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1 . Introduction

The overall goal of the North Pacific Experiment (NORPAX) has been to

study the large-scale variability in the ocean therma l structure (Anomaly

Dynam i cs Study, 1978). Some of the temperature anomalies have spatial scales

of thousands of kilometers and persist for months. The largest therma l

variability in the mid- latitude Pacific occurs between 30—50°N and 1 40- 180%,

wh i ch i s a reg i on of strong atmospheric var iabi lity. Seve ral  phys i cal

mechan i sms have been proposed to explain the deve l opment of near-surface

temperature anomalies , includ i ng :

a) Horizontal divergence of the surface layers produced by wind stress

curl;

b) Horizonta l advection by surface Ekman f low and geostrophic flow ;

c) Anomalous hea t f l ux a t the su rface ; and

d) Anoma l ous entra i nment heat flux at the base of the mixed layer

generated by wind stirring and convective overturning .

Whereas these mechan i sms would deve lop anomal ous therma l structure in s i tu ,

other mechanisms have been proposed which would result from the propagation

of waves from adjacent reg ions. These w i ll not be cons idered here , as on ly

the loca l processes represented in c) and d) above are exam i ned .

The basic hypothesis of this paper is that near-surface temperature anomalies

in the North Pacific Ocean during the fall-winter of 1976-77 were p r i m a r i l y

generated by vertica l mixing processes. An anomalous surface heat fl ux can

contribute to a net change i n  the heat conten t of the upper ocean , whereas

the vert i ca l mixing processes redistribute the heat conten t in the co l umn .

The monthl y ana lyses of the TRANSPAC data (Wh i te and Bernstein , 1978) indicate 
V

anomalies in wh i ch the upper layers were 20C l ower than norma l whereas the l ower

layers were 0.5°C higher than normal. Several mixed l ayer models (e.g. Camp

and Elsberry , 1 978) demonstrate that an anomaly which is cold near the surface V

6
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and warm below can result from the passage of an atmospheric storm. Docu-

mentation of the upper ocean response to atmospheric cyclones on the time scale

of days suggests a natural extension to the development and dissipation of

upper ocean temperature anomalies wi th longer time scales. One of the long—

range objectives of this research Is to determine what fraction of the surface

and subsurface anomalies may be related to the l oca l surface forcing processes

versus the other hypotheses belng tested by the Anomaly Dynam i cs Study (ADS)

group of NORPAX.

We represent the vertical mixing process through the Garwood (1977) oceanic

mixed layer model. This model requires the atmospheric forc ing fields of wind ,

sola r radiation and surface heat flux on time scales of hours , even though we

are attempting to explain anomalies with time scales of months . It is clearl y

i mpossible to monitor the heat and momentum fluxes each hour over the entire

ADS region (30°-50°N, l30°W-l70°E). Ou r approach is to use the results of the

su rface heat budget calculations from the heating package of the Flee t Numerica l

Weather Centra l (FMWC) atmospheric prediction model. In addition to calculations

of the effect of clouds on the radiative fluxes , the FNWC fields i ncorporate the

synoptic scale storm effects that have been found to be important in prior

studies (Johnson, 1977; Pau l us , 1978).

In the second section of this paper we evaluate the suitability of the FNWC

heat flux calculations through comparison with the heat content changes derived

from the TRANSPAC analyses. In the third section we initialize the Garwood

model with the TRANSPAC analyses and predict the evolution of therma l structure

changes caused by surface processes alone. The period of the simulat ion is

from September , 1976, through the end of December , 1976, which is similar to

the study of Haney , et al (1978). Signif Ican t cold anomalies in the centra l

Pacific and w r m  anomalies in the eastern Pacific developed during this period .

7
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In this preliminary study we consider only the points along 38°N and along

1 75% shown in Fi g. I. These cross—sections through the ADS reg i on allow us

to test the forcing and model predictions over the latitudina l and longitudinal

range . Later studies will  consider the complete ADS domain.

2. AtmospherIc forc i ng functions

The bulk mixed layer of Garwood (1977) predicts the evolution of the oceanic

therma l structure profile at a geograph i cal location. Va l ues of the wind speed ,

solar radiative flux and the total surface heat flux must be prov i ded at hourly

int ervals. As in d i ca ted above , these va l ues were extracted from the FNWC his-

torica l data files. S. Pazan of NORPAX prov i ded the data tapes for the September

to December 1976 period . These included the east and west wind components at

6—h interhals , and the solar and total heat (latent plus sensible plus back

radiation minus solar) flux values at 12—h intervals. Details of the reformat-

ting , and editing of these files and of the extraction of time series at par-

ticu lar points may be found in Gal lacher (1979). The wind fields were interpo-

la ted to hourl y values us i ng cubic splines .

A special treatment was required for the heat flux components. An instan-

taneous solar f l ux est i ma te each 12 h provides normally only one daytime va l ue.

The 0000 GilT va l ue will  correspond to local noon at l80°W , but will  be 1 500

loca l time at 135%. The procedure for computing the hourly solar fluxes during

the remainder of the daylig ht hours is given by Ga l l a c h e r  (1979). Milankov i ch ’s

formula- is used to estimate the hour ly  sola r f l ux on the bas i s of the val ue of

the solar flux closest to l oca l noon , and the time of l ocal sunrise and Sunset.

This procedure assumes that the moistur e and cloudiness effects that are implied

V 
in the known solar flux va l ue persist throughout the day light hours. It should

be noted tha t the FNWC atmospheric prediction mode l resolves only the large

scale features that are slowly vary i ng in time. It would of course be preferable 8
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to have the solar flux integ rated over 12 h , or more frequent estimates of

the instantaneous flux , but these were not archived at FNWC during this period .

The 12-h surface heat fluxes (latent , sensible p ius back radiation) are deter-

mined by subtracting the o r i g i n a l  solar  flux from the tota l heat flux va l ues .

Hourly ,alues are interpolated using cubic splines from these 12-h surface

heat fluxes. Finally the interpolated solar fluxes are added to reconstruct

the total heat flux at hourly intervals.

An example is shown in Fi g. 2 of the atmospheric forcing functions derived

by the above extraction and interpolation procedures . The w i n d  speed from

1 Septembe r to 31 December 1976 shows the expected synoptic scale variability .

Peak wind speeds become increasingly larger throug h the period . It is likely

that the actua l maximum va l ues were even larger , since any objective ana l ysis

scheme tends to smooth the short wavelength (high frequency) components. The

enve l ope of solar radiation flux also exhibits synoptic time scale fluctuations. V

Max i mum va l ues of the solar flux decrease with the approach of the winter sol-

stice. It appears that the cloud i ness expected in the hi gh wind speed events

from 305-365 days also contributes to a reduction in the estimated solar flux

at the sea surface . The total heat flux has a strong diurnal component. The

enve l ope of upward (positive) heat flux values corresponds to the night-time

va l ues of back radiation plus latent and sensible heat fluxes . Note that these

fluctuations were somewhat correlated with the wind speed. From days 245 to

about 275 the downward heat flux during the daytime tended to balance the upward

heat flux at night. However , from day 305 onward the upward heat flux clearly

dominated , leading to a net cooling of the upper ocean.

Another example of the atmospheric forc i ng for 38N , 135W is shown in Fig. 3.

Whereas the l ocation of Fig. 2 was near the center of max i mum storm activity ,

V 

the location of Fig. 3 was under an upper leve l ridge , wh i ch contributed to

10
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extreme drought cond it ions along the west coast of the Unit ed S tates. The

max i mum wind speeds in Fi g. 3 are clearly smaller than in Fig. 2, and there

are extended intervals of light winds. By contrast , the maximum solar flux

va l ues are greater in Fig. 3 than in Fi g. 2. This is especiall y true after

day 315, when peak va l ues exceed i ng 50 cal cm
2 h

1 
occurred at 135%, corn-

2 - 1  opared to maximum va l ues of about 30 cal cm h at 165 W . Thus the FNWC

heating package introduced physically realistic east-west variations in solar

flux . Whether the interpolation procedure produced reasonable estimates of V

the integrated solar flux can not be determ i ned from these figures alone . The

total flux (Fig. 3) was dominated more by the downward (negative) va l ues than

was the case in Fig. 2. Onl y after day 345 does the upward heat flux exceed

consistently the daytime solar flux .

The one-dimensional mixed layer model considers only the vertica l fluxes

of heat. Consequently a necessary condition for accurate model pred i ctions

• is that the observed change in heat content during the period must be nearly

equal to the tota l surface heat flux . The heat conten t in the upper 200 m along

38°N is shown in Fig. 4. The heat content is calculated from the TRANSPAC

anal yses relative to the 200 m temperature , wh i ch tends to remove the effect of

vertically coherent fluctuations wh i ch may be related to non—mixing processes.

Never theless there are cons i derab le osc i lla ti ons wit h 100 long i tude wave l ength

in each trace, especially west of the dateline. In this case the oscillations V

a re gene r a l l y  in  phase , with the November 1976 trace smaller than tha t for

September 1976, except at 125°W. The decrease in heat content is a maximum

between 155— 1 75°W. Thus the zona l minimum in heat content at 165°W during

September 1 976 is even more pronounced during November 1976. The vertica l lines

ind i cate the integrated total heat flux between 15 September and 15 November 1976

based on the FNWC data. in genera l these va l ues agree fairly well with the

anal yzed change in heat content--if allowances are made for the oscillations in

the heat Content.
13 
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Fig. 5 Similar to Fi g 4 except along 175°W.
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Comparison of the Integ rated total heat flux and the change in heat content

along l75°W Is shown in F i g. 5. Both ca l culations indicate a heat loss In the

upper ocean over the 30-50N latitud i na l band . Excellent agreement Is found

V north of 36°N. Whereas the integrated heat flux derived from the FNWC his-

torica l files attains maximum va l ues south of 36°N , the heat content change

based on the TRANSPAC data becomes progressive’y smaller. It is possible that

the TRANSPAC analyses were poor In these reg i ons due to insufficient ship- of

opportunity reports; on the other hand , the FNWC heat fl uxes may be too large

in  this reg i on.

Comparisons of the tota l heat flux and the heat content during other periods

also showed better agreement along the meridional sections than along the zona l

sections. Some very large month—to— month changes in heat content were ca l-

cu lated from the TRANSPAC da ta, espec i all y in the zonal sections. Evidently

these are due to the movement of vertically coherent temperature patterns that

are perhaps associated with mesoscale eddies. The best comparisons with the

total heat flux were ach i eved with the l onger time intervals (up to the three-

month intervals were exam i ned). In these cases the changes in heat content

were larger and the oscillations as in Fig. 4 constituted a smaller fraction of

the signal. Considering the uncertainty In both of the heat content change and

the total heat flux , the agreement suggests a major fraction of the change may

be due to the surface heat flux . In the following section we examine the re-

distribution of the heat content due to vertica l mixing processes.

3. One-di mensional model simulations

The predictions of the mixed layer depth Changes at the points in Fi g. 1

along 38°N are shown in Fig. 6. Each of the traces is separately calculated

with the one—dimensional model and is p lotted relative to the initial depth in

the TRANSPAC analysis. A display in this manner illustrates the east—west extent

15
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of changes In depth. A deepen i ng event Is In progress on 15 September 1976.

There appears to be an eastward propagat Ion wi th the deepen ing end ing earl i er
V 

at 175 than at 195. FollowIng the deepen i ng event the trace is marked by

day time retreats. The first deepen i ng event lasted only a few days (269-272)

at 135%. Much less deepen i ng occurs at this l ong i tude compared to the other

l ong i tudes considered . At-1 75°E, the mixed layer deepened 100 m (one interva l

between the traces) by around day 342, whereas the trace at 135% did not

deepen 100 m throughout the period . This is consistent with the smaller wind

speeds at l35°W (see Fi g. 3), and may be exp lai ned by the nor thward track of

the storms around the upper level ridge near the west Coast. Another notable

feature in Fig. 6 is the rapid deepen i ng event around day 315. Less deepen i ng

occurs farther east, which illustrates again the limited east-west exten t of

this event. Note also the l ayer retreats to much smaller depths in the four

western long i tudes around days 335 through 345. This shallowing is consistent

with an extended period of low wind speeds and near-zero total heat flux from

days 335 to 339 in Fig. 2 (see Elsberry and Raney, 1 978, for a d i scuss ion of

this type of shallowing event).

M i xed layer depth changes predicted by the Garwood (1977) model at points

along 175% in Fig. I are illustrated in Fig. 7. North of 40°N there are periods

of sustained deepening alternating with extended periods in wh i ch there are

regular daytime retreats to qu i te shallow depths. South of 36°N the daytime

retreats are quite persistent. Gradua l seasonal deepen i ng occurs during these

periods , wi th only a few period s of rapid deepen i ng (e.g. days 315 and 329).

Note that both of these events have a limited north—south extent , and tha t there

are other cases i n wh i ch marked deepe n i n g occu rs a t h i gh latitudes but not at

lower latitudes. This ind i cates that the atmospheric forc i ng derived from the

FNWC fIles has cons iderable horizonta l variability/structure.
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Fig. 6 Predicted mixed layer depth changes relat ive to ini t i a l  va l ues on

15 September 1976 at points along 38°N. Longitude 215 corresponds
135% and the initial spac i ng between adjacent traces at lO °long-
tude intervals corresporc~ to 100 m change in depth.
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in  depth.
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It should be emphasized that the onl y ocean data used in FIgs. 6 and 7

were the Initial profiles on 15 September 1976. No updating was used , so

these represent 107-day predictions (actually hindcasts) of ocean therma l

structure . The atmospheric flux calculations by FNWC do require sea-surface

temperatu res ; however , these sea-surface temperatures are not used in the

mode l predictions.

The only verification data available for these predictions are the monthly

TRANSPAC anal yses of ocean therma l structure and mixed layer depth. If the

actual tempora l variability in mixeu layer depth is similar to that shown in

Figs. 6 and 7, the combination of all observations into a monthly analysis

may be somewhat amb i guous. In sc.~ne cases the trans i en t shallow mixing depths

will be observed and reported , whereas only the deeper thermocline wil l  be

detected In other XBT ’s. There is less ambiguity in the temperature profiles

due to these diurnal features , because the temperature increases near the

surface w i l l  be sma l l  unless  the af ter noon effec t is confined to a very shallow

layer. To eliminate these effects in the model predictions , we calculate the

monthly mean therma l structure based on profiles at the time of largest mixed

layer depth during each day.

One of the best predictions was at 38°N , 165%, as shown in Fig. 8. The

Initial (September) temperature profile is rather unusual in that it has a

mixed layer depth that is less than 10 m . Thus there is cold water quite near

the surface which will be uncovered by the m ix ing , as suggested by Namias (1978) .

The predicted October profile Illustrates the large temperature decreases of

about 6°C near the surface. The associated temperature rises noted in the

45—75 m l ayer are consistent with a vertica l mixing process. Furthe r deepening

and cooling of the upper layer i s pred i cted from October to November , and at a

lesser rate into December. These changes are consistent with the numbe r and V
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Fi g. 8 I nitial (circles) temperatures profiles at 38°N , 165% from September
1976 TRANSPAC analysis and mean predicted values at lOm intervals
for months of October (triangle) , Novembcr (horizontal dash) and
December 1976 (cross). Verification data from December 1976 TRANSPAC
analysis are g i ven at 0, 30, 60 , 90, 120 , 150 and 200 m (diamond).
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Fi g. 9 Sim Ilar to Fig. 8 except at 32°N , 175%.
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strength of the wind mixing events Ind i cated In the atmospheric forcing (FIg. 2).

The predicted December temperature prof II. is isotherma l to about 125 m w ith

onl y a small temperature decrease to 200 m. Analyses of the IRANSPAC data during

December at the surface and at 30 , 60, 90, 120 , 150 and 200 m are In close

agreement wi th the predict ion . It would thus appear that at this location the

surface mixing processes are capable of explaining the therma l structure

evolu tIon .

At other locations , particularly In the southern and western ends of the

cross i n Fig. 1 , the predicted temperature profiles were consistentl y col der

than the analyzed profiles. A typica l example from 32°N , l75°W Is g i ven I n

Fig. 9. In thIs case the InitIal September profile had a mixed layer depth of

about 40 in. Again the largest temperature decreases were calculated during

September to October , with smallest changes between Novembe r and December. Note

that the predic ted December prof i le i s colder than the anal yzed December val ues

by more than 2°C down to 100 m , and by about 1°C between 100 m and 200 m. This

cou ld be an Ind i cati on that a deep, warm eddy has moved Into the reg i on or tha t

Ekman downpumplng has occurred. Such advective processes are not inc l uded in

the one-dimensional model. Other explanatIons may be possible. There may not

have been adequate XBT ’s In this latitude belt , if the ship tracks were pre-

dominately farther north during December. The objective analysis scheme may

then have resul ted in  a warm bias along the southern and western boundaries of

the domain (Warren White Is examining this question and re-analyz ing the data.).

It has also been noted that a positive temperature bias can result if the instru-

ment does not release properl y. If an adequate numbe r of I ndependent observation s

were avaIla ble , it seems unlikely that a few defective instruments could account

for the observed bias over such a l arge area .
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The systematically lower mixed l ayer temperature predictions south of

38°N are displayed In Fi g. 10. It can be seen that the bias already existed

In the October predIc tion . North of 38°N the agreement in  the October pre-

diction and analysis was qu i te good. Reasonabl e agreement between prediction

and analysis continues between 38°N and 42°N during November and December. V

During this period the shi pp ing lanes are disp laced southward and the analysis

is not available north of 44°N. The model indicates a steady lowering of the

temperature to about 5°C in the northern latitudes during December. It should

be noted that salinity data were not available during this period , and thus

salinity effects were not included in the model predictions.

The correspond i ng mixed layer depth predictions along 175°W are shown

i n  Fig. 11. The major feature is the larger seasonal deepening in the northern

latitudes in response to the strong forcing . Agreement between the model

predicted and analyzed layer depths for October is within tO m over most of

the domain. The ~iIfferences are larger for November with the model depths

larger than the analyzed va l ues by 20 m. As ind i cated above , there were no

analyzed values north of ~4°N during December. In addition , the values at

380,4 and kO°N were clearly i nconsistent with the remainder of the values , and

thus were not p lotted. Given the uncertainty in the analyzed values (especially

near southern and northern boundaries) and i n  the model predictions , it i s

perhaps best to look only at the overall evolution . Clearly more comparisons

are necessary before a Judgment can be made regarding the suitabi lity of the

mode l predictions .

Comparisons of model-predicted and analyzed mixed layer temperature along

380,4 are shown in Fig. 12. It should be noted that the analysis is for each

5
0 longitude , so that more de ta i l  is shown in the analyzed va l ues . The over-

al l trend is for larger temperature decreases in the central Pacific and

V
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F ig. 10 Mixed layer temperature (°C) along l75°W f rom TRAN SPAC anal y ses
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mode l predictions (dashed)during October , Novembcr and December.
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smaller temperature decreases In the eastern Pacific. During October and

November the model predictions are warmer than the analyzed va l ues in the

eastern part of the domain and colder in the west. In December the predic-

tion and analysis are very close , except at the boundaries. This agreement

might be considered somewhat fortuitous , al though It may suggest that the

heat budget was nearly one-dImensiona l In this reg ion of the central Pacific

over the three-month perIod .

Fina l l y, the correspond i ng mixed layer depth predictions along 38°N

are given i n  FIg. 13. Recall that there are tw i ce as many points in the

ana l ys i s t races , so tha t some of the sma l l e r  fea tures may not be compared. V

The striking feature in thIs graph is the large increase in layer depth in

the central Pacific compared to the eastern Pacific. If mIxing Is the primary

process i nvolved , this trend is consistent with the temperature changes in

the two regions , as shown in Fi g. 12. Excellent agreement between the pre-

dicted and analyzed layer depths is shown in most locations during the entire

period . Some except i ons are in the reg ion of 175% in October and 155% in

December, as well as near both boundaries in November and December. Good

agreement in the mixed layer depth and temperature ( Fi g. 12) along 38°N

suggests that the vertica l mixing processes were dominant in the therma l

structure evolution during this period .

I.. Conclusions

The results reported here must be regarded as preliminary , because on ly

a limited number of latitudinal/long i t ud ina l points and a relatively short

period have been cons i dered . The following tentative conclusions will be

re-examined as testing continues.

(1) I t appears that the atmospheric wind and heat budget field derived

from the Fleet Numerical Weather Central atmospheric model provide realistic

synoptic time scale forcing parameters for ocean prediction . Earlier tests

~~~~.



by Johnson (1977) and Paulus (1978) had indicated that the FNWC forcing could

be used at the ocean weathe r ship locations. In the present case the forcing

has been tested over a much wider domain away from fixed station locations.

The capability (Gallacher , 1979) to reconstruct hourly va l ues of the solar

flux from instantaneous va l ues is important for representing properly the

vertica l mixing p rocesses . Since March , 1 978 , the instantaneous solar flux

has been archived at 6-h intervals rather than 12-h , which should improve this

field. Many comparisons of the cumulative forcing over various seasons and

domains wi l l  be necessary to demonstrate more conclusively that there is not

a systematic bias in these fields in reg i ons without regular observations to

update the solution .

(2) The one-dimensional ocean mode l of Garwood (1977) appears to represent

correctly the vertica l mixing processes on the monthly time scales tested here.

One of the purposes of these preliminary tests has been to see if systematic

tendencies would result from the model disposable parameters that were tuned

for ocean weather ship conditions. Mo further tuning has been done . The

predicted long i tud i na l variat ons along 38°N appear to be quite good except

near the western end of the domain. It is not clea r to what extent the energetic

eddies in this region can account for the differences between the model pre—

dictions and the TRANSPAC analyses. Systematic differences were found along 
V

the meridional cross-section . Thus far , it is difficult to separate uncertain-

t i e s  i n  the analysis near the boundary from processes omitted i n  the mixing

model.

What do these experiments suggest regard i ng the development of an ocean

prediction model? Fir st , it should be emphasized that we have initialized and

verified the model on monthly time periods. The preliminary results must be

viewed as encouraging. Although it has not beeI~ documented here , the mode l
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improves on a climatology forecas t , because of the anoma l ous condition s during

the fall of 1976. More tests and verifications are required under less intense

forcing conditions. Other fall deepen i ng periods should be examined . Likewise

we will test the temperature anomaly generation mechan i sm of Elsberry and

Garwood (1978) using initial conditions and atmospheric forcing during the late

winter and spring . Second , the initialIzation problem will be more severe if

daily predictions are to be attempted. Wh I te and Bernstein (1979) desi gned the

objective analysis scheme for monthl y time scales and large space sca l es that

are consistent with data density prov i ded by the TRANSPAC ship-of-opportunity

prog ram. It has not been established that adequate data are available to

provide initial conditions on smaller time and space scales. Th i rd , the hori- 
V

zontal resolution of the atmospheric forcing may not be adequate if daily pre— V

dictions of smaller scale ocean phenomena are to be attempted . Perhaps the

onl y way to answer these questions is to acquire ocean data and atmospheric

forcing on an array of the des i red space scale and then attempt deterministic

predictions.
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