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Observed changes in sea surface temperature anomaly patterns on monthly and seasonal time scales 
are related to anomalous circulation patterns in the overlying atmosphere using data collected from the 
eastern North Pacific over a 10-year period (1961-70). Three monthly (November 1969, December 1969, 
January 1970) and four seasonal (fall 1969, winter 1969-70, spring 1970, summer 1970) case studies are de- 
scribed which show that the observed anomalous temperature changes can be explained quite well by 
relating them to anomalous heat transfer across the air-sea interface and heat advection by anomalous wind- 
driven ocean surface currents. These interactions are documented by charts showing the anomaly patterns 
of sea surface temperature change, sea level pressure, types of heat transfer across the air-sea interface, 
and wind drift currents. I n  addition, correlations computed between the anomaly patterns for each of the 
periods studied show that the interactions hypothesized have statistical significance. Although only seven 
case studies are described, the results are representalive of those for most of the other months and seasons 
in the 10-year period. 

An analysis of several years of data from Station PAPA (50N,145\V), which included observed mixed 
layer depth values, indicates that  hetween-year fluctuations in mixed layer depths can have a large effect 
in determining anomalous sea surface temperature changes, particularly when new seasonal thermoclines 
are forming. These effects should be included in any method used to specify (or predict) anomaly changes 
in order to avoid the relatively large errors that can occur from using long-term mean values. 

1. Introduction 
In a series of papers, Namias (1959, 1963, 1965, 1969, 

1970, 1971) has shown that air-sea interaction processes 
can play an important role in determining the thermal 
structure and circulation characteristics of both ocean 
and atmosphere on monthly and seasonal time scales. 
Anomalous thermal or circulation patterns in either 
medium can create, amplify or destroy anomalous 
patterns in the other. These interactions occur on a 
contemporary or lag basis in time and over large (ocean- 
wide) spatial scales. The importance of understanding 
these interaction processes is now recognized as essential 
before meaningful long-range forecasting of atmospheric 
and oceanic properties can be made. 

Most of Namias’ studies presented qualitative and 
statistical results in defining the nature of air-sea 
coupling, although several of his reports (1959, 1963, 
1965) and those of Eber (1961), Clark (1967) and 
Jacob (1967) described techniques that attempted to 
explain quantitatively the changes that occur in sea 
surface temperature anomaly patterns on monthly and 
seasonal time scales. The purpose of this paper is to  
show, by describing several case studies in both a 
qualitative and quantitative manner, that these ob- 
served anomalous changes can be related to  well-known, 
large-scale, air-sea interaction processes. 

1 Presented a t  the Conference on the Interaction of the Sea and 
the Atmosphere, 1-3, December 1971, Ft .  Lauderdale, Fla. 

It is important to note that this is an empirical stud! 
of these interaction processes. The methods used to 
describe and compute their effects are ones that con- 
sistently gave the best results in anomal? specification, 
with “best results” meaning the most significant 
positive pattern correlations and smallest rms errors 
between the computed and observed anomaly fields. 

I t  is also noted that the specification procedure in this 
study is essentially the same as the one used by Clark 
(1967) to describe the anomalous fluctuations of sea 
surface temperature in the North Pacific throughout 
the 1951-57 period. The results reported here can be 
thought of as a verification of the ideas introduced in 
that study since they were obtained from a set of data 
that is independent of the set initially used to develop 
the specification procedure. 

2. Development of the specification method 
For a column of water of unit cross-sectional area 

and of depth D ( z  positive upward), the heat balance 
equation may be written as 

r t  

J o  
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where T is the temperature of the water, Q the total 
heat triinsier ;icross the  air-sea interface, 0, the hori- 
zontal advection of heat into the column, and Qn the 
\.ertical flu\: of heat into the column at depth -D. Since 
horizontal temperature gradients itre small in most 
ocean areas, heat flux due to lateral diffusion is assumed 
to he negligible compared to the other heat eschange 
processes and is not included in (1). This equation 
e y e s s e s  the relationship over the time interval t 
Ix.t\veen the storage of heat in the column and the total 
ruhange of heat energ). between the column and its 
environment. 

T h e  diiierential form of (1) can be written as 

irT d/=--v.T'T+q, ( 2 )  

\\here.  TI‘=(), (pC',) and q=() ( p c ' ~ ) ,  The effects 
01, : I ~ C  neglected b e c a w  of a lack of adequate data 

I O  tlctcriiiine its importance in  momaly specification. 
I lo \$( 'vt~r .  ort1c.r-of-magnitude estimates made from 
~ i n o n i ; i l !  \.slues of vertical velocit!. at the bottom of the 
I<kni:ii i  I;i!.er and representative temperature lapse rates 
i n  the  eastern Sorth Pacific indicate that these effects 
:ire ; i n  order of magnitude less than the effects due to  
1itri.izont al heat advection and heat transfer across the 
; i i r  .\e;\ interface. 

I.'ollowing a method introduced by Arthur (1966) and 
iiiotlilied b!. C'ktrk (1068), let (2)  be re-written as 

DO 'Dl=y, (3 )  

where e is the temperature of the upper mixed layer of 
tlic ocean and is assumed to be independent of depth, 
i is the rate  of change of temperature of the la!-er due 
10 non-advcctivc processes, nnd D DI is the operator 

~a a a a 
-=-+f'---+f'--+'u-. 

ut ai a r  ay a3 
'l'hroughout the rest of the paper, the tern1 "sea surface 
temper;tturc" will refer to the temperature O of the 
upper mixed \n!-cr or quasi-isothermal la!-er above the 
x:tsonnl thermocline. 

a Ixtting e, 1 1 ,  T , V .  y be expressed in the forms O =  @+e', 
I ( =  (-.+u', z ' =  Tfz", ?i"=w+zd, q=&+q', where the 
c.:ipit;tl lct tcrs denote long-term averages of the quanti- 
ties for ;I particular loc;ttion and month and the primed 
tc rn is  individual monthly deviations froni these 
;ivcr:ipi's, the equivalent form of (3) is 

- 

i4(H+-O') a(G)+e') - a(G+e') 
~~~~ - - - (t+ u')----(V+a')- 

< I /  ax aY 

If a horizontal bar over a product of teinis indicates 
1 h:it an average value of the product has been computed 
over all available data for a particular month, the 

normal or long-tern1 m e m  value of (1) becomes 
__ 

1 aG ac-, irG 

ai a s  ay az 

Subtracting (5) irom (4) and integrating the result 
froni time I I  to  I:! (neglecting the effects of vertical 
motion), the following equation relates the change in 
sea surface temperature anomaly between times tl  and 
I.? to the effects of horizontal advection of sea surface 
temperature and non-advective heat transfer during 
this period: 

~ ' ( t , )  

bll 

" 1 9  

Integral (.) in (6) represents the change in sea surface 
temperature anomaly (or anomalous change in sea 
surface temperature) over the period t l  to t 2  due to the 
interaction between the mean surface current and the 
anomalous temperature gradients; integral (b) repre- 
sents the interaction between the current and gradient 
anomalies; integral (c) represents the interaction be- 
tween the current anomalies and the mean temperature 
gradient; integral (d) represents an effect involving 
possible correlations between the current and gradient 
anomalies; and integral (e) represents the effect of 
anomalous heat transfer across the air-sea interface. 

Integral (c) in (6) can also be identified with the 
procedure introduced by Namias (1965) and used by 
Jacob (1967) to specify the change in sea surface tem- 
perature anomalies over an interval 1 2 - - t l  of one month. 
Clark (1968) evaluated the relative magnitudes of the 
first four integrals in (6) using seven years (1951-57) of 
monthly averaged data over the Korth Pacific from 
20 eo 60s. His results showed that the contribution of 
integral (c) to (6) predominates between 30-45N, and 
it is in this region that Namias and Jacob obtained their 
best results. I n  higher or lower latitudes, integrals (a) 
and (b) become important, while integral (d) involving 



the correlation ternis is small relative to the others and 
may be neglected. 

The computational methods used in the present study 
to specify changes in 8' implicitly involve all five 
integrals in (6), thus including the effect of heat transfer 
across the air-sea interface [the integral (e)]. 

3. Heat transfer processes and  data  used in  their 
computation 

a.  Formulation o j  /he heal transfer eyualions 

The total heat transfer across the air-sea interface Q 
(positive when the ocean surface layer is gaining heat) 
ma) be written as the downward f lux  of solar radiation 
0% minus the sum of the upward flux of longwave or back 
radiation Q h ,  evaporative or latent heat transfer ( l e ,  
and conductive or sensible heat transfer us, or 

The terms on the right side of (7) are functions of time, 
cloud cover over the ocean surface, wind speed over the 
surface, and the air-sea difference of temperature and 
vapor pressure. The formulas used in determining the 
values of these terms are those given in Johnson et al. 
(1965). 

The horizontal advection of heat Q b  a t  depth -2 may 
be written as 

Q"= -pC,(v,.VI'), (8) 

where p is the density of sea water, C ,  the specific heat 
of sea water a t  constant pressure, v, the horizontal 
current velocity a t  depth -z, and V T  the horizontal 
gradient of temperature a t  the same depth. 

The results in the empirical studies of Namias (1959, 
1965), Clark (1967) and Jacob (1967) indicate that the 
best method of specifying anomalous changes in sea 
surface temperature from horizontal advective processes 
is to use an expression first proposed by Ekman for the 
magnitude of the surface current velocitl- v,, Le., 

where 2) is the magnitude of the surface current, w the 
magnitude of the geostrophic wind, and 4 the latitude 
value at a computational gridpoint. It is assumed in 
this method that winds near the ocean surface are 
capable of driving a surface layer of nearly isothermal 
water a t  some angle to the direction of wind flow. 

Values of the average speed of the upper wind-mixed 
layer of the ocean were also computed from surface wind 
stress data using the equations that describe Ekman 
transport, The results were then used in conjunction 
with horizontal temperature gradients to  obtain esti- 
mates of anomalous temperature changes due to  hori- 
zontal heat advection. However, no consistent, signifi- 
cant correlations were found between the computed and 
observed anomalous change fields. 

For the isothermal layer, (8) becomes 

where u, and t', are the east-west and north-south com- 
ponents of the surface current, and and e+ are the 
east-west and north-south components of the horizontal 
temperature gradient of the isothermal layer. 

From (9) the surface current components can be 
written as 

u = O .O 1 2 i (sin4) 8 (u cow + sina) , (1 1 a) 

vC=0.012i(sin~)~(v, COSOL--U~ sina), ( l l b )  

where ug and r g  are the east-west and north-south com- 
ponents of the geostrophic wind, and a is the angle 
between the geostrophic wind and the ocean surface 
current directions. 

In computing ug and z', monthly averaged sea-level 
pressures and finite-diff erence approximations to the 
geostrophic wind equations in spherical coordinates 
were used. The horizontal gradients of surface layer 
temperature were computed from finite-difference 
approximations to the gradient relationships in spherical 
coordinates, Le., from 

O x =  (1/R cos4)(&9/dh)= (1/R co*)(AO/Ah), (12a) 

where R is the earth's radius, and X and I$ denote 
longitude and latitude in radians. The grid spacing 
was So, so that Ah and A 4  were 10" or (lr/18) rad. 

There has been a great deal of speculation as to  what 
value should be used for the angle a between the 
geostrophic wind and the ocean surface current. Namias 
(1959, 1965), Jacob (1967) and Clark (1967) used 45" in 
their computations. However, in this study when 
anomalous temperature changes were computed from 
(11) and (12) using several values for a between -45" 
and f45" and the results compared with observed 
values, significantly better correlations between the two 
were obtained when the surface current was assumed 
to flow in the same direction as the geostrophic wind, 
Le., a was equal to 0". This result may be explained if 
the assumption is made that the wind a t  the ocean 
surface is nearly the same angle to the lejt of the geo- 
strophic wind as the ocean surface current is to the right 
of the surface wind. The surface wind drift current 
would then flow in a direction that is almsst parallel to 
that of the geostrophic wind, 

b. Monthly averaged data 

The marine weather observations used in this study 
have been collected and processed at the National 
Marine Fisheries Service's La Jolla Laboratory since 
early 1960. Monthly averages of these observations 
taken over the eastern North Pacific were computed 
by 5" latitude-longitude sections and used to determine 
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monthly averaged values of Qi, Q b ,  Qe,  Q. and Q.. A 
10-year mean of each variable was computed for each 
5" section and month, yielding 93 grid-point values for 
each variable and each month. The grid extended from 
20-55N and westward from the coast to BOW. De- 
partures of the monthly averages from the 10-year 
means (anomalies) were then computed. 

A monthly averaged value for any quantity V is 
written as 

V = V + V l ,  (13) 

where V is the monthly averaged value, the 10-year 
mean value, and V' the monthly departure from the 
mean value or anomaly. This notation will be used 
throughout the paper to denote long-term means and 
anomalies unless otherwise explained. 

The accuracy of the exchange formulas in determining 
the transfer of heat depends upon the validity of the 
assumptions underlying the theory, the accuracy of the 
observational data, and the manner in which the 
formulas are used to calculate the heat transfer. Since 
the formulas are nonlinear, the use of monthlj. mean 
data  instead of daily or hourly values could lead to 
errors. 

Since monthly averaged variables were the only ones 

available over a large area and a sufficiently long time 
period, they were used in this study to compute the heat 
transfer values. However, Clark's (1967) calculations 
with daily averaged data from two weather ships in the 
North Pacific and Kraus and Morrison's (1966) work 
using data from weather ships stationed in the North 
Atlantic indicate that the errors involved in using this 
procedure are acceptable in studying large-scale, air-sea 
interaction processes. 

Eq. (lo), which is used to determine heat transfer by 
horizontal advection, is also nonlinear in nature, and 
the use of monthly mean data could again cause errors. 
Nonetheless, monthly averaged values were used in this 
study, and the results obtained and described in the 
following sections indicate that this data base is suffi- 
cient to show some of the ways in which advective 
processes affect anomalous changes in large-scale, sea 
surface temperature patterns. 

c. Seasonally aeeragetl data 

In  addition to the monthly averaged values, seasonal 
averages of the marine weather observations were com- 
puted by 5" latitude-longitude sections. These results 
were used to determine seasonal averages, 10-year mean 

60" 
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40  N 
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OBSERVED WIND 
SPEED ANOMALY 

PRESSURE ANOMALY 

FIG. 2. Isopleths of observed wind speed anomaly (kt) and isopleths of sea level pressure anomaly (mb) 
for December 1969. Slant-shaded areas show regions of negative wind anomaly. 

values, and seasonal anomalies for the same heat 
transfer terms that were computed using the monthly 
averaged variables. The 12 months were divided into 
four seasons, winter (December, January and February), 
spring (March, April and May), summer (June, July 
and August), and fall (September, October and 
November). 

The discussion of inaccuracies caused by averaging 
procedures for the monthly averaged data also applies 
to the seasonally averaged values. In fact, the effects 
may be even more pronounced since longer time 
sequences are involved, a t  times, effectively masking 
important shorter term events. However, the high 
serial correlation found in sea surface temperature data 
(Namias, 1970) would seem to imply that seasonal 
means are quite indicative of the summation of daily 
effects. 

4. Representative anomaly patterns of heat trans- 

Fig. 1 shows the isobars of average sea level pressure 
(SLP) and' the pressure anomaly pattern over the 
eastern North Pacific (ENP) for December 1969. The 

fer processes 

negative departure of 20 mb south of the Alaskan 
Peninsula represents about three standard deviations 
from the 10-year mean and indicates the very strong 
cyclonic activity that occurred over the entire North 
Pacific during the month. A striking feature of the 
weather pattern over the ENP is its consistency 
throughout the month, with a negative 700-mh height 
anomaly of about 250 m (over three standard deviations 
from the mean) centered between 40-50N and 140- 
160W. The anomaly retained its intensity and con- 
figuration until the last week in December when i t  
weakened and spread westward; however, the central 
region still had departures of almost two standard 
deviations from the mean (Posey, 1970). 

The SLP anomaly pattern in Fig. 1 also shows the 
ways in which the anomalous atmospheric circulation 
during a month determines the general nature of the Q 
and temperature advection (TADV) anomaly patterns 
(Figs. 4 and 5). The orientation of the anomalous 
isobars indicates that cold, dry air moved into the 
eastern North Pacific from the northwest, causing in- 
creased evaporation and anomalous cooling of the ocean 
surface layer. These northwest winds also caused 
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anomalous cooling of the surface layer west of 15OW 
through temperature advection. On the other hand, 
where the orientation of the isobars shows anomalous 
flow of warm, moist air from the south or southwest, the 
negative anomalies of evaporation are reduced in magni- 
tude; the temperature advection anomalies are positive 
due to warmer water from the south having been 
transported northward by anomalous wind drift 
currents. 

Fig. 2 shows the isotachs of anomalous observed (not 
geostrophic) surface wind speed along with the anoma- 
lous isobars. This superimposition of anomaly patterns 
points out several interesting relationships : I) the 
observed wind speed anomalies (OBSW’) are quite 
spatially coherent over the entire ENP; 2) the anomalies 
are positive over almost the entire region, indicating 
that the strong cyclonic activity during the month 
caused stronger than normal winds; and 3) the highest 
anomalous winds occurred in the same areas as the 
tightest anomalous pressure gradients, with maximum 
values ( > 6  kt) associated with the region of maximum 
atmospheric instability due to large air mass contrasts. 

Since evaporative heat transfer Qe is dependent upon 
wind speed, the large values of OBSW’ between lati- 

tudes 30 and 40N and longitudes 135 and 15OW explain 
the large negative values of Q; in this area (Fig. 3), 
even though the anomalous winds are from the south 
or southwest. 

The anomaly pattern of total heat transfer across the 
air-sea interface is shown in Fig. 4. There is a strong 
resemblance between this pattern and that in Fig. 3, 
indicating the strong influence of anomalous Qe on Q 
(pattern correlation between the values of Q’ and Q.‘ 
is 0.95, or the two patterns have 91% of their variances 
in common). This relationship is typical of those found 
in most late fall and winter months. 

The positive Q’ values in the eastern Gulf of Alaska 
are due to a combination of less than normal evapora- 
tive cooling and longwave back radiation Q61. The latter 
effect is related to above-normal cloud cover in this 
region associated with the frequent passage of storm 
systems. North of Hawaii, between 33 and 37N, the 
negative anomaly of 150 cal cm-2 day-’ represents an 
approximate change of -0.5OC in the temperature of 
the ocean surface layer during the month. 

The heat transfer due to horizontal advective 
processes is given by (IO). If this equation is divided 
by pCp, the result expresses the change in sea surface 
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FIG. 3. Isopleths of evaporative heat exchange Q. anomaly (cal cm-* day-’) and isopleths of sea level pressure 
anomaly (mb) for December 1969. Slant-shaded area shows region of negative Q. anomaly. 
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I I G .  4. 1sol)leths of total surface heat exchange Q anomaly (cal cni-2 day-') and isopleths of sea level pressure 
anomaly [nil)) for 1)eceml)er 1060. Sl;rn-shatleil area shows region of negative Q anomaly. 

temperature due to horizontal u-ind drift currents 
(TADV; anomalous value given b ~ .  'TA4D\"). 'The pat- 
tern of TAD\'' with the anomalous isobars super- 
imposed for December 1960 is shown i n  Fig. 5. 'The 
results are as expected: negative anomalies in areas 
where the isobar orientation is from northwest to  
southeast, and positive anomalies in ueas  where the 
orientation ranges between southwcst to northeast and 
southeast to northwest. Large positive and negative 
values of TADV' occur in  regions of large OBSLY', and 
the masimuni value (about 0.7.X' per month) occurs 

thermal characteristics of the upper mixed layer of the 
ocean. Although the results are shown for only three 
months, and those for only one month, December 1969, 
are described in detail, they are representative of most 
of the other months in the 10-year period. 

In Section 2, changes in sea surface temperature 
anomalies were related to anomalies of temperature 
advection and non-advective heat transfer. If the long- 
term niean of ( 3 ) ,  

- .~ ~ .~ - 

(de/ ai j = ( -v,. ve)+g, (14) 
where ORSW' is high, the surface isotherms run nearly 
west to east, and the anomalous isobars show anomalous 
winds from the south. 

is subtracted from (31, those results can be represented 
by 

(ma)'= (-v~. (151 

5. Relationships between anomalous changes in The term on the left side of (15) represents the anoma- 
sea  surface temperature patterns and heat  lous time-rate-of-change of sea surface temperature 8 a t  
transfer processes some location in the ocean and is affected bv anomalous 

a. Results using a monlhly time scaie horizontal advective processes (- v, . V8)' or TADV' 
and non-advective heat flus across the air-sea interface. 

Three months, Sovtmber and I>ecembcr, 1969, and 
Januar) 1970, were chosen from the 10 >ear record of 
data to illustrate the tJpes of large-scale air-sea inter- 
action processes that occur and their effects on the 

Since q=Q p C P ,  values for Q' in (15) can be deter- 
mined from the values of @' computed from (7). I n  
converting the Q' values into anomalous temperature 
changes (I' of the ocean surface laler, the assumption 
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TEMP. CHANGE ANOMALY 
COMPUTED FROM T A W  

PRESSURE ANOMALY 

0 

'a 
ZON. I 

FIG. 5 .  Isopleths of sea surface temperature change anomaly ("C) computed from horizontal temperature advection TADV and isopletli . 
of sea level pressure anomaly (mb) for December 1969. Slant-shaded area shows region of negative TADV anomaly. 

was made that the heat gained or lost is distributed 
evenly throughout a layer of depth D. The Q' values 
were then divided by p C p  to get the corresponding 
temperature change anomalies. Long-term mean values 
of the mixed layer depth D given by Pattullo and 
Cochrane (1951) were used in making these computa- 
tions since observed values were not available. Errors 
resulting from the use of this procedure are discussed 
in Section 6. 

Next, the q' values were added to those of TADV' and 
the results compared to the anomaly patterns of two 
finite-difference approximations to  aO/at. These approxi- 
mations are described in the Appendix and are denoted 
by A9 and A9 . Figs. 6 and 7 show the anomaly 

patterns of A9' and A9' for December 1969, 

respectively. Although the two anomaly patterns differ 
in specifics, there is good correspondence in their 
pattern configurations. 

Fig. 8 shows the anomaly pattern of TADV'+q' for 
December 1969. Visual comparison of the pattern in 
Fig. 8 with those in Figs. 6 and 7 shows that the 
anomalous temperature changes computed from anoma- 
lous advective and non-advective heat fluxes are often 

i. i;l ; + I .  i - 1  

i , i - 1  i + l .  i - 1  

twice the size of the estimated observed changes; h o w  
ever, their pattern configurations are quite similar. 

I n  order to test the degree of similarity, linear corrc 
lations and rms differences were calculated between thc 
values making up the patterns in Figs. 6-8. The result. 
are shown in Table 1, with those for November 1905 
and January 1970 included for comparison. These two 
months were different from December in that thtii 
anomalous atmospheric circulation patterns were noi 
as consistent (Green, 1970; Wagner, 1970). Thereforc, 
atmospheric events occurring on shorter time scales 
than 30 days probably had effects on the thermal 
characteristics of the ocean surface layer, and monthly 
averaged properties of the two media would not hc 
expected t o  show a high degree of correlation. 

The results show the highest pattern correlations and 
the smallest rms differences in December 1969. Ue- 
pending on the scheme used to estimate aO/at, the 
correlation coefficients are 0.81 (66% of variances in 
common) between AO' and TADV'+q', and 0.66 

(43% of variances in common) between AO' and 

TADV'+q'. 
Both correlation coefficients greatly exceed the 1% 

i, '-1 

i + l , t - l  
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b‘rc. 6. Isopleths nf nl)servetl sea surface temperaturc rhangc anomal\- (Y‘) approsimated using the I,ack\vard finite-difference method 
and isopleths of sea level Ijressure anonial!. (nil,) for  Decemljer 1009. Slant-shaded areas shoiv regions of negative temperature 
change anomaly. 

level of statistical significance (0.30) for 93 data points 
or 92 degrees of freedom. Since the values used in the 
correlations are not truly independent of each other, 
the 1% level should be higher than 0 . 3 0 .  However, 
positive correlations were consistentlJ- obtained using 
data for other months, and it is felt that the relation- 
ships indicated are real and not obtained by chance. 

The correlations for Xovember 1969 are lower than 
those for December 1969 but higher than those for 
Januar?- 1970. iVhile all but two of the correlation 
coefficients equal or exceed the 1% (0.30) or the 5% 
(0.23) levels of statistical significance using the Noveni- 
ber 1969 results, none of them computed for January 
1970 reach the 570 level. Ikscriptions of the atmo- 
spheric circulation patterns for the two months (Green, 
1970; Wagner, 1970) show that the ;tnomalous activity 
in November 1969 was more intense and consistent than 
that in January 1970. 

For all three months, TAD\-’ correlated better with 
AO’ , and y‘ correlated better with AB’ . Csing 

this as a guide, it is seen from Table 1 that advective 
processes probably had a greater influence than non- 

i, i-1 i + l .  i - 1  

advective processes in  determining the anomalous teni- 
perature changes in 1)eceniber 1909, while the reverse 
appears to be true in November 1969 and January 1970. 

b. Results usiiLg a seasoiiul time scale 

Table 2 shows the results of computing the s:me type 
of correlations discussed i n  the previous section except 
that seasonal rather than monthly data were used. The 
time periods chosen for study were fa l l  1969 (September, 
October and Xovember, 1969), winter 1969-70 (Decem- 
ber, 1969, January and February, 1970), spring 1970 
(March, April and May, 1070), and summer 1970 
(June, July and August, 1970). Again, as for the 
monthly data, the results are typical of the other 
swsons in the 10-year data record. 

Of the four seasons, winter 1969-70 and spring 1970 
show the highest correlations and the smallest rms 
differences. The correlations for summer 1970 are also 
high and represent the dominant influence of non- 
advective processes during this season. The correlations 
for fall 1969 are all quite low and reflect one or any 
combination of the following: 1) use of long-term mean 
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values for mixed laj.er depths; 2) seasons before and 
after biasing the estimations of a0 'a t ;  and 3) esclusion 
of effects of other processes such as heat transfer across 
the seasonal thermocline. Correlations were computed 
using data for fall 1970 with essentially the same results. 

From these results, it  appears that advective heat 
transfer processes have a greater effect in determining 
anomalous sea surface temperature changes than non- 
advective processes in winter and spring, while the 
latter have a greater effect in summer and fall. 

Comparisons were also made between the total heat 
transfer Q across the air-sea interface and the different 
processes contributing to the anomalous variations in Q. 
The pattern correlation coefficients in Table 3 indicate 
that: 1) during fall 1969, winter 1969--70 and spring 
1970, anomalous changes in the evaporative heat 
transfer Qe are mainly responsible for corresponding 
changes in Q;  2) during summer 1970 the Q. anomaly 
pattern is also highly correlated with the Q pattern, 
however, during this season anomalies in the incoming 
radiation Qi play- a major role in determining the Q 
anomaly pattern; and 3) the Q anomaly patterns are 
negativel!. correlated with those of cloud cover in 

spring and summer 1970, reflecting the dependence of Q 
on @, during these seasons since increased cloud cover 
causes a decrease in radiation reaching the ocean sur- 
face. The correlation between the Qe and observed wind 
speed anomaly patterns is smaller in summer 1970 than 
in the other three seasons, indicating that air-sea vapor 
pressure differences played a stronger role in deterniin- 
ing evaporation during this period. These results are 
similar to those obtained for other years in the 1961-70 
period. 

6. Discrepancies between observed and computed 
anomalous sea surface temperature changes 

I n  determining the anomalous changes in sea surface 
temperature patterns from the anomalq patterns of the 
total heat transfer across the air-sea interface or non- 
advective processes y, mean values of the mixed lajer 
depth were used because observed_monthly averaged 
values were not available over theentire eastern North 
Pacific. Since relatively large fluctu&ions of the monthly 
averaged values do occur between the same months of 
different !ears, the use of long-term mean values will 
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FIG. 8. Isopleths of sea surface temperature change anomaly (“C) computed from temperature advection TADV and total surface 
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cause errors in specifq ing anomalous temperature 
changes in certain areas and at certain times of the J ear. 
The effects of using the long-term mean values instead 

strated bq the following: 

be neglected, then 

(18) 
of monthly averaged observed values can be demon- 

and 
PCPD P C P  

- __ - ~~ - Using (3) in the form Q D’Q’ (10) 

aelai= - v , . c e + ~ l ( ~ c p ) ,  (16) p C J j  pCJY  
Since 

and letting Q=&+Q’ and D=D+D’ where the bar - 

(20) 
Q denotes a long-term mean value and the prime a devia- 

tion from the mean value or anomaly, the second term 
on the right side of (16) can be written as 

substituting (18) and (19) into (20) and rearranging 
terms gives Q &+@’ -~ _=__- PCPD PC,(D+D’) D‘Q’ 

D (Q+Q’) D‘ D‘ 

The left side of (21) denotes the anomalous tempera- 
ture change due to nonadvective processes and is 
approximated by the sum of the three terms on the 
right side; the first term can be identified with the one 

- - -Y[ 1 -5’ (5) - . . .I ’ (17) 

Assuming D’<D so that terms of second order or 
higher inside the brackets on the right side of (17) can 



TABLE 1. Pattern correlation coefficients and rms differences 
between observed anomalous sea surface temperature changes and 
those computed from the effects of wind-driven ocean-surface 
currents (TADV'), heat transfer across the air-sea interface 
(Q'IpCpD), and the sum of TADV' and Q / p C p D .  The first grouli 
of figures for each month shows the results using the backward 
time-difference method to estimate the anomalous temperature 
changes, and the second group shows the results using the centered 
time-difference method. 

TADV' 
TADV' Q'/pCpD +Q'/pCpD 

November AS' 0.301 0.21 0.30 
1969 i .  i - I  (09)' (04) (09) 

0.413 0.37 0.53 

i + l .  1 - 1  (04) (50) (19) 
0.38 0.17 0.48 

AS! 0.19 0.70 0.44 

December AS' 0.77 0.54 0.81 
1969 ; , , - I  (29) (66) 

0.32 (60) 0.36 0.30 
AS' 0.48 0.71 0.66 

0.37 0.18 0.38 
i + l , z - l  (23) (50) (43) 

January AS' 0.12 0.03 0.12 

0.36 0.52 
(00) (02) 

 AB,^ 0.11 0.20 0.20 
i + l . : - l  (01) (04) (04) 

(01) 1970 i ,  r - 1  
0.46 

0.36 0.20 0.43 

Pattern correlation coefficient. 

Root-mean-square difference ("C) 
2 Reduction of variance. 

used in this study to compute the anomalous tempera- 
ture changes, the first term in the brackets represents 
the effect of fluctuations in mixed depth layer values, 

TABLE 2. As in Table 1 except that  the results are for 
seasons rather than months. 

- 
~ 

0.30 -0.19 
(09) (04) 
0.58 0.75 
0.08 0.34 

0.66 (01) 0.57 
(12) 

0.66 0 57 
(33) 

0.65 (43) 0.51 
0.56 0.22 

0.54 0.53 
(05) (32) 

0.73 0.53 
(28) 
0.42 OS9 

(54) 

0.47 0.42 
(18) 

0.78 (22) 0.49 

0.28 0.54 

0.46 (") 0.66 
(29) 

0.05 
(00) 
1.03 
0.24 
(06) 
0.97 

0.74 
(55 )  
0.69 
0.53 
(28) 
0.73 

0.75 
(56) 
0.87 
0.51 
(26) 
1.06 

0.44 

0.80 
0.61 

0.73 

(19) 

(37) 

Fall 
1969 

Winter 
1969-70 

Spring 
1970 

Summer 
1970 

AS' 
1, , - I  

AS.' 
i + l ,  1-1 

AS' 
i ,  i - I  

AS' 
i + l , i - l  

AO' 
i , i - 1  

AS' 
i + l .  i - I  

AS' 
1 . i - 1  

AS' 
i + l ,  i - I  

TADV' 
TADV' Ql'IpCpD +Qt'/pCpD 

TABLE 3. Pattern correlation coefficients and corresponding 
reduction of variances between heat transfer terms and observed 
variables. 

--____---__I_ ___ 
Evaporative 

Total heat heat transfer 
transfer Q' Q.' 

Fall Q.' 0.86 
1969 (74) 

OBSW' -0.56 -0.74 

CGI 0.21 
(32) (5.5) 

(04) 
1Vinter 

1969-70 

Spring 
1970 

Q.' 
OBSW' 

CCI 

Qe' 

OBSW' 

cci 

-0.48 
(23) 

-0.56 
(32) 

Summer Q.' 0 59 
1970 (35) 

OBSU ' -0 44 

cc) -0 56 
(32) 

-0 12 
(201 (01) 

Q.' 0 50 
(25) 

~~ 

and the second term in the brackets represents the 
effect of possible correlations between anomalies in 

R-9.4 total heat transfer and mixed layer depth. 
Order-of-magnitude specification errors resulting 

from the use of long-term mean values rather than 
monthly averaged observed values can he estimated by 
evaluating the relative magnitudes of the terms on the 
right side of (21) from data taken a t  Station PAPA 
between 1956 and 1963. The-results of these computa- 
tions are given in Table 4 (the terms were all multiplied 
by the common denominator pC$ before the com- 
putations were made since only relative magnitudes 
are important). Values for each of the three terms were 
calculated for the four mid-season months, Januarl-, 
April, July and October, of five years for which all the 
necessary data were available. 

I n  general, the values in Table 4 indicate that  
between->-ear mixed layer depth fluctuations have the 
greatest effect on the anomalous sea surface temperature 
changes during spring and summer, with the largest 
effects occurring when the new seasonal thermocline is 
developing. I n  fact, during April the term in (21) 
representing the effect of mixed layer depth anomalies 
on total heat transfer distribution is larger in four of 
the five years than the effect of total heat transfer 
anomalies. During July, i t  is larger for two of the five 
years, and on the average i t  is equally as important. 

I t  appears that mixed layer depth anomalies have 
less effect on anomalous temperature changes during 
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TABLE 4. Relative magnitudes (cal cm-2 day-1) of the three terms on the right side of (21) using data from Station PAPA. The 
1st column shows the total heat transfer anomalies Q’, the 2nd and 3rd columns show the effects of mixed layer depth anomalies on the 
total surface heat transfer distribution in the layer and percentage ratios of these effects to Q’, and the 4th and 5th columns show the 
effects of correlations between total heat transfer and mixed layer depth anomalies and the percentage ratios of these effects to Q‘. 

January April 
Q (D’ /D) .  (&+Q) - I m / D  Q (D’/D) ‘ (&+Q) - U T / D  

1956 -196 -48 24y0 6.3 3 %  1956 -8 -54 675% - 1 . 7  21% 
1957 - 45 13.3 30% 6.3 147’ 1957 -5 4.4 8870 -1.7 3% 
1961 41 0 0% 6.3 15% 1961 31 29.6 95% -1.7 5% 
1962 96 6 6.3 67, 1962 -5 6.2 125% -1.7 3 %  
1963 103 -1.7 2% 6% 6.3 6% 1963 -14 20.6 147% -1.7 12% 

~ __ ~ - 
12% 9% 226% 9% 

July October 

Q (U’lD) ’ @+Q) - U T / D  Q (D’lD) ‘ (&+Q’) - U ? / D  

1956 -44 -16.6 38% 10.1 22% 1956 -70 39.4 5670 -8.1 11% 
1957 - 80 44.4 56% 10.1 12% 1957 15 3.2 21% -8.1 53% 

41 0 0% -8.1 19% 
1962 60 19.7 33% 10.1 16% 1962 82 -26.3 31% -8.1 9% 
1963 28 -34.2 122% 10.1 35% 1963 -68 -24.4 36% -8.1 11% 

1961 27 -71.2 264% 10.1 37% 1961 

fall and winter, as indicated by the values shown for 
October and January. However, they cannot be over- 
looked since in some years these effects were 30-56y0 as 
large as those of total surface heat transfer anomalies. 
During October the average of the ratios is 29y0, or the 
average effects of mixed layer depth anomalies are 
nearly one-third as large as the average effects of total 
heat transfer anomalies. 

The values in Table 4 involving correlations between 
mixed layer depth and total heat transfer anomalies are 
smaller than those for either of the two considered 
separately. However, the correlation effects cannot 
necessarily be neglected in July and October since they 
average about one-fifth as large as the total surface heat 
transfer anomalies in these months, and are nearly as 
large as the effects of mixed layer depth anomalies 
in October. 

7. Summary 

In  Section 2, a specification method was developed 
that relates the change in sea surface temperature 
anomalies between times 11 and t z  to anomalies of tem- 
perature advection and non-advective heat transfer 
across the air-sea interface integrated over the interval 
11 to 12.  

In  order to test the adequacy of the method, monthly 
and seasonally averaged marine weather observations 
from 1961-70 were used to compute monthly and 
seasonal anomalies of sea surface temperature change, 
temperature advection, and non-advective heat transfer 
over a network of grid points covering the eastern North 
Pacific. Descriptive and statistical comparisons were 
then made between observed changes in sea surface 
temperature anomaly patterns and those computed 
using the specification procedure. The results indicate 

quite clearly that both advective and non-advective 
processes are important in determining the nature of 
temperature anomalies in the surface layer of the ocean. 
Their relative importance appears to depend upon the 
initial thermal state of the layer and the subsequent 
character of the overlying atmospheric circulation. 

The highest correlations between observed and 
specified anomalous changes were obtained for periods 
when anomalous atmospheric activity over the eastern 
North Pacific was intense and quite persistent. Under 
these conditions, computed temperature changes are 
probably more representative of those that actually 
occur since errors resulting from the use of monthly or 
seasonally averaged data in the nonlinear transfer 
equations become less serious. 

Comparisons between the observed and specified 
seasonal anomaly patterns indicate that temperature 
advection has a greater effect in determining anomalous 
sea surface temperature changes in winter and spring, 
while non-advective processes appear to have a greater 
effect in summer and fall. 

In Section 6, a perturbation-type analysis of the non- 
advective heating expression Q/(pC$) was made in 
order to estimate the effects of using long-term mean 
values of the mixed layer depth D instead of observed 
values in computing anomalous sea surface temperature 
patterns. In  order to eliminate these errors and improve 
specification results, data on the vertical temperature 
structure of the ocean will have to be obtained so that 
mixed layer depths can be determined for time periods 
that correspond to those used in a particular specifica- 
tion method. 

Finally, an important factor to keep in mind is that  
air-sea interaction processes do not conform to any 
standard time scales such as months, seasons, etc. In  
order to improve our knowledge of these processes, time 



scales that represent the varying atmospheric circula- 
tion periods will have to be examined. The descriptions 
and statistics presented here only point out that known 
processes are having effects on large time and space 
scales, and no attempt has been made to explain all the 
features of these complete interactions. 
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.-\PPEN D1S 

Finite Difference Approximations 

In order to test the validity of the relationship es- 
pressed by (15) and the assumptions made in determin- 
ing the heat flus components, a@/& needs to be approxi- 
mated by some finite difference scheme, a8/dt=AO/Al, 
where A8 denotes the change in sea surface temperature 
over a time interval At. Since monthly averaged data 
were used to compute the terms on the right side of (15), 
AO/At should be determined from the temperature 
values at the beginning and end of each month. How- 
ever, this information was not available, and it was 
necessary to approximate A8/Al using the monthly 
averaged temperature values. 

The first approximation method used is a “backward” 
finite-difference scheme in which A8,’At is computed 
from the difference between the value of 8 for the 
month over which the approximation is desired and the 
value of B for the previous month. This scheme is 
represented by A8 where i denotes the present month 

and i- 1 denotes the previous month. Monthly averaged 
values, lO-year mean values, and monthll- anomal>- 
values were computed using the 120 months in the 
10-year data record. 

The other method used in approsimating AO/At is 
a “centered” finite-difference scheme in which half the 
difference between the value of 8 for the month sub- 
sequent to the one over which the approsirnation is 
desired and the value of 8 for the previous month is 
computed. This scheme is represented by A8 

where i s 1  denotes the subsequent month, and i-1 
denotes the previous month. Again, monthly averaged 

i , i - 1  

i + l , i - l  

values, 10-year mean values, and monthly anomaly 
values were computed. 

A major drawback in using either of these approxima- 
tions is that  the values obtained might be strongly 
biased b!- unusually anonlalous events occurring in one 
of the months previous or subsequent to thc one for 
which A8,’At is needed. 
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