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ABSTRACT

An attempt was made to verify and further investigate a proposed relationship between the location
of the maximum east-west sea surface temperature anomaly gradient (ASSTA) and the location of the
maximum meridional component of the anomalous 700 mb geostrophic wind (VgA) in the North Pacific
on a monthly and seasonal time scale. Previous empirical studies, mostly of a case study type, had sug-
gested collocation of maximum values of these variables in the same time period, particularly during the
cold seasons. Using 31 years of monthly sea surface temperature and 700 mb height data for the North
Pacific, the two variables were computed for each month and 3-month periods for each 10° longitude
sector from 125°W to 155°E, and for each of three latitude bands (55-40°N, 40-25°N, 55-25°N).
From these calculations, the spatial relationships of the two variables were determined by counting
frequencies of the collocation of maximum VgA and ASSTA for each month or season and latitude band,
and by computing correlation coefficients between VgA and ASSTA for each month or season and latitude
band. Important seasonal and latitudinal differences were found for the strength of the relationship. It was
concluded that the proposed relationship was best for the northernmost latitude band (55-40°N), during
winter and summer periods, and for 3-month means when compared to monthly means. Statistically sig-
nificant relationships were found in several instances, indicating that the proposed relationship is probably
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a manifestation of real physical coupling between the ocean and atmosphere.

1. Introduction

There has been increasing interest in and study of
large-scale air-sea interactions, with particular
emphasis on the spatial relationship between the
mean monthly or seasonal sea surface temperature
anomaly (SSTA) distribution and mean monthly or
seasonal atmospheric circulation. The primary
motivation for this work is the eventual prediction
of the state of one medium given that of the other,
and then possibly using this knowledge to forecast
mean surface temperature and precipitation. The
physical reasons for expecting a linkage between
mean sea surface temperature (SST) patterns and
mean atmospheric circulation are that SSTA pat-
terns often have much spatial coherence, cover
large areas (i.e., 10° km?), persist for several months
(Namias and Born, 1974), and can be responsible
for large sensible and latent heat fluxes from sea
to atmosphere (Sawyer, 1965).

The question of whether an SSTA pattern leads
an atmospheric circulation anomaly pattern, or vice
versa, has still not been adequately resolved, as a
reading of Davis (1976, 1978) would suggest. It
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seems more accurate to think of the two media as
being more or less coupled, with seasonally varying
feedback mechanisms operating. This question of
the ultimate causes of forcing will not be ad-
dressed here.

Of particular importance to atmospheric scien-
tists involved in the short-range clithate prediction
problem, defined here as predictions on the monthly
or seasonal time scale, is the relationship between
anomalous atmospheric circulation and the concur-
rent or antecedent SSTA pattern. In a séries of case
studies, beginning with Namias (1959) and ending
most recently with Namias (1978), that author has
proposed and demonstrated significant and coherent
spatial relationships between the two fields. He
proposes that anomalous SST gradients produce
and maintain enhanced atmospheric baroclinicity
(through differential sensible and latent heat fluxes),
which leads to anomalous cyclonic activity and
anomalous mean sea level pressure and/or isobaric
height distribution both locally and downstream.
The purpose of many of these case studies was to
demonstrate the relatively long-lived coupling (i.e.,
months or seasons) between the two media, as in
Namias (1974), and to explore some of the possible
causes for unusually persistent anomalous weather
patterns (Namias, 1978). The arguments contained
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in these works apparently have been convincing
enough to warrant the use of sea surface tempera-
tures in statistical prediction models such as those
of Ratcliffe (1970), Harnack and Landsberg (1978),
Harnack (1979) and Barnett and Preisendorfer (1978).
These have shown that some degree of skill can be
obtained when SST predictors are used. In addition,
several numerical modeling experiments have been
conducted using specified anomalous SST distribu-
tions (Houghton et al., 1974; Kutzbach et al., 1977;
Huang, 1978) in order to assess the atmospheric
response both locally and downstream. These studies
have largely tended to confirm the ideas enunciated
in the Namias works by showing significantly altered
pressure distributions from those simulated using a
normal SST distribution or using an SSTA distribu-
tion of opposite sign. However, the results have not
been entirely conclusive. It should be borne in mind
that most of the case studies and numerical simula-
tions have been carried out for winter season con-
ditions, when the energy flux from ocean to atmos-
phere is at a maximum, as is the expected atmos-
pheric response. Furthermore, SSTA persistence is
highest at this time due to the relatively large depth of
the oceanic mixed layer (Namias and Born, 1974).

The purpose of the current study is to examine
one proposed physical link, that between zonal SST
gradients and overlying meridional tropospheric
circulation, using the complete available climatic
data base and extending the investigation to the
non-winter months and seasons. By quantifying the
apparent associations, the degree of reliability of
predicting atmospheric circulation from SSTA pat-
terns for all seasons can be more easily assessed.
Furthermore, the nature of the physwal association
can be clarified.

One component of the well-known thermal wind
relationship can be used to relate theoretically the
zonal atmospheric temperature anomaly gradient in
a layer to the meridional component of the anomalous
geostrophic wind at the top of the layer (anomaly
values refer to deviations from a long-term mean):

V!IZ—V!]I R_a'&l Pls
f ox P,
where
Vs, meéridional component of the anomalous geo-
strophic wind at pressure level P,
Vs, meridional component of the anomalous geo-

strophic wind at pressure level P,
integrated temperature anomaly of layer
bounded by P, and P,
gas constant for dry air
Coriolis parameter.
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In order to relate observed frequency and degree
of association between SST gradients and mid-
tropospheric circulation to the theoretical ideas
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expressed by the thermal wind equation, it must be

~assumed that anomalous SST gradients are associ-

ated with anomalous lower tropospheric tempera-
ture gradients in a layer and that the variation of
midtropospheric circulation is primarily due to hori-
zontal temperature gradient variations rather than
to lower tropospheric circulation variations. Namias
(1973) has attempted to answer the first question by
correlating seasonal mean SST to 1000-700 mb
thickness. He found that significantly large correla-
tions are seen for large areas of the North Pacific
in all seasons. These assumptions are certainly
debatable but the purpose here was not to verify the
validity of the thermal wind equation nor to use it
for predictive purposes, but rather only to give the
reader some theoretical rationale for explaining
empirically determined associations between SST
anomaly gradient and mid-tropospheric circulation.
Applying these ideas to a possible zonal SST anomaly
gradient/meridional 700 mb geostrophic wind rela-
tionship, as Namias (1978) has done in a case study
sense, means that the location of the maximum
southerly (northerly) component of the 700 mb
anomalous geostrophic wind (VgA) should coincide
closely with the location of the maximum west-east
(east-west) SST anomaly gradient (ASSTA). South-
erly component VgA was defined with a positive
sign, while northerly component VgA was defined
with a negative sign. For ASSTA, SSTA increasing
eastward was given a positive sign and SSTA de-
creasing eastward was given a negative sign.

The authors chose to investigate the relationship
between east-west SST anomaly gradients and the
meridional component of the anomalous geostrophic
flow at 700 mb rather than the relationship between
north-south SST anomaly gradients and the zonal
component of the anomalous geostrophic flow at 700
mb because it is expected that the former type of
relationships, if found to be significant, would be
more useful for aiding the prediction of the ampli-
tude and phase positions of tropospheric planetary-
scale waves. The spatial relationship between these
long-wave features and mean temperature or pre-
cipitation patterns has long been used by medium-
and long-range forecasters (Namias, 1947; Klein,
1965). The authors recognize that the latter type of
relationship also may have some importance, but
it was felt that mixing the two ideas in one study
might unduly tend to confuse what was considered
to be the more important physical concept in the
authors’ opinion. Furthermore, the specific type of
relationship investigated here is one that had already
been invoked repeatedly in a case study sense,
specifically in the references cited already, so that
the time was right to attempt to validate the pro-
posed relationship in an overall sense. The North
Pacific Ocean region was selected for examining
the spatial relationship between the two variables
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since monthly and seasonal mean SST and 700 mb
height data are readily available in usable form for
this region, for an extended period, and because
much attention has already been focused on the
possible influence of Pacific large-scale air-sea in-
teraction on short-term North American climatic
anomalies.

2. Procedure

The following data were assembled for use in this
study: ‘

1) Mean monthly North Pacific SST on a 5° lati-
tude, 10° longitude grid for the period 1947-77 in
the area bounded by 25-55°N and 125°W-155°E

(Fig. 1). Missing data at some westernmost grid .

points in the high latitudes resulted in elimination
of these areas from consideration in the analyses.

2) Mean monthly North Pacific 700 mb heights
*on a 10° latitude, 10° longitude grid for the period
1947-77 in the area bounded by 25-55°N and
125°W—155°E (Fig. 1). These data were kindly pro-
vided on magnetic tape by the Scripps Institution
on Oceanography.

For each month and season (all combinations of
consecutive 3-month periods), a mean SST and 700
mb height field for the period 1947-76 was com-
puted, then the SST anomaly and height anomaly
values for each month and season in the sample were
computed by subtracting the appropriate long-term
monthly or seasonal mean value from the actual
values. This procedure removes the possibility of
strictly climatological relationships from being
prominent in data analyses.
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Next, for each month and season in the sample,
east-west SST anomaly differences were computed
at each latitude and for each 10° longitude sector,
then for each longitude sector, three latitudinally
averaged values were computed: 1) 40-55°N,
2) 25—40°N and 3) 25-55°N. Due to missing data in
the high latitudes, bands 1) and 3) had seven 10°
longitude sectors, while band 2) had eight.

Similarly, for each month and season in the sam-

" ple, the meridional component of the anomalous

700 mb geostrophic wind component (VgA) was
computed from the sets of height anomalies for the
same 10° longitude sectors and latitudinally averaged
for the same latitude belts. The formula used in
the calculation for each longitude sector and lati-
tude is given as

g (ZA)) — (ZA)r+10
20} sing a cospAN

where ZA is the 700 mb height anomaly, A the
longitude, ¢ the latitude, a the radius of the earth,
) the angular velocity of the earth and g the gravi-
tational acceleration. Fig. 2 shows the grid points of
700 mb height anomalies used to calculate VgA for
the northern latitude band for each longitude sector.
A similar pattern of grid points was used for the other
latitude bands. VgA was computed for each latitude
involved, then all latitude values of VgA contained
in each latitude band were averaged.

In order to more easily visualize the physical
meaning of VgA and ASSTA for a given latitude
band, Fig. 3 is presented, which is a schematic rep-
resentation for a longitude sector.

The choice of 10° longitude spacing to define the
sectors was of course arbitrary, but was selected in
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F16. 1. Grid-point locations of 700 mb heights (open circles) and sea surface
temperature anomalies (both open and closed circles) used in the study.
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order to retain some detail in the SST anomaly
gradient field and to still be consistent with the
format and accuracy of the raw data used. The im-
portant thing here is that the same longitude spac-
ing and latitudinal averaging was employed for
both the SST anomaly and geostrophic wind
computations.

From the sets of VgA and ASSTA computed for
each of the three latitude bands and for each month
or season in the data sample, the particular longitude
sector where the maximum positive and negative
VgA and the maximum positive and negative ASSTA
occurred was determined. Each could occur in any
one of seven or eight longitude sectors. From these
determinations a contingency table was formulated
for each month or season type, and for each latitude
belt, which gave the frequency of having the maxi-
mum VgA in each longitude sector, given the longi-
tude sector of the maximum ASSTA. These were
produced for both southerly and northerly VgA
cases. If there is the kind of relationship expected
from application of the thermal wind relationship,
then there should be a relatively large number of
cases in which the longitude sector of maximum
VgA is the same as or at least close to the longi-
tude sector of maximum ASSTA. Summing the
number of cases on the diagonal of each contingency
table yields a number that allows one to assess the
overall degree of association between VgA and
ASSTA, since this is the number of cases in which
the southerly (northerly) VgA and the positive
(negative) ASSTA were collocated. Each tablie has
a total of between 29 and 31 cases, corresponding to
the number of usable years in the data sample for a
given month or season type.

In addition, correlation coefficients were com-
puted between all VgA’s and ASSTA’s for a given
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F1G. 2. An example of the latitude-longitude block used in
the calculation of VgA. Closed circles denote locations of 700 mb
height anomalies used.
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F1G. 3. Schematic example of the relationship between ASSTA
and VgA for a 10° longitude sector.

month or season type and latitude belt. These sta-
tistics further allow one to quantitatively assess the
strength of the relationship.

3. Results and discussion

By summing along the diagonal of each con-
tingency table, the number of cases when the longi-
tude sector of maximum VgA corresponds to the
longitude sector of maximum ASSTA for each
month/season and latitude belt was determined.
Graphs were made for each latitude belt showing the
number of cases when the longitude sector associa-
tion of the type described actually occurred versus
month or season type. These sets of graphs were
produced for the relationship between southerly
VgA and positive ASSTA (i.e., SSTA increasing
eastward) as well as between northerly VgA and
negative ASSTA (i.e., SSTA decreasing eastward).

Figs. 4 and 5 show the monthly variations by lati-
tude belt of the frequency of collocation (i.e.,
diagonal sums) for southerly component VgA/posi-
tive ASSTA and northerly component VgA/negative
ASSTA, respectively. Totaling the diagonal fre-
quencies over all months for each latitude band
for the southerly component cases revealed that the
55-40°N band had the most cases (99), compared
with 82 cases for the 55-25°N band. This means
that for latitude band 55-40°N, 27% of all months

" in the data sample (370) had the maximum southerly

component VgA in the same longitude sector as the
maximum positive ASSTA. It should also be noted
that 53% of all months had maximum southerly
component VgA within one 10° longitude sector of
that for the maximum positive ASSTA. For the
northerly component VgA situation, the latitude
band 55-25°N had the highest overall frequency,
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Fi1G. 4. Graph of the frequency of collocation of maximum
positive ASSTA and maximum southerly VgA (ordinate)
versus month type (abscissa) for (a) 55-40°N, (b) 40-25°N
and (c¢) 55-25°N. Month 1 corresponds to January, month 2
to February, etc. Dashed lines denote the 5% significance level.

with 83 collocated (22%), while latitude band
55-40°N had a total of 72 cases (19%j).

In order to assess the significance of the number
of cases in which the maximum VgA was located in
the same sector as the maximum ASSTA, a binomial
* test was used. For instances in which the sample
size is sufficiently large (number of cases >25), it
is possible to use the normal approximation to the
binomial distribution. In the normal approxima-
tion, sample statistics (i.e., numbers of successes
and failures) are compared with those expected by
chance in terms of the Z statistic (Zar, 1974). The
Z statistic is computed from

Inp - ncl - 0.5
(npq)'?

where n is the number of cases, p the observed
frequency of successes, g the observed frequency of
failures and ¢ the number of successes expected
due to chance. By using the one-tailed critical value
for the Z distribution corresponding to the ap-
propriate significance level, it is possible to deter-
mine a critical value for the number of collocated
maximum VgA and maximum ASSTA (i.e., cases
along the diagonal) required to achieve significance

Z:

(M
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at the 5% level. For the northern latitude band,
the probability of finding the maximum VgA and the
maximum ASSTA to be collocated due to chance
would be 1/7, so ¢ would be set equal to 0.1429.
A similar analysis can be-performed to assess the
significance of the occurrence of maximum VgA
and maximum ASSTA within 10° of longitude of one

“another. Here, the probability of such an occurrence

due to chance would be 19/49, so ¢ would be set
equal to 0.3878, and a critical value for significance
at the 5% level can be determined in a similar man-
ner. For individual months, each of which has
between 29 and 31 cases, significance at the 5% level
is achieved if 10 or more cases have collocated maxi-
mum VgA and maximum ASSTA, while for occur-
rence of maximum VgA within 10° of longitude of
maximum ASSTA, 18 or more cases are required.
Most of the discussion that follows relates to the
analysis for the collocated situation.

Inspection of Fig. 4 reveals that well-defined sum-
mer and winter month maxima of frequency are seen
for the 55~40°N band. For January, August and
November the relationship was deemed significant
at the 5% level. Nearly the reverse situation is seen
for the 40-25°N band, but the frequencies are
generally small and do not exceed chance expecta-
tion in a statistically significant way, except for the
month of October.

For other combinations of latitude bands and com-
ponent direction, the monthly variations are either

a.55-40~
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F1G. 5. As in Fig. 4 except ordinate is the frequency of collocation
of maximum negative ASSTA and maximum northerly VgA.
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quasi-random or the frequencies are relatively small
or both. In particular, for northerly component VgA,
only the relationship for 55-25°N for the month of
August was deemed significant at the 5% level.

When comparing the overall total frequency for
the southerly component VgA situation to the total
frequency for the northerly component VgA situa-
tion, it was noted that significant differences occur
only in the latitude band 55-40°N. In this com-
parison, 99 cases (27%) were counted for southerly
VgA versus 72 cases (19%) for northerly VgA.

In summation, the proposed relationship between
VgA and ASSTA on a monthly time scale is best
for the northernmost latitude band (55-40°N) and
for the southerly component VgA case. The relation-
ship is statistically significant at the 5% level for
three individual months.

Figs. 6 and 7 show the seasonal variation of the
frequency of association between the longitude sec-
tor of maximum VgA and the longitude sector. of
maximum ASSTA for each of the three latitude belts.
The first of these figures shows the situation for
southerly component VgA, while the other figure
shows the situation for northerly component VgA.
Note that seasonal refers here to a 3-month mean, in
which the months can be any consecutive 3 months.
The plots have been made at the month type cor-
responding to the end month of the three months used
in constructing the means.
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Fic. 6. As in Fig. 4 except abscissa is the season type,
corresponding to a 3-month mean. Values are plotted at the
end month of the three consecutive months used in calculating
the mean.
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Fi1G. 7. As in Fig. 4 except abscissa is the season type and
ordinate is the frequency of collocation of maximum negative
ASSTA and maximum northerly VgA.

In comparing the overall seasonal to the monthly
relationships, it is noted that the associations are
generally better in the seasonal case, amounting to
a 10-20% difference of number of cases when
similar latitude belts are compared. Presumably,
this is due to the increased time available for the
atmospheric circulation and oceanic SST to adjust to
one another, and particularly at the seasonal time
scale, to the more dominant role large-scale air-
sea interaction assumes in the Pacific region.

For both the southerly and northerly component
VgA case, the overall percentage of seasonal cases
having the proposed association was similar for lati-
tude belts 55-40°N and 55-25°N, about 28% for
southerly VgA and 22% for northerly VgA. How-
ever, for the lower latitude belt (40-25°N), the
percentages drop to 15 and 18%, respectively. In
general, for the seasonal portion of the study it found
that the proposed spatial association between VgA
and ASSTA was considerably stronger in the higher
latitude band than in the lower latitude band. Per-
haps this relates to the much higher frequency of
cyclone passages in higher latitudes, which may be
an integral part of the mechanism that links ASSTA
to VgA.

In comparing the overall seasonal southerly VgA
situation to the seasonal northerly VgA situation,
it was evident that there were fewer cases of the
proposed association for the northerly VgA situa-
tion. The reason for this is not clear.



a.55-40~

e

sf b. 40 - 25~

s

Al :

Py e N

ol Y T L
2 3 4 s s 7 8 9 10 11 12

10 -

sl C. 55-25n

o

MONTH

FiG. 8. Graph of the correlation coefficient computed be-
tween ASSTA and VgA versus month type for (a) 55-40°N,
(b) 40-25°N and (c) 55-25°N. Dashed line denotes the 5%
significance level.

In assessing the seasonal variation for the southerly
VgA case in latitude band 55-40°N, a peak is seen
for the October—December period (43%), a second-
ary peak is seen in the July-September period
(40%), and minima occur for March—May (16%) and
September—November (23%). Again, the expected
percentage by chance is about 14%, so that the
association is clearly nonrandom in the summer and
late fall periods. Application of the binomial test
showed statistical significance at the 5% level for the
two maxima. For the northerly VgA case and other
latitude bands, generally the number of colloca-
tions is small and, therefore, not worthy of a dis-
cussion about seasonal variation. The exception is
the 55-25°N latitude band for the northerly VgA
situation, where a major peak is seen for the
August—October period (47%) and a minimum for
the December—February period (13%). Again, the
peak value was deemed to be significant at the 5%
level.

-The monthly and seasonal variation of the strength
of the proposed relationship between VgA and
ASSTA can be further assessed by inspection of
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Figs. 8 and 9, which are plots of the overall correla-
tion coefficient computed for each month or season
type and latitude belt. The correlation coefficient
was computed using all longitude sectors for each
year, so that about 210 values for VgA and ASSTA
were used in the computation. In order to determine
statistical significance, only the individual years
were considered to be independent cases. A standard
t-test was used, assuming 28 degrees of freedom.
A correlation coefficient exceeding 0.42 is required
in this instance for statistical significance at the
1% level to be achieved. The 5% level value is 0.31.

For the monthly correlation coefficients, only
August exceeded the 0.42 value, which occurred for
latitude bands 55-40°N and 55-25°N. Several fall
and winter months had correlation coefficients ex-
ceeding the 0.31 value, with most of these for the
55-40°N band.

For the seasonal correlation . coefficients, the
3-month periods ending with each month from July
through March had significant relationships in the
latitude bands 55-40°N and 55-25°N.- Many were
significant at the 1% level. This means that only the
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F1G. 9. As in Fig. 8 except abscissa is the season type. Plots
were made at the end month of the three months used to
define the seasonal mean.
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spring season failed to have a statistically significant
relationship in these latitude bands. No significant
relationships were determined for the 40-25°N
band. Clearly, as with the contingency table analysis,
the relationship between VgA and ASSTA is much
better in the more northerly latitudes.

In order for the reader to visualize the relation-
ship between VgA and ASSTA for the individual
cases, as well as to illustrate the range of observed
relationships, Fig. 10 is presented which shows the
longitude distribution of VgA and ASSTA in the
‘latitude band 55-40°N for each standard summer
season (June—August) in the sample (1947-77).
Summer was selected for illustration since this
season has been given less attention in the litera-
ture and since a surprisingly good relationship was
found between the spatial distribution of VgA and
ASSTA in this study. As one would expect from a
sample of 31 years, there is a wide variety of pat-
terns present, but by and large the spatial relation-
ship between VgA and ASSTA can be characterized
as good (i.e., an in-phase relationship) for much of
the 1950’s and early 1960’s, especially in 1958 and
1964. However, a poor relationship is noted for 1959,
1962, 1963, 1965, 1968 and 1973. In other years the
relationship is best described as fair.

This study finds that the proposed relationship,
which first appeared in the literature in case studies
for the winter season, is strongest overall in the
summer season. This might possibly be important
for successful summer circulation predictions, if
forcing from ocean to atmosphere is important.
Autocorrelations of SST for the May to summer
season period, computed by the authors, are gen-
erally significant at the 1% level in the eastern
Pacific region, so perhaps there is some inherent
predictability in using the spring SSTA field for
projecting summer season atmospheric circulation.
A study by Davis (1978), however, did not find that
spring SST could be used to predict summer sealevel
pressure with skill in the Pacific region. The results
of the current study suggest that the entire matter
needs further investigation, which is currently
underway.

4. Summary and conclusions

An attempt was made to verify and further in-
vestigate a proposed relationship between the loca-
tion of maximum east-west sea surface temperature
anomaly gradient (ASSTA) and the location of the
maximum meridional component of the anomalous
700 mb geostrophic wind (VgA) in the North Pacific
on a monthly and seasonal time scale. A theoretical
basis for an empirical finding of a collocation of
maximum values of these variables in the same time
period is the application of the thermal wind equa-
tion using anomalous components and assuming,
among other things, that mean monthly or seasonal
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sea surface temperature anomalies produce similar
overlying atmospheric temperature anomalies. Pre-
vious empirical evidence of a proposed relationship
was given most recently by Namias (1978), a case
study of the 197677 winter season.

Using 31 years of monthly sea surface tempera-
ture and 700 mb height data for the North Pacific,
the two variables were computed for each month
and three monthly periods for each 10° longitude
sector from 125°W to 155°E, and for each of three
latitude bands (55-40°N, 40-25°N and 55-27°N).
From these calculations, the spatial relationships
of the two variables were determined by counting
frequencies of the collocation of maximum VgA
and ASSTA for each month or season and latitude
band, and by computing correlation coefficients
between VgA and ASSTA for each month or season
and latitude band.

Analysis of these results led to the following prin-
ciple conclusions:

1) The proposed relationships for southerly com-
ponent VgA is best for the latitude band 55-40°N,
when compared to 40-25°N or 55-25°N, although
only slightly better than the latter.

2) The relationship is stronger for the location
comparison of southerly component VgA to positive
ASSTA (i.e., SSTA increasing eastward) than for
the location comparison of northerly component
VgA to negative ASSTA (i.e., SSTA decreasing
eastward), especially for the 55-40°N band.

3) The summer and winter period relationships
were generally stronger than those for the .transi-
tion seasons, whether three monthly means or just
monthly means were considered, for the southerly
VgA cases in the latitude band 55-40°N. Statis-
tically significant relationships were noted in many
instances. It should be stressed that even the largest
correlations are less than 0.6, so that much of the
variance in the parameter calculated for one medium
is unexplained by the variance in the parameter
calculated for the other medium. Exceptions to the
summer/winter peak of frequency or correlation
were found for the other latitude band/VgA com-
binations, but in many cases statistical significance
was not achieved. The proposed relationship was
particularly poor for the spring months and season.
This is not surprising given the rapid changes in
both atmosphere and ocean that is occurring at this
time of year, plus the fact that the oceanic re-
sponse time to solar insolation changes is much
slower than that of the atmosphere.

4) The proposed relationship was generally better
for 3-month means than for monthly means, when
the same latitude bands were being compared.

This study finds that anomalous meridional flow
in the mid-troposphere is often associated with
anomalous east-west sea surface temperature
gradients in the North Pacific on a monthly and
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Fi1G. 10. Graphs of VgA (dashed) and SSTA (solid) versus lon
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seasonal time scale in the sense expected by
application of the thermal wind equation and found
in several individual cases in previous studies.
Important seasonal and latitudinal differences were
found for the strength of the relationship, which
might possibly be useful information for the long-
range forecasts of sea surface temperature anom-
alies or atmospheric circulation anomalies. In
particular, a strong relationship is apparent in the
summer season, which had not previously come
to light. No attempt has been made to determine
which medium, atmosphere or ocean, is forcing the
other with regard to the variables considered here.
Obviously, much additional work, both of an em-
pirical and theoretical type, is needed to deter-
mine more about the nature of ocean-atmosphere
coupling and interaction.
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