem to propagate westward as far as the mid ocean region

at which point further westward propagation with increasing

time is not observed . White (1977) observed that due to the

inverse latitudinal dependence in zonal phase speed , baro—

clinic long waves in the eastern ocean are direc ted westward

while in the western ocean they appear to be d irected more

northward due to refrac tion effec ts . Regardless , the overal l

pat te rn  obse rved in Figure 7 does not correlate with those

of the zonal and meridional f low components shown in Figures

5 and 6 respect ively.  Ve r t ical  veloci ty  is general ly rela ted

to the divergent part of the flow ; the propagating features

of Figures 5 and 6 are most likely due to the rotational part

of flow and as such have little impact on the vertical

velocity. It is noted that disturbances in Figures 5 through

7 appear to intensify along the western boundary of the model

ocean . This is to be expected since westward propagating

features tend to congregate at or near western boundaries

in models such as that used in this study .

Figure 7 also shows local disturbances of grea t inten-

sity along the eastern boundary . However , these disturbances

do not appear to propagate westward to any significant extent .

19 



They also do not appear to be re lated to the longshore (merid-

ional) component of wind stress nor to local Ekman pumping.

In order to invest igate any meridional  propagation of these

boundary fea tures , a t ime-lat i tude map of w ’ along the eastern

• boundary was prepared and is shown in Figure 8. Wyrtki (1975)

has surmised that the annual barocl inic response at an eastern

boundary away from the equator is in part composed of a per—

turbati•on which propagates into the region from the equatorial

region in the form of an i n t e r n a l  Kelv in  wave . Those coastal

disturbances at l2 .,20N in Figure 8 have a computed (northward)

phase speed of 11.7 cm/s and the major features have an annual

period . It is interesting to note that Enfield and Allen

(1978) have recently observed spatially coherent disturbances

in monthly mean anomalies of temperature  and sea level along

the Pacific coast of North and South America. In the tropical

la t i tudes , these observed f l u c t u a t i o n s  are also uncorre la ted

wi th  local forc ing  mechanisms and propagate poleward at phase

speeds comparable to those obtained in the model (Allen ,

personal communica t ion ) .  Because of the coarse grid in the

present model however , no f u r t h e r  comparison between model

results and coastal observations is justified .

Another important result which can be seen from Figures

5 through 8, and others be low , is that the two consecutive

model years are v irtually identical . This means that the

model is in a statistical equilibrium with the forcing and

that the oscillations being examined are not transitory but

are permanent fea tures  of the model circulation .
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Figure 9 is a time—longitude map of temperature dis-

turbances which is very consistent with the vertical velocity

pattern given in Figure 7. A two month phase lag is apparent

with generally warm water sinking during the first half of

the year and cold water rising during the second half —

clearly and indirect , thermally forced disturbance . Calcula-

tions based on the annual positive disturbance in the east—

central ocean in Figure 9 revealed a zonal wavelength of

about 10 , 000 ki lometers  and a zonal phase speed of approxi-

mate ly  —42 cm/ s .  These results  are in qua l i t a t ive  agreement

wi th  White  (1977) who theorized a wavelength of 10 , 000 kilo-

meters and a phase speed of —32 cm/s and observed a wavelength

of 16 , 000 kilometers and a phase speed of -46 cm/s at l2°N.

The Ekman pumping ve loc i ty  was calculated from the

fo l lowing  formula  as described in detail by DeWitt and

Leetmaa (1978 )

W h = f  ( u + v ) d z .

A map of the disturbance Ekman pumping velocity is presented

in Figure 10. This pattern corresponds with the gross fea-

tures of the vertical velocity field of Figure 7 although no

propagation is noted in the eastern ocean . This is in con-

trast with the results of both White (1977) and DeWitt and

Leetmaa (1978) who noticed a tendency for the Ekmari pumping

disturbances to propagate  westward . Magni tude  d i f f e r e n c e s

between corresponding fea tures in Figures 7 and 10 are per haps
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due to the fact that Figure 10 represents the depth of the

bottom of the Ekman layer which need not be coincident with

level 5 of the model. Additionally, different processes

are involved in vert ical velocity and Ekman pumping . The

theoretical Ekinan depth was calculated according to the

formu la

2K
D — 

~( m)~e

(De~ itt and Leetmaa , 1978) where Km is the vertical eddy vis-

cosity coefficient in the model which is 10 crn2/ s , and f is

the Cor iolis parameter . At l2.2°N , this depth was calculated

to be approximately 20 meters .

In order to describe the vertical structure of the

annual wave disturbances , vertical cross sections (x ,z) of

the disturbance quantities were prepared across l2.2°N on

August 3 of the last model year . This date was selected so

as to coincide with the large positive amplitude disturbance

noted on the time—long itude section of Ekman pumping in

Figure 10. Figure 11 , the vertical cross section of U ’ on

August 3 , may be compared with the time—long itude map of u~

in Figure 5. The positive wavelike disturbance near the

eastern boundary in Figure 5 extends from the surface to the

bottom with greatest magnitude near the surface , as is the

case with the positive disturbance in the western ocean . The

negative disturbance in the mid—ocean extends from th•e surface

to about 1500 meters with greatest magnitude at about 50 meters.

The result that the largest magnitudes are not at the surface

in Figure 11 may be explained by the dependence of the zonal

22
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flow on temperature and pressure gradient structure and not

so much on the surface winds . Generally, then , the zonal

disturbances extend quite deep at their formative stage and

do not significantly deepen or shoal as they propagate west-

ward .

Figure 12 shows the corresponding cross sec tion of

the meridiona l velocity perturbation which may be compared

with the time—longitude section of Figure 6. The positive

disturbance in the mid-western ocean in Figure 6 on August 3

extends vertically to within about 50 meters of the surface.

The negative disturbance in the eastern ocean extends from

about 1500 meters to the surface where it expands to cover

the entire model domain across l2.2°N. The negative distur-

bance is of greatest magnitude near the surface at all longi-

tudes while the positive disturbance is very small whenever

it appears . Apparently the meridional flow component is

more closely related to the surface winds than is the zonal

component .

Figure 13 depicts the vertical—zonal cross section

of vertical velocity disturbance across l2.2°N on August 3.

The positive disturbance in Figure 7 encompasses most of the

model domain except for the surface layer and the extreme

eastern boundary . Largest magnitudes are centered at depths

of about 1000 meters. The eastern boundary negat ive distur-

bance extends from about 200 meters to the surface .

Corresponding t emperature d is turb’  ~es are shown in

Figure 14. Warm condi t ions  are noted in all areas on August

3 except the eastern region at levels below about 75 mete r s .
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Wunsch (1977) has noted that if wind forcing is as-.

-
• suzned to be over an annual period then there is no reason to

isolate the problem of vertical propagation from that of

horizontal. He contends that internal gravity waves will

determine the  vert ical  modal s t ruc tu re  and that in the

presence of a non—dissipative and f l a t  bot tom energy may

travel from the surface to the bottom and then be reflected

back to the surface . Any vert ical propagation of wavelike

disturbances should be apparent in time—depth maps of the

perturbation quantities. These depictions were developed

and are shown in Figures 15 through 18. These maps were made

at an arbitrarily selected interior ocean longitude of 162°W.

No vertical propagat ion is seen in the zonal and meridional

velocity components , Figu res 15 and 16 respectively. Again

it can be seen that u ’ penetrates deeper than v ’ and is

therefore most likely due to the north—south meandering of

the major equatorial current systems which are primarily

zonal. Figure 17 reveals that the vertical velocity distur-

bances also do not appear to propagate vertically but they

attain their greatest magnitudes at fairly substantial

depths . These deep centers apparently are the cause of the

corresponding deep temperature disturbances (Figure 18)

which lag the vertical velocity by about 2~ months . The

temperature fluctuations above 150 meters are due to the

seasonal cycle of sur face heat flux modi f ied sl ightly by a

fluctuating meridional temperature advection in the upper 50

meters. Again notice how the two model years are nearly

identical — thus in equilibrium with the forcing.
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The model r e su l t s  at 12.2 °N are summarized as f o l l o w s .

The dominant  therma l response at the  dep th  of the main therrno—

d ine occurs in phase across the entire longitudinal extent

of the  ocean and is a t t r i b u t e d  to large scale vertical advec—

t ion produced by wind-induced Ekrnan pumping. This is in

agreement with the theoretical analysis and observational

results of Meyers (1978). In addition , there is a pronounced

fluctuat ion in the zonal current in the open ocean which

appears to be associated w i t h  a north—south seasonal meander-

ing of the main zonal current systems . There also exists

poleward propagating disturbances confined to the immediate

vicinity of the eastern boundary which do not appear to be

related to the local forcing. Further study is required to

determine whether these disturbances are in any way related

to the sea level disturbances observed along the North

American coast by Enfield and Allen (1978).

b. Results at 6.1°N

Variations in the depth of the 14°C isotherm which

propagated westward at nearly the phase speed of free non—

dispersive Rossby waves were observed at 6°N by Meyers (1978).

He theorized that the waves were generated by the zonal and

seasonal variability in Ekznan layer divergence in the

eastern Pacific and that they propagated nearly freely in

the western Pacific where he found the forcing was weak. The

resulting wave lagged the Ekman pumping velocity by slightly

more than one month at the position of max imum forcing.
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Figures 19 and 20 are time—long itude maps of zonal

and meridional flow disturbances , u ’ and v ’ respectively,

across 6 . l °N at 162.5 m (model level 5)  dur ing  the  same two

model years analyzed above at l2 .~~°N. These figures indicate

r ap id ly  westward propagating annual signals which appear to

emanate from the eastern boundary. The zonal component in

Figure 19 appears to increase gradually in magnitude to a

maximum in the region slightly west of the mid—ocean and then

decreases from there to the western boundary . The zonal dis-

turbances propagate faster than the meridional and faster

at 6.l°N than at l2.2°N (Figure 5). Figure 21 is a time—

longitude map of vertical velocity disturbance at the same

latitude and depth. As was rioted for Figure 7 at l2.2°N ,

local disturbances of great magnitude are observed along the

eastern boundary which do not appear to propagate westward .

These northerly propagating Kelvin—like disturbances (it can

be seen from Figures 19 throug h 22 tha t  v ’ , T’ , and w ’ are

involved in the disturbance but not u ’) are depicted in

Figure 8. Near the eastern boundary in Figure 21 , wavelike

perturbat ions form and propagate completely across the model

domain , in contrast with those at l2.2°N (Figure 7) which

appear to be near ly  in phase across the ocean . The dis tur-

bances ’ amplitudes slowly vary with westward propagation.

The temperature disturbance at 6.l°N (Figure 22)

has e s sen t i a l ly  the same p a t t e r n  as the ve r t i ca l  v e l o c i t y

dis turbance but w i t h  a two month phase lag which  ind ica tes

the t emperature is responding to the ver t ica l  v e l o c i t y .  Cal-

cu la t ions  revealed a phase speed of —32 cm/ s , a zonal
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wavelength of about 9900 kilometers , and an annua l period .

Meyers (1973 ) observed a corresponding phase speed of —56

cm/ s wi th  a wave leng th  of 17,000 kilometers at 6°N.

A t ime—longi tude map of Ekmari pumping velocity distur-

bance across 6.l°N is shown in Figure 23. The theoretical

Ekman depth as calculated above for  l 2 . 2 °N was found to be

approximately 28 meters at 6 . l °N.  The pa t t e rn  in Figure 23

correlates well wi th  the  actual ver t ica l  ve loc i ty  (Figure 21)

which in tu rn  corre la tes  wi th  the  temperature fields except

for the region of very  slow westward propagat ion in the  mid—

ocean area. Propagat ion is very rapid in both the eastern

and western thirds with greatest amplitudes observed at the

eastern boundary (l25°W). The latter observation is consis-

tent with Meyers ’ (1978) finding that the maximum displac e-

ment occurs at l30°W. The region of strong cyclonic wind

stress curl observed at this latitude in Figure 3 was at

and slightly west of 140°W.

The zonal—depth structure of the disturbance patterns

across 6 .l °N on August 3 of the last model year is depicted

in Figures 24 through 27. Figure 24 shows tha t t h.e positive

u disturbance of Figure 19 is very  broad at great depths ,

narrow at mid levels , and widens again in the surface layers

wi t h sli gh t ly  higher magnitudes observed at the  surface. The

corresponding negative disturbance is widest and has its

greatest magnitude at about 75 meters. As was discussed pre-

viously with regard to Figure 11 , there is a deep zonal

current fluctuation which seems to be related to the north—

south displ acement of the main current systems which are



zonal. The meridional velocity disturbance across 6.l°N is

presented in Figure 25. A relatively weak flow is predomi-

nant across the model domain except in the surface layers

where , as in Figure 12 , there is a strong response due to

the dependence on surface winds . Pos itive disturbances shown

in Figure 25 are of much smaller magnitude .

The zonal— depth map of w ’ in Figure 26 shows that

with the exception of a narrow semi-vertical band in the

western ocean and the Kelvin—like disturbances on the eastern

boundary , the model domain is predominantly occupied by sink-

ing (w’ < 0) disturbances at this time . The shallow Kelvin

disturbance extends deeper at 6.l°N than it did at l2.2°N

(Figure 13) and a phase change is apparent between the two

latitudes . Figure 27 shows that the model domain is colder

than normal exc ept for the eastern ocean surface layer and

a mid—level warm disturbance in the western ocean .

Time—depth maps of u ’ and v~ at 162°W are shown in

Figures 28 and 29. Disturbances of greatest magnitudes occur

at the surface with those of the zonal component extending

quite deep . On comparing these figures with their counter-

parts at l2.2°N , Figures 15 and 16 , the differences in dis-

turbance magnitudes between the two latitudes is obvious; the

deep response is a little stronger at 6.l°N but the surfac e

Ekman flow is nearly an order of magnitude higher at 6.1°N.

Plots of the disturbances of the zonal and meridional com-

ponents of wind stress as func tions of time at l62°W are

shown in Figure 30. The large magnitude surface layer distur-

bances noted in Figures 28 and 29 are in phase with these
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stress disturbances indicat ing that the wind stress is most

likely the dominant forcing process of ocean (Ekman) flow

at the surface and immediately below . The time—depth map

of vertical velocity disturbance across 6.l°N as presented in

Figure 31 is similar to that  of l 2 .2 0N (Figure 17) in that

greatest magnitudes are reac hed at deep levels. However , in

contrast to 12.2 °N , there is a phase sh i f t  at intermediate

levels at 6 . l °N. The phase sh i f t  probably represents a

t r ans i t ion  reg ion between the upper 500 meters or so , which

• is responding to the wind , and the remainder of the ocean

which is reacting out of phase . Figure 32 shows the strong

response of the temperature field in the upper 500 meters to

the vertical motion with a two month lag . At the same time ,

• surface disturbances due to seasonal wind changes occur but

they are confined to the upper 50 meters. At 6.l°N v ’ ~dvects

cold water northward from the equatorial surface region during

the first half of the year and warm water southward during the

second half of the year .

The model results at 6.l°N are summar ized as fol lows .

The dominant thermal response in the vicinity of the main

thermocl ine ( leve l 5 , or 162.5 meters in the model) is a west-

ward propagating disturbance (Figure 22) produced by vertical

advec tion (w ’ in Figure 21) induced by Ekman pumping (Figure

23). Figure 27 shows that the temperature response seen at

162.5 meters involves the entire therrnocline and is actually

strongest at about 100 meters. In addition to the propagating

thermal response in the main thermocline there is an equally

pronounced annual cycle of surface temperature (Figure 32)

29



which is produced p r imar i ly  by meridional  advection of mean

temperature (co lder to the south) by sur face Ekman currents

(Figure 2 9 ) .
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IV .  CONCLUSIONS

Wavelike features simulated in the tropical regions of

an ocean c i rcu la t ion  model which are seen as disturbances

from the annual mean of vertical velocity and temperature

have been described . These fea tures  are considered to be

permanent oscillations of the model circulat ion and result

• from variability in wind stress forcing. At l2.2°N , a

thermal response to large scale vertical advection produced

by wind—induced Ekman pumping or surface layer divergence

occurs practically in phase across the entire longituainal

extent  of the  model ocean . U n d e r l y i n g  f ea tu res  of the

annual signal do appear to propagate westward . These results

are in agreement with the theory and observations of Meyers

(1978). Evidence also suggests a zonal fluctuation in the

inter ior ocean current systems . Along the eastern boundary

poleward p ropaga t ing  per turba t ions  of the ver t ica l  v e l o c i t y

f ie ld  exist which may be related to sea level dis turbances

which have been observed by Enfield and Allen (1978).

At 6.l°N , thermocline displacements propagate westward

also as a result of vertica l advec tion induced by Ekman pump-

ing. Disturbances at this latitude are signific antly higher

in magnitude than those observed at l2.2°N. Additionally,

pronounced sea surface temperature disturbances are apparently

produced by mer idional advec tion of mean temperature by
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surface Ekman currents. Eastern boundary perturbations also

exist and extend deeper at 6.1°N than at the higher latitude .

Results and observations in this study were generally

• consistent wi th  accepted theory . It would be beneficial to

consider la t i tudes  other than 6 . l °N and 12.2 °N in fu tu re

studies in order to more completely describe the tropical

wavelike disturbances which were noted. The equatorial

boundary in the current model may. however , cause unreason—

• able results at lower latitudes than 6.l°N. The model is

presently not suitable for use for further study of the

eastern boundary disturbances because of grid size lirnita—

t ions .  However , a ca re fu l  study of these fea tures  using a

higher resolution model hav ing  a real is t ic  coast l ine con-

f igu ra t ion  may be valuable  in l ight  of the recent f i n d i n g s

of Enfield and Allen (1978).

The present model has little or no synoptic “no ise” .

It is recognized that this feature may be altered if finer

resolution or synoptic wind forcing were introduced .
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