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AIR-SEA INTERACTION IN THE
TROPICAL PACIFIC QCEAN

ABSTRACT

An atlas of 3-monthly sea surface temperature anomalies in the eastern
tropical Pacific Ocean was produced for the period 1949 to 1970.

Sea surface temperature anomalies along the U.S. and South American
west coasts and eastern fropical Pacific, appeared to be oscillating in phase
from 1949 to 1970, Similarly, the satellite-derived cloudiness for each of
four quadrants of the Pacific .Ocean, 130°E-100°W, 30°N-25°S were also pul-
sating in unison,

The sea surface temperature ancmalies were found to have a good de-
gree of correlation both positive and negative with the following monthly geo-
physical parameters.

(a) Satellite-derived cloudiness

{b) strength of the North and South Pacific
semi-permanent anticyclone

(e) tropical Pacific island rainfall
(d) Darwin surface pressure.

Several strong direct local and cross — equatorial relationships were noted.
In particular, thehigh degree of correlation between the iropical island rain-
fall and sea surface temperature anomalies (r = +0.93), permitted the deri-
vation of gsea surface temperatures in, the tropics back to 1205,

The air-sea interactions indicatedin this study could bepotentially valu-
able in the prediction of the seasonal behavior of the tropical Pacific ocean
and the atmosphere above it.

PRECEDING PAGE BLANK NOT FILMEs.



AIR-SEA INTERACTION IN THE
TROPICAL PACIFIC OCEAN

INTRODUCTION

An understanding of the interaction of the tropical oceans with the atmosphere is important
for the solution of problems concerning the varied time-period changes in the oceans and atmos-
phere. (Zipser, 1969, U.S, Committee for the GARP, 1969, Rascol and Hogan, 1969).

Description-of large scale cceanographic processes overthe tropical Pacific Oceanhavebeen
reported by eminent researchers, i, e.: Bjerknes, 1961, 1966 (a), (b), 1969 (a), (b), Berlage, 1966,
Wyrtki, 1966, Roden and Reid, 1961, Roden, 1962, 1965, Shell, 1965. These climatological and
analytical studies were made in the last decade despite the shortage of basic oceanographic data
over large areas of the Pacific Ocean. Research efforts conducted during the 1960 STEP-I Ex-
pedition (Wooster, 1961), the 1963-1965 Trade Wind Zone Oceanography Pilot Study (Seckel, 1970)
and the 1967-1968 EASTROPAC cruises (U.S. Dept. of Commerce, 1970a) are relatively recent
attempts to fill this serious data gap.

Bjerknes, 1969(a) described the relationship between increased monthly Canton Island rainfall
and the local presence of warm sea surface temperatures and suggested that the strong interannual
variability of sea surface temperatures and rainfall observed at Canton Island could be applied to
the eastern tropical Pacific Ocean. On the other hand, Krueger and Gray (1969} analyzed 5 years
of winter (December to February) sea surface temperatures (1962-1967) over the eastern tropical
Pacific, They found decreased tropical cloudiness in the winter of 1966 using satellite data in the
presence of anomalously warm sea surface temperatures, Widespread tropospheric subsidence
was suggested as the cause for this suppressed cloudiness.

Inorderto gaina comprehensive insight into these complex air-sea interactions, we will examine
long-term variations of satellite-derived tropical cloudiness, sea surface temperatures, tropical
Pacific island rainfall and also the strength of the semi-permanent anticyclones in the northern
and southern Pacific Ocean between latitudes 30°-40°N and S.

Ocea.n—Atmosphere Interaction Considerations

The ultimate source of energy that drives the atmosphere and the oceans is the differential heat-
ing of the earth's surface by the sun. The immense amount of heat capacity of the oceans, which
constitute about 70% of the earth's surface, acts as a huge flywheel for this coﬁpled system. In gen-
eral, the movement of the major Pacific Ocean current fystems, shown in Figure 1 (US Navy, 1966)
are caused by the wind stress on the water, the downslope "movement of low density water which is
dynamically higher than high density water, the blockage of the currents by land masses and the
earth's rotation (Svedrup, 1947, Malkus, 1962, U.S. Navy, 1962, Stewart, 1969). Since the large
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Figure 1, 'Surface gurrents of the Pacific Ocean during July (US Navy, 1966).

North Pacific anticyelone is the major pressure source driving the surface currents in the north-
eastern temperate and tropical Pacific Ocean, the region 30°N-40°N, 180°-100°W was selected for
analysis, This area encompases the range of movement of the anticyclones' central pressure dur-
ing its yearly trek north and south in synchronization with the sun's seasonal migration.

Table 1 lists the monthly Ioﬂg—term mean central position of the North Pacific anticyclone
(Crutcher and Meserve, 1970}, )

" Roden and Reid (1961) had also noted the importance of the strength of the Aleutian Low in the
winter months and its.close relation to oceanic sea surface temperature anomalies. However, for
this study, only the ¢limatological variation of the North Pacific High will be examined.



Table 1 .. The sea level pressure and the 700 mb heighis

January 30°N 138°W over the North Pacific High were collected for the
February 31°N 137°W period 1949-1971, The monthly surface pressure
March . 35°N 150°W data, from 5° latitude-longitude intersections, was
April 34°N . 165°W obtained from microfilmed Northern Hemisphere
May 33°N 155°W surface maps provided by the National Climatic
June 33°N 146°W Center, NOAA, Asheville, N,C. The monthly 700 -
July 38°N 149°W mb height anomalies, at the same intersections
August 39°N 151°w were obtained from the Monthly Wéather Review
September 34°N 155°W (1949-1971). Figure 2 shows the close patiern
October 33°N 141°W similarity between these two levels using 12 month
November 31°N 136°W running means during the 20 year period (r=+0.80
December 30°N 139°W with 0 Iag). The letter r will be used in the paper

to represent correlation coefficient.
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Figure 2. (a) Northeast Pacific (30°-40°N, 130°W-180°), sea level pressure anomal ies,
12 month running mean. (b) Northeast Pacific:(30°-40°N, 130°W—130°), 700 mb height

anomalies, 12 month running mean.
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Reid et al (1958), Reid and Roden (1961) had noted that the upwelling and cold water advection
in the California Current (Fig. 1) was coupled with the northerly winds for the most part driven by



the North Pacific High, In addition, an areal coherence of monthly sea surface temperature (SST)
anomalies of the same sign and approximate amplitude cccur almost simultaneously from 40°N to
20°N in-the California Current. In order to analyze a longer series of data, monthly sea surface
temperature from the-piers and recording sites along the west coast (Fig. 3) were collected from
U.S. Coast and Geodetic Survey records from 1925 to 1970, Long-term means and monthly anom-
alies were assembled fromthisdata. A single monthly average of all coastal sea surface temper-
ature anomalies was then made and 12-monthly running means plotted in Figure 4(a). Both the
monthly surface pressure and the 700 mb height anomalies only showedar =- 0,68 with + 6 to 8
month 1ead time with these coastal sea surface-temperatures. Figure 4(b) which is the 10°-20°N
100°W-180° sea surface temperature anomalies over*he extension of the California Current (Fig. 1),
showed a close correlation as was expected with the U.S. west coast data (r = +0.87 with -1 month
lag). The source of the tropical ocean data will be described later in this article.

128°W 12600 1240w 122°W 120°W 118°W . 116°W 114°wW
42°N ] I f» i ] | | 429N
LOCATION OF SURFACE WATER-
TEMPERATURE STATIONS
Blunts Reef _ i .
Lightship UNITED STATES—-WEST COAST
40 N — — 40°N
389N |~ — 389N
S. E. Farallon Islands—»
o Pacific Grove
369N — — 369N
Avila
USCGS/ " /Santa Barbara
¥z ——Port Hueneme
. ‘-"—-—Santa Monica, USCGS
34°N — A% . —Balboa 134 N
T——Newport Bay
La Jolla
[ ' | \ | '//San Diego

128°0W  ° 1268CW 124°W 1220\ 1200W 118°W 1 1G°W T140W

Figure 3. Location of surface water temperature stations along the U. S. west coast.
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(b) Tropical Pacific Ocean (10°-20°N, 100°W-180°) 3-monthly sea surface temperature anomalies.




A comparison of the Northeast Pacific 700 mb height anomalies was made with the sea surface
temperature anomalies from 30°N to 10°S from 180° to the continental shorelines and surprisingly
good relations {r = -0.70 to -0.74 with +5 to +9 months lead) were noted, Figure 5 shows this com-
parison with the 0-10°N sea surface temperature anomalies slipped 6 months in time, High pres-
sure was related to cool sea surface temperatures and low pressure to warm sea surface temper-
ature anomalies. Better correlations (r=+0,73 to 0.89) were noted with satellite~derived cloudiness
from 30°N-tc 20°S. A more complete discussion of these statistical results will be made later in
this article. ‘
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Figure 5. A comparison of Northeast Pacific (30 -40° N 130°W=18Q0°) 700 mb height
anomalies and- tropical Pacific Ocean (0°~-10° N, 100°W-180°). 3-monthly sea sur~
face temperature anomalies, The SST is lagged-6 months-on this graph.

A similar analyses was made for the southern hemisphere in order:to obtain the long-term
variation of the Peru Curreni, a northward-flowing current along the west coast of South America
(Fig. 1). Historical monthly sea surface temperature data was obtained from U.S. Coast and Geo-
detic Survey records from 1950 to 1967 for the South American west coastal stations shown in
Figure 6. A monthly average of all station sea surfacetemperature anomslies was made and
shown inFig. 7 (a).; Tig. 7(b) shows the 12-month running means of these anomalies and confirms
the close coupling (r = +0.90 with +1 month Iead) that should exist betweenthe Peru Current (Fig. 1)
and its extension from 0°-10°8, 80°W-180° (Wyrtki, 1965).

Due to the sparsity of South Pacific sea level pressure (SLP)} and 700 mb data, the long period
of SLP record of Juan Fernandez was utilized to relate to the South Pacific anticyelone,

AN

Table 2 lists the monthly long-term mean central position of the South Pacific High (Taljaard
et al, 1969).

Juan Fernandez Island (34°S, 80°W) is not completely representative of the South Pacific High
during June {0 August, a period when 1t is influenced by disturbances in the extratropical wester-
lies {Bjerknes, 1966).

Figure 8 shows the agreement between the extension of the Peru Current 0°-10°S, 180°-100°W
and the Juan Fernandez SLP data {r = -0,63 with -2 months lag). Note the drop off in Juan Fer-
nandez surface pressure, which relates the abnormal weakening in trade wind eirculation and the
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Figure 6. Location of South American west coastal sea surface temperature recording stations
and tropical Pacific island rainfall recording network.

Table 2
January 31°8 B89°W
February 31°8 90°wW
March 30°8 - 90°W -
April 30°s BE°W
May 27°8 85°W
June 25°8 90°"W
July 26°8 90°W
Auvpgust 27°8 88"W
September 28°8 8O°W
October 29°8 B8°W
November 30°8 89°W
December 30°8 89°W -
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Figure 8. A comparison of Tropical Pacific Ocean (0°-70°S, 80°W~180°), 3 monthly sea surface
temperature ancmalies and Juan Fernandez Island seu level pressure (12-month running mean).

resultant anomalous sea surface temperature warming during 1951, 1953, 1957-61, 1963, 1965,
1968-69. The work of Bjerknes, 1961 and Wooster 1961(a), tend to support this interpretation be-
tween the strength of the trade winds and equatorial upwelling in the central tropical Pacific Ocean,
Berlage (1966), noted that SL'P differences between Juan Fernandez and Santiago would better re-
late to Peru Current chaﬁges. This premise will be tested in a later study.

Satellite-Derived Cloudiness and.Sea Surface Temperaﬁlre Data

With the launching of the TIRQS, ESSA, Nimbus, ITOS, and ATS meteorological satellites in
the last decade, it is now possible to view tropical cloudiness on a day-to-day, weekly, monthly,
seasonal and yearly basis over vast oceanic regions of the world (Atkinson and Sadler, 1970,
Leese et al., 1970, Miller, 1970; U,S. Department of Commerce, 1970, Allison etgal,, 1969, Bjerknes
et-al, 1969(b), Sadler, 1968, Salomonson, 1969, Sherr et al, 1968, Taylor et al, 1968, Wallace, 1970,
Anderson et al 1969, Kornfield and Hasler, 1971, Suomi and Vonder Haar, 1970).

me recently has the time span of satellite data become extensive enough to satisfactorily
view the longer term variations in cloud amounts over the tropical Pacific-Ocean. Figure 9 shows
the monthly variation in cloud cover (in percent of area covered by >6/10 cloudiness).derived from
satellite television analyses over the eastern tropical Pacific from 0°-30°N, 180°-100°W from Aug-
ust 1962-October 1970. Examples of monthly cloudiness minimum and maximum periods, April ’
. 1965 and 1969, respectively are shown in the lower half of this figure. These cloudiness amounts
were derived from daily television nephanalyses which were produced by the Analyses Branch,
Natiopal Envirommental Satellite Service, NOAA, Washington, D.C. The daily charts were com-
posited from 4 fo 5 orbits of TIROS, ESSA and ITOS television data, Cloud amounts in tenths were
weighted and hand plotted in 2° lattitude-longitude squares and averaged to produce monthly ¢loud
values {Godshall, 1968, Godshall et al, 1969, 1971),
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In order to determine the relationship that could exist between tropical cloudiness and sea
surface temperatures, it was decided to study the monthly SST data for the tropical Pacific Ocean,
published by the National Marine Fisheries Services, NOAA (Renner, 1962-1970), Since ship SST
data were sparse in the tropical ocean, 3-monthly means of the data were produced, using the
technique described by Krueger and Gray (1969). Long-term means, obtained from the U.S. Naval
Oceanographic Office, Special Publication 123, 1969 were used for the anomaly data base at the
center of the 5°latitude-longitude squares from 20°N to 10°3, 180° to 80°W. Chaxrts showing these
3-monthly sea surface temperature anomalies (°C) from 1962-1970 are shown in.the Appendix A.
The area covered by a positive sea surface temperaturé,anomaly were planimetered and weighted
by the mean sea surfacetemperature anomaty (°C) for eachlatitude band. Histograms of the monthly
cloud cover and 3-monthly sea surface temperature variations are shown in Appendix B. A dis-
cussion of the corrélations between these two sets of data will follow in the next section of this
study.

In order to extend our SST data base back prior to 1962, an atlas of monthly sea surface tem-
peratures (Eber et al, 1968) was processed by the technique described previously and reduced to
3-monthly sea suirface temperature anomalies for the period 1949 to 1962. A complete atlas of
these anomaly charts are shown in Appendix A,

Figures 10 and 11 which summarize the results of this atlas, show the seasonal sea surface
temperature anomalies from 10°-20°N, 0°-10°N, 0°-10°S, 5°-15°N, 5°N-5°S from 1949 to 1970 using
all available data, The 5°-15°N band covers the Interiropical Zone of Convergence, the Equatorial
Counter Current and California Current extension while the 5°N-5°8 band covers the Peru Current
extension (Wyrtki, 1965). )

Note the warm periods: 1951, 1953, 1957-59, 1960-81, 1963, 1965, 1968-69 for the 20°N-10°S -
region. Note the gross similarity with the yearly sea surface temperature anomaly for the 20°-
30°N band across the entire Pacific Ocean (Namais, 1970},

Figures 12 and 13 show the percent of area covered by a positive anomaly for the 20°N-10°S
regions. A good relationship was noted between these two types of sea surface temperature
analyses (Figs. 10 o 13).

In previous studies, Bjerknes, 1966(a), .1968,' 1969(a) had noted the importance ‘of the Canton
Island sea surface temperatures in that it should relate strongly to the eastern tropical Pacific
Qcean circulation. Figure 14 confirms the fact that Canton Island sea surface temperature anom-
alies are in good agreement and very representative of the sea surface temperature features of
the eastern half of the South Equatorial Current (5°N-5°S, 80°W-180°). In addition, the island rain-
fall and sea surface temperature relationship previously reported by Bjerknes (1969(a)), also show
good qualitative agreement with the 5°N-5°S sea surface temperature anomalies (Fig. 15). Con-
ventional mohthly surface cloud amounts observed at Canton Island (Fig, 15) and satellite-derived

. mor{thl'y clouax;ness (Fig. 16) over the tropical Pacific islands 165°E-155°W also show a fair relation-
ship with the 5°N-5°S sea surface temperature anomalies,

i1
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In order to study the apparent oscillations in the general atmospheric circulation shown by
changes in cloud cover in periods prior to 1962, monthly rainfall data were analyzed for eleven
Central Pacific islands (Quinn and Burt, 1970), This rainfalldata, which was statistically studied
by Dobritz (1958(a), (b)), for the islands located in Figure 6, had shown a definite coherence in
their periodicity. Apparently, the rainfall over the tropical Pacific islands responded to the sea
surface temperature pulsations in the South Equatorial Current during their long period of record.
Twelve month running means were made from all coincident monthly averaged rainfall records
from 1949 to 1970. A strong pattern similarity (Fig. 17) was noted between the tropical island
rainfall and sea surface temperature anomalies for 5°N-5°S, 180°-80°W. The results of a statis-
tical comparison of these two parameters for six oceanographic regions are shown in the follow-
ing table,

Table 3
Sea Surface Temperature Anomalies Correlation Coefficient Month Lead/Lag

South American west coast stations - +0.7% . -2
0°-10°8 y +0.90 -1

5°N-5°8 i +0,93 -1

0°=10°N +0.92 -1

5°N-15°N +0.78 ' +1

10°N-20°N +0,62 +2

The high correlation coefficients > +0.90, would indicate that the variation in sea surface temper-
atures would be an excellent indication of tropical rainfall and cloudiness.

Tt was then a simple step to use linear regression techniques (Panosky and Brier, 1963) o de-
rive sea surface temperature anomalies (Fig. 18) for 3 latitude bands, 0°-10°S, 0°-10°N and 10°-
20°N back in time to 1905. The validity of this approach was checked by climatological records in
two ways. Figure 18 shows that 5 out of 7 years of "El Nino" occurrences were indicated by anom-
alously warm periods in the derived sea surface temperature data (Quinn and Burt, 1970, Bjerknes,
1966(b), Berlage, 1966, Wooster, 1961), A second check involved the favorable comparison with
U.S. west coast stations (Reid and.Roden, 1961), and Puerio Chicama, Peru sea surface tempera-
ture anomalies which are affected by the coastal upwelling in the California Current and Peru
Current (Wooster, 1961},

Statistical Technigues

Many geophysical records show a definite seasonal and/or annual variation which can be of
such a magnitude as to obscure important long-term cycles, which may be of a smaller amplitude.
The problem then becomes one of filtering out this annual cycle without losing useful information
or introducing misleading statistical errors., Early in this project, the decision was made to use
12-month equally-weighted running means (EWRM). While this smoothing technique is widely used
in climatological research, itdoes have however, one unfortunate property. As seen in Figure 19,
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Polarity reversal is known at point "A",

thereis g polarity reversal at point "A," which can produce erroneous freguencies in a spectral
analyses, A solution to this problem would be to place all the data to be studied in an anomaly
format using long-term means from the data itself. The monthly mean represents the annual
cycle and its subtraction from the long-term mean should eliminate this regular cs-rcle. A plot
of the monthly anomaly data proved too noisy so the EWRM technique was utilized.

Another smoothing technique was tested to see if the polarity reversal effect was indeed
damaging to the data analyses. Two parameters, Darwin monthly surface pressure and tropical
island monthly rainfall for 30 years of record were put into anomaly form by using long term
means from the data itself. Then a normal curve smoothing technique was applied. This tech-
nique does not introduce polarity reversals or phase shifts found with exponential techniques. It
makes use-of unequal weighting factors (f) which are computed by -

N 1

foma——— |0
m! (N -m) 2

’ WhereN=12andm=0, 1,2,|.0120

After smoothing in this manner, the results proved highly comparable with the dafa processed
by the EWRM technique (Table 4),

22



Table 4

A Comparison of Darwin Monthly Surface Pressure vs
Monthly Tropical Rainfall Anamolies

Technique Correlzation Coeificient (r) Lag (months)

12-month equally weighted +0.80 0
running means

Normal curve smoothing +0.74 0
of anomalies

As can be seen, there is only a small reduction in the correlation values when the normal
curve smoothing technique was used. Similarly the lag value for both cases was the same. Con-
sidering the long length of record used, it now appears that the polarity reversal was of such a
minor nature as not to be of any significance. The EWRM technique was then accepted as valid
for this research study. Figure 20 shows an example of the monthly, 3-monthly and the final for-
mat of EWRM for S5T anomalies 0°-10°N which was used in the correlation program.

The main tool used in the statistical examination of the data was the Autocovariance and
Power Spectral Analysis Program (APSA), the April 20, 1966 version which was published by the
Health Sciences Computing Facility at the University of California, Los Angeles,

One of the useful features of the program was the calculation of the autocovariance of each
data set from 0 to some stated number of lags, in both a positive and negative direction. Nor-
mally 10 percent of the total number of data points was used o establish the lag limit. Examina-
tion of the autocorrelation vérsus the lag curve then gave a good indication as to the success-of
efforts fo remove regular trends such as the annual cycle, ¥ everything appeared in order, the
square root of the autocovariance at 0 lag was then taken to give the standard deviation for the
individual series. A second feature of the program then crossed the designated base series (1)
with another series (2) in both a positive and negative direction out to the number of lags used for
. the autocovariance calculations.

Crosscovariance values were then caleculated at each lag point for the two series being
crossed, Examination of plots of crosscovariance values versus lag values for any two series,
then allowed selection of the most significant lag point. The final step was the hand calculation
of the correlation coefficienf. Throughout this paper, the correlation values shown in Tables 8
to 14 represent crosscovariance values for two series at g gelected lag divided by the multiple of
the standard deviation of both series.

The smoothing and extrapolation techniques that were used before the statistical analyses of
the data raise some question as to the absolute validity of the correlation and lag values. One
example that is readily apparent is that the beginning and end of irends can be easily smeared in
a EWRM series, The lag values could thus be easily oif one to two months in either direction,
The correlation coefficients themselves also show a variation due to the EWRM smoothing used

23



+1.5% T | T | | |
+1.0°— : ]
ot 2l
':i et R g ::E:, . u‘_‘,‘:"‘fo (C[)
OO - n L > Ly
R}
—05°l= T g A
~1.0°
| 1962 | 1963 | 1964 | 1965 | 1966 | 1967 | 1968 | 1969°] 1970
+1.0° I | l = J l I ‘
“\ 3.MONTHLY MEAN
+0.5° AN SN M —
o OO\/\/ 2o, 4, \/\/"-”43 " \—/\J AT RT ’\’ (b)
—0.5° = ) | ]
—1.0° ‘
| 1962 | 1963 | 1964 | 1965 | 1966 | 1967 | 1968 [ 1969 | 1970
+1.0%; | | I | ] 7 I
12-MONTHLY RUNNING MEAN
+0.5° ; g ]
oC Oo (c)
—0.5°- : L
100 ' - .
| 1962 | 1963 | 1964 | 1965 | 1966 | 1967 | 1968 | 1969 | 1970

SEA SURFACE TEMPERATURE ANOMALIES (°C}
0°-10°N 80°wW-180°

Figure 20. Comparison of: (a) the monthly mean, (b) 3-month1y mean and (c) lZ-—monfhly running mean
{EWRM) of tropical Pacificsea surface temperature anomalies {0°-10°N, 80°W-180°) from 1962 to 1970

24



and should not be accepted as an absolute value, However, since this EWRM smoothing was used
throughout this study, all correlation coéfficients and lags can be intercompared in a relative

. sense,

The following tables show the monthly'observations and lingar interperable observations of

the parameters used in the statistical analysis:

Table b
Fastern Tropical Pacific Ocean
Monthly Linear
Satellite-Derived Cloudiness Observations Interperable
Observations
20°N-30°N 34 99
10°N-20°N 34 99
9N-15°N 34 99
0°"N-10°N 34 99
5°N-5°S 34 99
0°-10°8 34 95
10°5-20°8 34 99
20°8-25°% 34 99
Table 6
Monthl Linear
Sea Surface Temperature Anomalies Obs ervatiscr: as Interperable
Observations
U.8. West Coast Stations - 624 624
20°-30°N 36 (3 mo. mean) 108
10°-20°N 60 " 240
5°N-15°N 60 " 240
0°-10°N 60 n 240
H°N-5°8 60 W 240
0°-10°8 60 " 240
South American west coast stations | 240 240
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Table 7

NE Pacific-SLP anomalies
700 mb Height anomalies

SE Pacific-Area covered by> 1020 mb
at sea level*

Juan Fernandez I sea level pressure
Darwin, Australia sea level pressure
Tropical Pacific island rainfall

Linear
Monthly Inter
g perable
QObservations Observations
300_400N 240 240
180°-100°W 240 240
30°-40°8 147 141
180°-75°W
677 677
677 671
877 677

* Obtained from Deutscher Wetterdienst, 1956-1970.

The first parameter to be correlated by the APSA program was satellite-derived cloudiness
{2.6/10), from 30°N to 25°S from 1962 to 1970 and the results are shown in Table 8.

Table 8

Correlation Coefficients (r)

Satellite-Derived Satellite-Derived Cloudiness (Percent of Area Covered by 2 6/10 Cloudiness)
Cloudiness over the Eastern Tropical Pacific Ocean
(2 6/10) 20°-30°N |lag [10°-20°N [lag [5°- 15°N [1ag | 0°- 10°N [1ag[5°N-5"S [lag[0°-10°S [lag | 10°-20°5 | 1ag[ 20°-25°5 | lag
20°-30°N +0.82 -1 +6.71 0]+0,93 -11+0.76 -21+0.68 -1(+0,87 -11+0,63 -1
10°-20°N £0.82 41 140.92  ©0]:0.85  +2(:0.68  +2|:0.66 «4|+0.69  .2|.0.63 -1
5°-15°N -0.76 0|:0.92 0 +0.75 +1 |+0.40 +11+0.38 +3 |+0.60 +2(+0,77 -1
0°-10°N +0.93 +1 [+0.85 -2|+0.75 -1 +0.80 -1/+0.87 +1 140,83 +1(+0.63 -1
5°N-53°3 +0.76 +2 {+0,66 -2 |+0.40 -1|+0.80 +1 +0.96 +1 [+0,B83 +2]-0.40 -9
0°-10°8 +0.68 +1 [+0.66 -41+0.38 -3 [+0.67 -1}+0.96 -1 +0.60 +1(=0.30 -9
10°-20°s +0.87 +1 |+0,69 -2[+0,60 -21+0.83 ~1|+0,63 -2 |+0.60 -1 +0.75 -1
20°-25°8 +0,63 +1 1+0.63 +1 140,77 +1 [+0.63 +1]-0,40 +91-0.30 +9 |+0.75 +1

By way of clarification, a -4 under the lag column, means that the parameter at the top of the
table lags the compared parameter at the side, A +4 implies that the "top" parameter leads the

"gide" parameter by 4 months,

The correlation coefficients which > 0.70 were underlined in this table to indicate the more
significant relationships. The first impression which one gets from Table 8 is that the NE and
SE Pacific cloud bands appear to be positively interrelated, Over 65% of the correlation coeffi-
cients are > 0.65, with a very short response time of =1 to 2 months. The 20-30°N and 0°-10°N
cloud::mpgss are more closely related to southern hemisphere cloudiness than any other bands.
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As a further check on this interesting relationship, 12 month running means of satellite
cloudiness by quadrants over the entire tropical Pacific Ocean 130°E-100°W, 30°N-25°S were
plotted (Figure 21, a, b). The equator and 180° meridian divided each quadrant analyzed, The
high correlation coefficients (r = to .80 to 40.93) and short +3 month lag which relate each
qguadrant's cloudiness are shown in Table 9,

Table 9
Correlation Coefficients (r)
Satellite-Derived Cloudiness { 6/10)

NE Pacific SE Pacific NW Pacific SW Pacific
0°-30°N |lag 0°-25°8 |1ag 0°-30°N |lag 0°-25°8 |lag
NE Pei.ciﬁc 0°-30°N +0.84 0 | +0.93 +3 | +0.87 0
SE Pacific 0°-25°S | +0.84 ' 0 +0,80 +2 | +0.87 -1
NW Pacific 0°-30°N +0.93 -3 | +0.92 -3 ” +0.92 -3
SW Pacific 0°~25°S | +0.87 0 | +0.87 +1 | +0.92 +3

A gingle (EWRM) curve of the entire tropical Pacific Ocean cloudiness is shown at the botiom of
Figure 21 (c). A possible explanation for the apparent "in phase™ relationship between the cloudi-
ness variations in the four Pacific quadrants may lie in the effect of the Southern Oscillation, a
large surface pressure pulsation common to the Pacific and Indian Ocean described by Troup
1965, Berlage, 1966 and Bjerknes, 1969 (a).

Next the sea surface temperature anomalies were correlated from the U. S, west coastal
stations 33°-40°N through the tropical ocean bands to 0°-40°S along the South American west
coast, Figure 22 shows the interesting similarity in the warm and cool patterns through each
latitude band over this vast stretch of eastern Pacific Ocean. Table 10 confirmg this areal co-
herence and positive relationship between these sectors, Approximately 60% of the correlation
coefficients were 2 0.65 with a short response time of +1 to 3 months. The 0° -« 10°N and
5° - 15°N sea surface temperature bands are more closely related to southern hemisphere sea
surface temperature bands than any other band.

The sea surface femperature anomalies were next correlated with the satellite-derived cloudi-
ness from 30°N to 25°8 in the eastern Pacific (Table 11). Two correlations shown up in this table
which appear of importance,

Approximately 50% of the correlation coefficients are negative and 2 0.65. A simple descrip-
tion of this relationship would be: cool sea surface temperature follow heavy cloudiness by a -7
to -9 month lag. This effect occurs mainly over the 5° -15°N, 0°-10°N oceanic bands and along
the U. S. west coast and related.to cloudiness on both sides of the equator. Bjerknes (1969(a))
description of the localized Hadley cell eirculdtion in the eastern Pacific could be the logical dynami-
cal explanation for this negative cloud-SST correlation with slow feedback loop.
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Table 10
Correlation Coefficients (r)
Sea Surface Temperature Anomalies

Sea Surface Temp. 33°-40° > > 2 g =0 T i 0-40"S8
Aromanes '] (.5, West Coast) |lag|207-30°H |lag| 10°-20°N [lag] 5°-15°N { lag| 0°-10°N Nag| 5°N-5°5 [tag] 0°-10°8 x| (5 » Wost Coast) | 1ag
33°-40°N
{U.5. West Coast) +0,65 -B|+0.87 -1|+0.54 0(+0.76  +2|+0.62  +3(+060  +4[+0,53 +6
20°-30°N +0,65 +8 +0.77 +3| +0.35 0]-0.2% +8| -0.35 +8| -0.35 -5£-0.59 +7
10°-20°N +0.87 +1]+0.97 -3 +0.95 0]+0.66  +4|+0.63  «3{+0.53  +5}+0.46 +3
5°-15°N +0.84 0{=0.35 of+0.95 0 +092  .1}:079  +1|s0.78  41+062 -3
0°-10°N +0.76 .2|-0.25 -8|+0.66 -4|40,.92 -1 +0.96 0 +0.96 0)+0.85 +1
57N-5°85 +0.62 -3[-0.35 -8|+0.63 -3[:079  -1|:096  © +0.98  0):0.89 +1
0°-10°S +0.61 -4{-0.35 +5(+0.53 5l079  -1]+0.98 0} +0.98 0 +0.90 .l
07-40°S
(S.A. West Coast) |+0.53 -6|-059  -7|+0.46 5[+0.62 -3{+0.85  -1]+0.89  -1]:090 -1
' Table 11
Correlation Coefficients ()
Sea Surface Temperature Anomalies vs, Satellite-Derived Cloudiness
Satellite-Derived 33°-40°N 5 noo I_40°
) 20°-30°N | lag| 10°-20°N | lag|5°-15°N | 1ag| 0°-10°N | 1ag] 5°8-5°5 | 1ag| 0°-10°5 | 1ag] 07-40%s
Cloudimess (3 6/10)|(11.5. West Coast)|lag L (S A. West Coast)|lag
30°-30°N -0.66 -8{+0.23 o|*0-% *3.052  -sl-049  -gf-050 -8|-055  -8|-0.28 -8
10°-3g° _ 2ol +0.47 +2| +0.42 +8 +0,47 +8
0°N 0.76 9l-0.31  _+9(*0-47 tgl-08d  o|r0el flosr ar3dT *3|-es0 -8

5°-15°N +0,69 -7]+0.35 +3|+0.66 +3[-070  -9|-087  -8(-0.85  -8|-082  -8[-0.69 -8
0°-10° _ . +0,02 +1[+0,42 +3 +0.50 6 - 0.50 T

. N -0.74 |03 pj-pi4d  p|"@I8  -8iTgms  Igl-0.61  "-8{Tpes  lg|-0.0 -8
5°N-5°S -0.89 9| 830 Aoee  sl-om  -9|l-0a9  -8l-035 -o|-0338 -sleous +6
0°-10°S -0.81 -9[-049  s6l-053  -sl-0se  o[*3B Yom  sfos0  -sl-0a 5
10°-20%5 +0.52 +4]40.36 -a/-0.50 -10+0.4¢  :1{-050  -8l-056  -9[-0.61  -8|-0,54 -8
20°-25°8 [+0.87 +6f+0.63 -21-0.8% 43 [+0.71 +4|-0.72 -8|-0LT5 -91-0.84 -8 |-0.80 -8

A smaller group of positive correlations (approximately 20% of total) varying from +0.45 to
+0.87 with generally +3 to +3 months lead, was also found in the data. This would relate increased
cloudiness with warmer sea surface temperatures and vice versa; however, this effect was not
dominant in the region of the Pacific. Figure 22 graphically illustrates these two air-sea inter-
action effects. Note the depressed cloudiness in the presence of warm sea surface temperature
from 5°N-10°S during the winter of 1966 which was ;reported by Krueger and Gray {1969) and the
increased cloudiness at 10°-25°S in the presence of cool sea surface temperature anomalies of the
Peru current. The presence of dense siratiform 'qlouds in this region has been noted in daily
ATS III and ESSA-ITOS cloud photography (U. S, Dept. of Commerce, 1970(b)), (Goddard Space
Flight Center, 1969%).

Figures 23 and 24 present the printout of the ASPA program and iflustrates how the correla-
tion coefficients and lags are determined for satellite-derived cloudiness and sea surface tempera-

ture anomalies in Table 11 from the relationship:
_ cross-covariance

r
1,2
5,5,
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Figure 23, This figure shows a printout-of the ASPA progrc:fn and illustrates how the corrélation coefficients (1)
and lags {months) are determined from cross-covariance and standard deviation for the NE Pacific cloudiness
{5°-15°N, 100°W =180% and the SE Puacific sea surfocetemperature anomalies (0°-~10°5, B0°W ~180°) from

1962 to 1970.
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where
r L= the correlation coefficient for the two series
8 standard deviation for series 1

1 »
S standard deviation for series 2.

2

[}

The next three tables correlate the northeast Pacific anticyclone surface pressure anomalies,
700 mb ht anomalies the percent of area covered by 2 1020 mb in the region 30°-40°S, 180°-100°W
(S.P. anticyclone) Juan Fernandez and Darwin surface pressure, tropical Pacific island rainfall

against satellite-derived cloudiness (Table 12), sea surface anomalies (Table 13); and each other
{Table 14),

Three interesting features shown in Table 12 are the cross-equatorial relationship between
the NE Pacific 700 b ht anomalies (see Figure 5), the Darwin and tropical island rainfall, surface
Table 12
Correlation Coefficients (r)

. s_40° °_ane .\

Sea i‘;‘;ff,‘,;‘il'g; mp. (l‘?lg lz‘gglflfc) (Nsl?: E-’:g:i?c) (SQE?‘II;:&;]SG) Fer{l?:lraez Darwin gggfl‘l:?£ .
Surface Pressure|lag| 100 mb Ht |lag|Surface Pressure |lag|Surface Pressure | lag| Surface Pressure |lag| Ramfall |lag
(3SQS-43\::§5& Coast) {-0.68 +6|-0.68 +8|-0,41 +5]-0.43 +3|+0.59 01+0.53 0
20°-30°N -0.69 +8|-0.41 +8[-0,55 -81+0.64 -5]-0.60 +8]-0.40 -3
10°-20°N 072 +1(-0.73 T Taol-0.61 | +51+0.56 +2]+0.62  +2
5°-15°N i -0.714 +7|-0,74 +8|-0.56 +5]-0.66 +3[+0.73 0|+0.78 +1
0°-10°N -0.67 +6(-0.74 +6|-0.67 +4|-0.69 +2|+0,80 -11+0.92 -1
5°N - 5°% . |-0.56 +6]-0.72 +8(-0.71 " 43/-0.84 +2[+0.83 -1+088 -1
0°-10°5 -0.51 +5(-0.70 +5|-0.66 +3]-0.63 +2[+0.82 ‘ -2[+090 -1
0°-40°8
{S.A. West Coast) |-0.36 +4 —0.56, +4|-0,51 +1|-0,52 0 +0,71 -3[+0.75 -2
Table 13
Correlation Coefficients (r) )

i sved 30°-40°N 30°-40°N 30°-40°5 Tropical

| cleatnece i) o N Facite) | Vo Paowe)| | (s Bacine) | NSRRI | ot OB e tag B
20°-30°N +0.39 o -B[x0.36 | -4]+0.65 -§|+0.54 +3[-0.55 -8|-0.41. - -8
10°-20°N +0,53 -1 jI-O._TS- -2{+0.67 -4(+0.37 -4 ﬂ ., \—8 -0.73 -9
5°=15°N - +0.36 0{+0.,62 =2(+0.72 -5|+0.48 ‘ =4|=0.78 «91-0.79" =9
0°-10°N +0.48 _ -5|+0.82 -5(+0.,60 -41+0,33 +3{-0.59 -8 —0.?5 -9
5°N-5°8 +0.86 . -71+0.89 -6|+0,26 +3|+0.27 +8|-0.33 -8(-0.25 -8
0°-10°8 +0.88 -7]|+0.89 =7]+0.27 +4|+0,29 ! +8|+0.22 -1{-0.20 -9

: 10°-20°8 -0.52 +9|+0.73 -7|+0.65 -6|+051 ~71-0.67 -9)-0,44 -8
20°-25°8 -0.58 — +9[-0,60 +9{-0.80 =5+0.68 -7]-0.83 -9(-0.14 -8

33



Table 14
Correlation Coefficients (r)

30°-40°N 30°-40°N 30°-40°8 . Trppical
(NE Pacific) (NE Paeifie) (SE Pacific Juan Fernandez Darwin Pacific I
Sarface Pressure] lagl T00 mb HT. |lag| Sarface Press)ure lag Surface Pressure | lag| Surface Pressure | lag Rainfall {lag
30°-40°N
{NE Pacific) +0.80 0|+0.30 ~-5]+0.39 -4]-0.52 -6} -0.55 -7
S‘uflace FPressure
30°-40°N
[NE Pacafic) +0.80 L] +0,53 0{+0,46 -4]-0,54 -6|-0.65 -6
700 mb HT
30°-40°8
(SE Pacific) +0.30 +5(+0.53 7 0 +0.76 -1§-0.,67 -3|-0.81 -4
Surface Pressure
Juan Fernandez
Surface Pressure +0.3% +4]+0.46 +41+0.76 +1 -0.50 -31-0,58 0
Darwin
Surface Pressure -0.52 +61-0.54 +6[-0.67 +3(-0.50 3 +0.80 0
Tromeal
Pacific I, ~-0.55 +71-0.65 +6 {=0.81 +4[~0,58 0/+3,80 0
Rainfall

pressure, and the SST anomalies. Since this data is based upon 20 years of record, we feel that
these positive and negative correlations are highly significant and useful for meteorological and
oceanographic prediction. It was noted also that the NE Pacific surface pressure lead the 5°-20°N
sea surface temperatures by a 7 months while the SE Pacific surface pressure had a shorter 3
months lead time in its effective region. The faster wind stress coupling time could be explained
) by the greater seasonal stability and size ©of the South Pacific anticyclone when compared with the
North Pacific anticyclone.

Table 13 indicates the good correlations shown by the NE Pacific 700 mb height anomalies
and cross-equatoriat satellite derived cloudiness but since the period of record is only 9 years
our confidence level is lower than shown for Table 12, Note the consistent negative correlations
(-0.73 to -0.84) between Darwin surface pressure, tropical rainfall and 5° to 20°N cloudiness.

Table 14 indicates the good positive correlation (+0.80) between the NE Pacific surface pres-
sure and 700 mb height anomalies (see Figure 2), This maritime relationship had been previously
noted by Klein, 1967. In addition, tropical Pacific island rainfall related positively (r = +0.80) with
Darwin surface pressure (Figures 25 and 26 a, b)., This useful meteorological reilationship implies
a cross-equatorial coupling that has not been completely described dynamically in the literature
(Quinn and Burt, 1970).
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CONCLUSIONS

Sea surface temperature variationg in the -California and Peru Currents from 1949 to 1970
have been traced from the west coasts of North and South America respectively, to the central
tropical Pacific Ocean by meansg of a newly produced atlas of sea surface temperature anomalies
(Appendix A). These sea surface temperature anomalies did indeed show a strong relation to
Canton Island sea surface temperature data, as was hypothesized by Bjerknes in 19686,

Tropical Pacific island rainfall was found to be strongly correlated with tropical sea surface
temperatures (r = +0.93) anomalies and by use of this direct relationship, it was possible to derive
tropical SST anomalies backto 1905, a period of sparse oceanographic data.

The northeast Pacific 700 mb height field (30°-40°N) was found to be positively correlated
(r =+0.73 to +0.89) to satellite derived cloudiness from 30°N to 20°S and negatively correlated
(zr =-0.70t0 -0.74) with sea surface temperature anomalies from 20°N to 10°8.

The tropical sea surface temperatures were negatively correlated and lagged the satellite-
derived cloudiness from 20°N to 10°8 implying the presence of a localized Hadley circulation,
previously suggested by Bjerknes 1969(a}). The eastern Pacific sea surface temperature bands -
and coastal waters showed an close areal coherance in pattern from 40°N to 40°S while the
satellite-derived cloudiness over the entire Pacific appeared to be pulsating in resonance. Possible
relationship with the Scuthern Oscillation was suggested.

- The South Pacific anticyclone appeared to couple faster (3 months lead) through wind stress to
the sea surface than the North Pacific anticyclone (7 month lead time). s :

Tropical Pacific island rainfall was well correlated with Darwin surface pressure (r = -I:U.BO)‘
and implied a local atmospheric coupling which has not been completely documented in the litera-
ture.

This study has shown the various time frames of direct local and cross-equatorial air-sea
relationships which exist over the fropical Pacific Ocean. With further analytical refinement
several of these geophysical parameters could become useful for seasonal meteorological and
oceanographic prediction. ’
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APPENDIX A

SEA SURFACE TEMPERATURE
ANOMALIES OVER THE EASTERN
TROPICAL PACIFIC OCEAN
(1949-1970)

An atlas of 3-monthly sea surface t‘emi;)e'ra.ture anomalies over the eastern tropical Pacific
" Ocean for the following months.
A-1 March-May 1948, and June-August 1949
A-2 September-November 1949 and December 1949 -~ February 1950
A-3 March-May 1950 a:nd June-August 1950
A-4 September-November 1950 and December 1950-February 1951
A-5 March-May 1951 and June-August 1951
A-6 September~November 1951 and December 1951~ February 1952
A-T March-May 1952 and June-August 1952
A-8 September-November 1952 and December 1952~ February 1953
A-9 March-May 1953 e;nd June-August 1953
A-10 September-November 1953 and December 1953-February 1954
A-11 March-May 1954 and June-August 1954
A-12 September-November 1854 and December 1854-February 1955
A-13 March-May 1955 and June-August 1955
A-14 September-November 1955 and December 1955-February 1956
A-15 March-May 1956 and June-August‘ 1956
A-16 Septemb;er;November 1956 and December 1956—Februai-y 1957
A-1T7 March-May 1957 and June-August 1957
A-18 September-November 1857 and i)ecemb;ar 1957-February 1958

A-19 March-May 1958 and June-August 1958

A-1



A-20 September-November 1958 and December 1958-February 1959
A-21 March-May 1959 and June-August 1959

A-22 Beptember-November 1959 and December 1959-Februvary 1960
A-23 March-May 1960 and June-August 1960

A-24 September-November 1960 and December 1960-February 1961
A-25 March-May 1961 and June-August 1961

A-26 September-November 1961 and December 1961-February 1962
A-27 March-May 1962

A-28 June-August 1962 and September-November 1962

A-29 December 1962 - February 1963 and March-May 1963

A-30 June-August 1963 and September-Nove‘zﬁber 1963

A-31 December 1963-February 1964 and March-May 1964

A-32 June-August 1964 and September-November 1964

A-33 December 1964-February 1965 and March-May 1965

A-34 June-Augusgt .1965 and September-November 1965

A-35 December 1965-February 1966 and March-May 1966

A-36 June-August 1966 and September-Novembex" 1966

A~37 December 1966-February 1967 and March-May 1967

A-38 June-August 1967 and September-November 1967 -

A-39 December 1967-February 1968 and March-May 1968

A-40 June-August 1268 and September-November 1968

A-41 December 1968-February 1969 and March-May 1969

A-42 June-August 1969 and September—Noverribef 1969

A-43 December 1969-February 1970 and March-May 1970

A-44 June-August 1970 and September-November 1970



A-45

A-48

Long-term mean sea surface temperature, for 5° lat-long. squares, for December-February
and March-May. The numbers in descending order, to the left of the dot follow the monthly
order. The 3-monthly long-term mean is at the bottom of the number column (U.S, Naval

Oceanographic Office, 1969).

Long-term mean sea surface temperatures for 5° lat-long. squares, for June-August and
September-November. The numbers, in descending order to the left of the dot follow the
monthly order. The 3-monthly long term mean is at the bottom of the number column (U.S.
Naval Oceanographic Office, 1969).
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APPENDIX B

SATELLITE-DERIVED CLOUDINESS
AND SEA SURFACE TEMPERATURE
ANOMALIES OVER THE TROPICAL PACIFIC QCEAN
(1962-1970)

A comparison of satellite-derived monthly cloudiness (in percent of area covered by 2 6/10
clouds) and 3-monthly sea surface temperature anomalies (weighted) from 1962 to 1970 for the
following regions:

Figure B-1. 20°-30°N, 100°W-180° (clouds), 20°-30°N, 100°-180° (sea)
Figure B-2. 10°-20°N, 100°W-180°(clouds), 10°-20°N, 90°W-180°(sea)
Figure B-3. 5°-15°N, 100°W-180° (clouds), 5°-15°N, 90°W-180°(s;ea)
Figure B-4. 0°-10°N, 100°W-180°(clouds), 0°-10°N, 80°W-180°(sea)
Figure B-5. 5°N-5°8, 100°W-180°(clouds), 5°N-5°8, 80°W-180°(sea)
Figure B-6. 0°-10°8, 100°W-180°(clouds), 0°-10°8, 8.0°W-180°(sea)
Figure B-7. 10°-20°S, 100°W-180°(clouds), 20°-25°8, 100°W-180°(clouds)

Figure B-8. 20°-30°N, 180°-130°E(clouds)
10°-20°N, 180°-130°E(clouds)

Figure B-9, 5°-15°N, 180°-130°E(clouds)
0°-10°N, 180°-130°E(clouds)

Figure B-10, 5°N-5°8, 180°-130°E(clouds)
0°-10°8, 180°-130°E{clouds)

Figure B-11, 10°-20°S, 180°-130°E(clouds)

Figure B-12, 0°-30°N, 100°W-180°(clouds)
0°-30°Ny 180°-130°E(clouds)
0°-25°8, 100°W-180°(clouds)
0°-25°8, 180°-130°E(clouds)
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