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ABSTRACT

The atmospheric and oceanic parameters of sea-surface
temperature, air temperature, wet-bulb temperature, cloud
cover, and wind speed are used to compute monthly average
values of the incoming radiation, the effective back radia-
tion, the latent and sensible heat transfers, and the total
heat transfer across the sea surface over the North Pacific
Ocean from 20°N to 550N for the period extending from 1951
through 1957,

The yearly average of the total heat flux across the
surface is integrated over the ocean from 15°N to 60°N, and
it is found that the ocean loses 7 x 1014 cal/sec in this
area on a yearly average basis.

The 12 monthly 7-year mean or normal values for each
heating term are Fourier analyzed, and it is found that each
term has a regular yearly cycle with maxima and minima sepa-
rated by 6-month intervals. The yearly cycles of the sea-
surface temperature are compared to the yearly cycles of the
total heat transfer across the ocean surface, and it is found
that the sea-surface temperatures have their maximum values
near the end of the heating cycle (August or September) and
have their minimum values at the end of the cooling cycle
(February or March). These results agree with the theoretical
results of a one-dimensional model of the seasonal thermocline.

The normal values of the 12 monthly means of the heat
advection in the surface layer of. the ocean are determined as
residuals from the surface layer heat balance equation. The
results obtained agree fairly well with what is known about
current patterns of the North Pacific and also with the results
of another independent investigation.

The departures of each monthly value from the normal val-
ues, i.e. the monthly anomalies, are computed for each of the
heating terms and also for the sea-surface and air temperatures
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for all 84 months. It is found that the sea-surface tempera-
ture anomaly patterns are geographically coherent, that they
can be fairly extensive in geographic size, and that on the
average they persist in time to about three months or slightly
longer. The air temperature anomalies are greater in magnitude
but are closely related in time to those of the sea-surface
temperature. The persistence of sea-surface temperature anom-
alies is related to the dynamics of forced and free convection
within the upper mixed layer of the ocean and to the transfer
of heat through the seasonal thermocline.

The anomaly patterns of the heating terms also show geo-
graphic coherence but have little month-to-month persistence.

Correlation studies between the anomaly series of the
month-to-month change in sea-surface temperature and those of
the total heat transfer across the sea surface and also those
of the horizontal temperature advection due to wind drift show
that there are statistically significant relations between
these quantities. The positive correlation is improved by
adding the temperature change due to surface heat transfer to
the temperature change due to horizontal advection and corre-
lating the results with the observed sea surface temperature
changes.

A multiple linear correlation analysis between the three
terms, (1) the observed change in sea-surface temperature,

(2) the sum of temperature change due to surface heat transfer
and that due to horizontal advection, and (3) the vertical
velocity induced beneath the Ekman layer, shows that the per-
centage of variance of the first term accounted for by relation
to other variables is increased from 20 to 25 per cent in win-
ter, 13 to 18 per cent in spring, 12 to 18 per cent in summer,
and 13 to 19 per cent in fall by including the effects of the
third term as well as the second.

A statistically significant positive correlation is found
between the anomaly series of the sea-surface temperature and
those of the specific humidity of the air, indicating that
the amount of moisture in the surface layer of the atmosphere
over the ocean is a function of the sea-surface temperature.

A statistically significant positive correlation is also
found between the anomaly series of the latent heat transier
between ocean and atmosphere and those of the atmospheric water
vapor divergence field. It is felt that this type of analysis,
if applied to a smaller area with better data, would be helpful
in obtaining a better transfer formula for the latent heat flux.
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I. Introduction

A. Review of Sea-Surface Temperature Fluctuation Studies

In 1920 Helland-Hansen and Nansen conducted their pioneer-
ing investigation into the causes of large-scale fluctuations
in sea-surface temperatures. Since then numerous studies have
been made concerning this intriguing and elusive problem. In
each case, an attempt was made to relate large-scale anomalies
of sea-surface temperature to fluctuations in space and time
of various meteorological and oceanographic parameters, wind
speed, surface drift currents, solar radiation, etc. Helland-
Hansen and Nansen began by correlating sea-surface temperature
changes in the North Atlantic Ocean with anomalies of the north-
south component of the geostrophic wind. Their results indicated
that the temperafure anomalies were strongly related to the wind
anomalies and that they were not transported to any great degree
by the motion of sea-surface currents. These results were
supported by the work done by Neumann, Fisher, Pandolfo and Pierson
(1958) and by J. Bjerknes (1962) in the same region.

Bjerknes demonstrated that it is probably the interplay
between the time changes in Qa’ the net transfer of heat to
ghe‘atmosphere including both latent and sensible heat, and
those of Qv and Qd, the advective heat supply and heat supply
due to up-welling, that regulates the trends of sea-surface

temperature. He found that a long trend of cooling north of
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50°N extending from the 1890's to the early 1920's is accompanied
by a strengthening of the Icelandic low, and the warming trend

of sea-surface temperatures until the early 1940's is accompanied
by a weakeningvof the Icelandic low. Superposed on the long
cooling trend, rising and falling trends of 2 to 5 years durations
were found. In these trends the ocean always cooled when the
prevailing west wind strengthened and warmed up when the wind
weakéned. During the long trend of northern cooling from the
1890's to the early 1920's, the surface water warmed up west

and north of the subtropical high'pressure zone, presumably
because of increased wind and Gulf Stream advection.

The statistics presented by Bjerknes indicate only that
increased wind speed is accompanied by a cooling of the under-
lying surface waters and vice versa in some regions of the
North Atlantic. The other mechanisms postulated for the
strengthening or reversal of these trénds must depend upon
physical explanations which are based upon experience obtained
from further investigations.‘ At present, there is no way to
test the hypothesis that the trend of cooling of the sea sur-
face due to increased west winds is reversed by an increase
in Gulf Stream advection, since heat transport cannot be
determined from the mean mass flow, which is the only quantity
that can be computed from wind-driven current theory.

The results obtained by Neumann et al indicate that the



same negative correlation exists between the zonal index of
atmospheric circulation over the North Atlantic and the surface
temperature anomaly on a monthly time scale. Their work also
supports the idea that the temperature anomalies are not ad-
vected to any great extent by surface drift. Correlations
between anomalies (departure from a normal value for a given
month) of sea-surface temperature for adjacent areas at time
lags in 2-month increments from O to 24 months were computed.
The coefficients were significantly highest when simultaneous
anomalies were correlated. This indicates that processes
causing simultaneous changes over large areas, such as evap-
oration and surface divergence, are probably more important
than advection.

Namias (1959) has attempted to explain the warming of the
surface waters of the Eastern North Pacific Ocean during 1957
and 1958 by relating it to the abnormal velocity components of
the atmospheric circulation. Although he obtained some of the
gross features of the observed temperature distribution, his
method is open to at least two objections. The first is that
he considered a normal (time average) state of the atmosphere
for a particular region to correspond to a normal state of the
sea~surface temperature distribution for the same region.

From the anomalous wind components, he computed the anomalous

surface water displacements which, when placed over the normal
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pattern of sea-surface témperature for the period in question,
enabled him to compute the anomalies of temperature due to
advection of the surface water. The second objection is that of
using only the surface water advection term from the heat

budget equation for a local surface layer (see Chapter II).

Namias (1965) modified this procedure somewhat and com-
puted the anomalous‘drift of surface water as before but
used an observed set of isotherms instead of the normal set
in order to compute the advection of temperature anomalies.
His correlation coefficients were improved somewhat over those
of the previous work. However, the horizontal advection term
was still the only term evaluated, although he did mention the
possible effects of up-welling aséociated with the divergenge
of the wind field and the transfer of latent and sensible heat
across the sea surface.

Arthur (1966) has extended Namias' work to include the
effects of the normal and anomalous wind drift currents on the
anomalous temperature gradients that occur within a specified‘
period of time. His method thus takes account of all terms in

the horizontal temperature advection,eéuation,

I
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where the capital letters denote the basic or normal values,
the primes denote the anomalies, and t and t, denote the
beginning and end of the period in question. The first

and third terms on the right-hand side of the equation are
identified as the steps inkNamias' ﬁethod, while the second'.
term represents Arthur's extension. Again, both the effects
of local changes in surface heat transfer and of vertical

velocities are neglected. In fact, the assumption is made

that

i@:*ui@»L’tz,ﬁ«WéQ +~ @
(1.2)
dx * d?, 4z |

in which the normal change in sea—surface'temperature is
balanced by the effects of the normal surface heat transfer,
Q. At present, evaluations of the extension are being carried
out at the Extended Forecast Division of the U. S. Weather
Bureau.

A much more rigorous approach was adopted by Berson (1962)
in which he attempted to determine from both theory and data
the two major effects on the heat baiance in the surface layer
of the ocean, the effect on latent and sensible heat transfer
from the ocean, and the effect on the intensity of vertical
mixing and on horizontal transport within the upper mikéd layer

from variable large-scale surface wind systems. His results
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(determined from data for a middle latitude zone of the North
Pacific Ocean during September 1959 through August 1960)
indicate that in the central longitudes and during autumn

and winter when anomalies of net radiation are small; a large
proportion of the anomalous evaporation and turbulent heat
conduction is generally tapped from the accumulation of heat

due to the effect of wind stress anomalies on advection.

He also developed a numerical method, including both advection
and surface heat transfer, for computing sea-surface temperature
anomaly changes when the wind stresses are given.

Berson concluded that feedback from ocean to atmosphere can
be treated numerically by subtracting the thermal energy equation
of the troposphere from the thermal energy equation of the active
layer of the ocean and obtaining a differential equation express-
ing the exchange of heat across their common boundary. The main
problem in this method is in determining the changes in the depth
of the mixed layer or seasonal thermocline of the sea. Since
very little data on this quantity exists, he is forced to use a
linear relationship between wind speed and layer depth determined
from various ocean stations in the NorthrPacific. This relation-
ship holds only for the monthly changes during a particular year
and not for changes in the same month over many years. During
the study presented below, data from ocean station PAPA (50°N-

145°W) was looked at and it was found that the linear relationship



varies from year to year and that no simple relationship holds
for changes from year to year for a particular month.

_ Roden (1962, 1963) has made a number of studies on the
power spectra of various meteorological and oceanographic
variables. In his 1962 paper, he investigated records of sea-
surface temperature, éloudiness and wind speed for eight ocean
areas between Europe and South‘Amefica. He looked at the
frequency range between zero and six cycles per year and found
that most of the power of temperature anomalies is concentrated
at low frequencies and that there .are no periodicities, that
a significant and inverse relation exists between temperature
and wind anomalies in the NE trade wind regions, and that along
the Brazilian coast there is a direct relation between tempera-
ture and north wind anomalies and an inverse relation between
temperature and east wind anomalies. He found no‘relation
between temperature and cloud cover, implying that solar
radiation anomalies are not important in determining sea-sur-
face temperature changes.

Probably the most ambitious program being conducted at
present is that of the Fleet‘Numeriéal Weather Facility (FNWF)
at Monterey, California. Based on the theoretical work of
Laevastu (1960) and data collected on a world-wide basis from
naval vessels, analyses and forecasts are made of wave structure,
surfaée currents, thermal structure, surface heat transfer,

mixed layer depth, and sound channels. The analyses are made
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twice daily at 00Z and 127 and 24-hour forecasts are made on
a daily basis. The results are sent out via high-speed
computer data links'to the Fleet Weather Centrals where they
are plotted on local area charts and transmitted in facsimile
or message form to fleet users.

The synoptic oceanographic analyses made at Monterey show
that pronounced changes in the surface layers of the ocean are
quite common. The sea-surface temperature (SST) changes can
frequently be of the order of half the annual range and, in
some areas, can even exceed the total annual range. The studies
indicate that the average period of the SST changes is shorter
(a few days) in higher latitudes, the areas of passing cyclones,
than in the lower latitudes where semi-permanent anticyclones
predominate. The magnitudes of the changes ére usually largest
near the stronger‘gradients of SST (current boundaries) and
sméllest in areas of small horizontal gradients. The explanation
of these synoptic changes can, in most cases, be found in the
atmospheric driving forces affecting both the dynamics of the
ocean surface layer and the surface heat transfer.

The advective changes by surface currents, computed according
to a method derived by Whitting in 1909 and described in Chapter
V., are quite apparent on the analyzed charts and account for a
major part of the SST anomalies in some aréas. Changes
caused by surface heat exchange and vertical velocities in the

mixed layer can be as large as 1.5°F in a 24-hour period, and



as large as 5°F at middle and high latitudes during the summer
season. These driving forces change in the same way as the
weather conditions at the surface. Thus, the changes in the
surface layers of the sea normally change at least as rapidly
as does the sufface weather, and it is concluded that ocean-
ographic analyses and forecasts éhould be carried out with the
same frequency as those of the surface weather.

In working with their data, the FNWF define thfee types
of SST anomalies: (1) a deviation in a given region at a
specified time from the normal or.long—period average for
the same region, (2) the difference between a temperature
actually observed and some reference temperature, and (3)
deviations of SST values at given places from smoothed latitud-
inal values for the same period of time. Some conclusions
drawn regarding the first type of anomaly are that they are
relatively large in horizontal extent, that some of them
‘can be persistent over long periods while some appear and
disappear quite rapidly, and that some of the anomalies migrate
with the average surface current.

The computation of the third type of anomaly is done
numerically by scale and pattern separation. The method
consists of repeated application of a smoothing operator which
reduces first. the amplitu&es of the shortest wave lengths

and gradually affects longer and longer wave lengths. Removal
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of small-scale disturbances from the initial analysis leaves
the large-scale pattern; finally, removing the zonal portion
of the large-scale pattern gives the large—écale anomalies.
The 1arge—écale anomalies change slowly from season to
season with fluctuations occurring as the surface weather
changes over the areas, while the small-scale anomalies can
be classified into two additional groups. The first of these
corresponds to changes induced by local up-welling, heat ex-
change, and mixing. The second group consists of those caused
by advection and meanders along current boundaries and eddies;
analysis of the advection anomalies at major current boundaries
shows that they are persistent to the extent that changes
occur according to the prevailing local winds. 1In genefal,
warming occurs ahead of cold fronts (when southwesterly
winds are prevalent), and cooling occurs after frontal pass-
ages (when northeriy_winds prevail).

" In addition to oceanographic analyses and forecasté, sur-
face weather forecasts are also made on a daily basis which
take into account the exchange of heat‘between the ocean and
atmosphere. Thus, we have an ope;ational system that uses the
information obtained from detailed studies of air-sea inter-

action processes.
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B. Review of Ocean Surface Layer Heat Transfer Studies

An extensive review of this subject iskgiven by Malkus
in Volume I of The Sea, Chap?er 4. The foliowing will briefly
touch on the works mentioned in this review as a background
to the description of air-sea interaction studies that have
been conducted since the publication of The Sea in 1962.

The tranéfer of heat between ocean and atmosphere by tur-
bulent conduction and the flux of water vapor may be determined
indirectly by two independent methods. The first is that of
using energy and mass budget requirements, while the second
method depends upon the use of exchangé formulas that have
been developed from the laws of small-scale molecular and tur-
bulent transfer.

In the energy bu&get method of determining the heat flux,
the following equation is used to express the balance between
the amount of heat absorbed by the sea surface due to radiationm,
the amount of this heat transported by ocean currents, and

the amount of heat supplied to the atmosphere:
R = QS + Qe + S + Qv , (1.3)

where R is the radiation surplus and equals the solar radiation
minus that which is reflected from the surface and that which is

reradiated back into space; QS is the amount of sensible heat
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that is transferred between ocean and atmosphere; Qe is the
amount of latent heat given up by the sea due to evaporation;

S is the amount of heat stored in the ocean; and Qv is the
amount of heat advected by ocean currents. The total exchange,
Qs + Qe’ between ocean and atmosphere may then be computed

from the relatiomn,

Q +Q =R-5-0Q (I.4)

The main studies using this procedure have been conducted
by Sverdrup (1942), Jacobs (1951), Budyko (1956), London (1957)
and Houghton (1954), each of whom attempted to evaluate
QS + Qe using various methods of computing R, The critical
variable affecting R is the amount and type of cloud cover
in the area under investigation. In his work, Budyko showed
that fhe incoming radiation is approximately a linear relation
of the mean cloudiness, while the long-wave back radiation
decreases in a non—lineaf fashion with the mean cloudiness.
For annual averages, the storage S and the flux-divergence
Qv were considered negligible in comparison to the other
terms.

According to Malkus (1960),the most important demonstration

P

n marine meteovrology of the past twenty years (Jacobs, 1951;

Montgomery, 1940; Bunker, 1960; Riehl et al, 1951) is that the
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transfer of latent and sensible heat énd momentum from sea

to air is governed largely by two parameters, the air-sea prop-
erty difference of temperature or vapor pressure and the
prevailing wind speed averaged over some time period. Thus,
while the average air-sea fluxes over long periods and large
regions are computable from planetary heat and mass budget
requirements, the fluctuations which build this picture and give
rise to the enormous departures from it are directly related

to transient atmosphere phenomena.

The basic premise underlying this development is that
turbulent exchange is the dominant mechanism affecting the
vertical distribution of a property from the air-sea interface
to a distance of several tens of meters above it, so that

the fluxes obey the equation,
F = -K ==+ R (1'5)

where Fp is the flux of the property p, dp/dz is the vertical
gradient of the property, and Kp is the eddy transfer coeffic-
ient which is many orders of magnitude larger than the corres-
ponding molecular transfer coefficient. Thus, using the above
equation and making several assumptions about the nature of
the turbulence, equations can be derived relating the flux of

momentum, water vapor and sensible heat to a wind speed at
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some height and the difference between the property at that
height and at the sea surface (see Chapter II).

The main works using this method that are reviewed by
Malkus are those of Budyko (1955, 1956), Drozdov (1953), Jacobs
(1951, 1951a), Sverdrup (1957), London (1957) and Houghton
(1954). The annual mean distribution of Qe and QS and the
other heat-balance components of the éea surface are presented.
The resulting annual héét budgét of the ocean forms a found-
~ation for discussing the global heat and water budgets, the
climatological picture of air-sea heat exchange, and the
average seasonal variation in several regions of this exchange.
She also reviews a study done by Colon (1960) in which he used
both the energy budget method and the transfer equation method
to investigate the monthly and seasonal distribution of the
various components of the surface layer heat balance equation
for the Caribbean Sea.

As a result of the observations of solar radiation made
during the International Geophysical Year, Budyko (1963) has
completed a new Atlas of the heat balance of the earth. The
Atlas contains 69 world charts including the annual means of
solar radiation reaching the earth's surface, the radiation
balance of the earth's surface, and the heat exchange between
ccean and atmosphere due to evaporation and turbulent heat

conduction. It also contains charts of the mean annual con-
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ditions of the redistribution of the heat in the oceans due
to ocean currents, of the radiation balance of the surface
atmosphere, of the heat of condensétion, and of the redistrib-
ution of heat in the atmosphere due to atmospheric motion.
The charts are c;nsidered to be more accurate and are more
detailed than those presented in the Atlas prepared in 1956.
Some of the results obtained from this study are that the
meridional transfer of heat in the world oceans is about
60 per cent of the heat transfer of the atmosphere, that the
components of heat balance of the Atlantic, Pacific, and
Indian Oceans differ slightly from each other, and that for
each ocean the main part of the heat of the radiatiom bal-
ance is expended on evaporation. It was also determined that
the earth absorbs 168 kcal/cm2 annuaily. Two-thirds of this
amount, 112'kcal/cm2/yr, is absorbed at the earth's surface,
while the rest is absorbed by the atmosphere. The earth's
surface loses 40 kcal/cm2 per year by effective long-wave rad-
iation, and, as a result, its average radiation balance is

2
I/ ™ l‘?Y

o
“un g oy e

equal to 72 kcal/cmziyr. 0f this awmount, 59 kcal
is expended on evaporation, and 13 kcal/cmzlyr is expended on
the turbulent loss of heat to the atmosphere.

Wyrtki (1965, 1966) has used climatic data obtained from

the U. S. Bureau of Commercial Fisheries to calculate the heat

exchange at the surface of the Pacific Ocean north of 2C°S
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for the period 1947 to 1960. In the 1965 study, the average
annual components of the surface heat transfer are given
along with the implications of their distribution with
regard to ocean circulation. It was found that the North
Pacific gains heat at a rate of 3 x 1014 cal/sec. The heat
gain occurs mainly along the eastern side of the ocean and south
of 25°N, while the main heat loss occurs in the region of the
Kuroshio Current. From a simple theoretical model, Wyrtki found
that the average temperature distribution in the range of the
subtropical anticyclone is maintained in the presence of these
heat sources and sinks by a horizontal circulation of the order
of 10 million m3/sec in a shallow surface layer.

The 1966 study is an atlas of the monthly variation of
heat exchange and surface temperature north of 20°S in the North
Pacific Ocean. He used the same aata as that of the 1965
study and averaged them over two-degree latitude-longitude
squares and by months for the 1947 to 1960 period. For each
ten degree square, the seasonal variation of the heat transfer
componeuts, t al heat exchange at the surface, and the
sea-surface temperature were presented.

The U. S. Bureau of Commercial Fisheries at La Jolla,
California, began to publish monthly charts of meteorological
variablés and heat transfer at the air-sea interface in 1965

(Johnson, Flittner and Cline; 1965). The data are collected
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from synoptic marine radio weather reports from ships at sea
and analyzed by electronic computer. The analyzed results
are prepared in chart form covering the entire North Pacific
Ocean and distributed to participating and interested agencies.

In 1965 Garstang reported the results of a project designed
to study the role of diurnal variations of sensible and latent
heat over the trépical ocean. The transfer equations used
incorporate a drag coefficient that is linearly dependent upon
wind speed and atmospheric stability. It was found that pro-
nounced diurnal variations in sensible heat transfer occur
along with semi-diurnal oscillations in cloudiness and precipi-
tation. Within synoptic scale disturbances the transfer of
either sensible or latent heat may increase by an order of
magnitude. Integrated over the entire disturbance, the energy
flux is found to double the undisturbed values. Since the role
of the energy input to the systems is fundamental to under-
standing the structure and behavior of both synoptic and meso-
scale systems, he concludes that emphasis should be placed on
including these variable quantities in prediction schemes.,

Due to the fact that the distribution of energy transfer
is strongly dependent upon the frequency of synoptic scale
systems, mean maps based on climatological data bear little
relation to the actual synoptic maps of energy flux. The

transfers also differ in magnitude in the tropical regions
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from the values given by previous investigations (e.g. Budyko,
1956) and indicate that a revision may need to be made

on the current estimates of the heat balance of the world
oceans.

Kraus and Mérrison (1966) have conducted a statistical
analysis of wind, air, dew-point, and sea-surface temperature
records from all nine weather ships in the North Atlantic Ocean.
The study showed that local variations between years are highly
significant when compared to variations within months. The
fluctuations show a consistent pattern of more that 500 miles
in the atmosphere and a persistence over several months. The
horizontal extent of sea-surface temperature anomalies appears
to be small; however, they tend to be more persistent than
the air temperature anomalies. It was also found that short-
period variations in the flux of latent and sensible heat are
due predominantly to atmospheric variations. This effect is
greatest in the winter; during the summer the effect of sea-
surface temperatﬁre anomalies is somewhat greater. The values
obtained for the heat fluxes were higher than those given by
Jacobs (1951) and may be due to the different record periods
used or the absence of a correction term in Jacobs' work due
to the covariance between the meteorological variables of wind
speedA“nd air-sea teﬁperature difference and between wind

speed and air-sea vapor pressure difference on a daily basis.
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C. Purpose of Thesis

The purpose of this work is to determine what relation-
ships, if any, exist between the atmospheric parameters of
wind speed, water vapor content, cloud coVer and radiation and
the monthly and seasonal fluctuations of sea-surface tempera-
ture and of heat transfer between the ocean and atmosphere.
The data used in this study are much more extensive (7 years,
1951-1957, of data covering the North Pacific Ocean from 20°N
to 55°N) than any that have been analyzed previously, and it
is felt that much information has been obtained concerning
the interaction of the two media.

It is obvious from the review of previous studies that
it is necessary to include the effects of both surface
advection and local heat transfer in order to account for
fluctuations in time and space of the sea-surface temperature.
An attempt is made in this report to relate fluctuations in
the transfer of heat between ocean and atmosphere and fluctua-
tions in the surface advection of heat due to wind-drift to
fluctuations in the sea~surface temperature.

Chapter II of the report outlines the theoretical consi-
derations behind the transfer formulas used in the study.
Chapter III describes the type of data available and the pro-
cedures used to put the data into a workable form. Chapter
IV discusses the results of the heat transfer computations

and also the relations between the yearly cycle of the total
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heat transfer across the sea surface and the yearly cycles of
the sea-surface and air temperatures. Chapter V describes
the spatial and temporal scales of anomaly patterns (an
anomaly is the monthly departure of a value from some cal-
culated mean or normal value) of the heat transfer terms

and of the sea-surface and air temperatures; it also discusses
the results of correlation studies made between the time
series of the heat transfer term anomalies and those of the
sea-surface temperature anomalies. Chapter VI describes the
results of further correlation studies made between other
atmospheric and oceanic paramteres.’ Finally, Chapter VII
summarizes the results of the previous chapters and discusses

areas of possible future studies of this and other types.
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II. Theory

A. Development of Surface Layer Heat Balance Equation
For a column of water of unit cross-sectional area and of

depth -D (z positive upwards), the heat balance equation may

be written as

2,0 # £ £o £
FC]/:__;:lz 4t =/Q4,zét'~/@¢¢h//q)w/ulz‘+ @ 4% (11.1)
o <»p A 0 [+ o -

0

where Ts is the temperature of a unit volume of water, Qr is

the radiation surplus, Qa is the sum of latent and sensible'
heat transfer between ocean and atmosphere, QV is the horizontal
advection of heat into the column, and QD is 'the vertical flux

of heat into the column at the depth -D. This equation expresses
the relationship that exists over the time interval t between

the storage of heat in the column of water and the total exchange

of heat energy between the column and its environment.

B. Development of Heat Transfer Formulas
1. The radiation balance Qr may be broken up into three

terms, Qi’ Q_ and Qb where

R

Qr = Qi - QR - Qb’ and | (II.Z)

Qi is the incoming solar radiation reaching the earth's surface,

and Qb is the effective back radiation equal to the difference .
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between the long wave radiation from the sea surface and the
long wave radiation from the atmosphere.
s 2, . .
The incoming radiation Qi (cal/cm_/day)ls determined

from the following equation proposed by Berliand (1960),

Q =, (1 - ac- b, (1I.3)
where Qio is the incoming solar radiation with a clear sky,
c is the fractional cloud cover, b is a constant equal to .38,
and a is a function of latitude varying from .37 at 20° to .41
at 55°. The values of Qio are taken from a table given by
Berliand (1960) as a function of latitude and month.
The amount of radiation reflected from the sea surface

QR is determined from
Q=0 -1, (L4

where r is the percentage of radiation reflected and given in
a table by Budykb (1965) as a function of latitude and month.
Cox and Munk (1955) have calculated r taking into account the
effect of wind speed on the nature of the reflecting sea sur-
face. However, between 20°N and 55°N their values do not

differ significantly from those of Budyko.

2, The effective back radiation Q, (cal/cmzlday) is

determined from the semi-empirical equation proposed by Berliand
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and Berliand (1952),
Q %{r@"‘(r )~k )50 (ec~6,) ), (11.5)
b s 7~ .0fcnve - 'S a/ ) .

where § = .97 is the ratio of the radiation of the sea to that
of a black body;

7 =1.75 x 10—7 is the Stefan-Boltzmann constant;

esea’ %ir are th‘e absolute temperatures(©c) ;

e is vapor pressure of the air in mb;

¢ is the fractional cloud cover; and

k is a function of the latitﬁde.

The first term, which takes into account fhe effect of
sea-surface temperature, humidity, and cloudiness, varies
-between 20 and 200 cal/cm2/day. The constant k has been
evaluated considering the vertical extent of clouds as well
as the height of the cloud base from the earth's surface;
it varies from .51 at the equator to .75 at 55°N due to the
decrease in cloud base height in the polar regions. The

second term represents the effect of stability on the back

radiation and varies between -20 and 20 cal/cmz/day.

3. The exchange of latent and sensible heat between ocean
and atmosphere may be determined from the theory of turbulent
transfer and some assumptions about the nature of the wind

field just above the sea surface.
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If turbulent exchange is the dominant mechanism affecting
the vertical distribution of a property near the surface,

then the vertical flux of the property p obeys the equation

dp
dz?

Fp = -Kp (I1.6)
where Kp is the eddy transfer coefficient. For heat and water
vapor, Fp is constant in the vertical in a thin boundary layer
in which heat and water vapor are not accumulating. In the
lowestrfew tens of meters over the sea surface, the air is
well-stirred, shear-turbulence déminated, neutrally stable

and barotropic. Under these conditions, the following

exchange formulas may be used to determine the flux of momentum

T , sensible heat QS and latent heat Qe:

T = Km iz ° (11.7)

QS = —cpKs gg , and (I1.8)
- LE = dq

Q =LE=-Ik 31 , (11.9)

where Km, Ks and Ke are the eddy exchange coefficients of

13

omentum, sensible heat and water vapor, u is the wind

speed, T is the temperature of the air, and q is the specific
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humidity of the air.
When turbulent shear flow is the dominant process, the

assumption that Km = Ks = Ke = K is made, and
k=10/ ¢ (I1.7a)
dz :

may be substituted into (II.8) and (II.9). In additionm, the
relation

A
To = ¢ Cota : (11.10)

may be obtained from either observations or from the work on
turbulence done by Rossby and Montgomery (1935). In this
equation, the drag coefficient CD is a function of surface
roughness, anemometer height, and von Karman's constant.

If the vertical derivatives of (II.7) -- (IL.9) are
expressed in terms of finite differences between the heights

z and o,
a

(I1.11)

=
1]

=3
1

=

1]

[0

=]

(=W

then the transfer equations may be written as
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t =g cDua2 , (II.12)
< f’cp CD (TS - Ta) u, and (I1.13)
Qe =1LE =y LC, (qS - qa) u, - (11.14)

The drag coefficient CD depends upon the wind speed close
to the sea surface and is, therefore, not a constant. Deacon
and Webb (1962) have derived a linear relationship between the
drag coefficient and wind speed measured at a height of 10
meters above the sea surface from the observational results
of various investigations. This relatipnsbip,

3

= L -
0 (1.00 + 0.07 10) x 10 (I1.15)

‘1
is applicable for near neutral stability conditions and shows
a comparatively slow increase of drag coefficient with wind
speed.

Since winds are measured at heights of around 10 meters,

the drag coefficient is dependent upon the effect of atmo-

* .

spheric stability. For a wind speed at 1 meter above the surface

the 10 meter speed will be greater under stable than under

unstable conditions. Therefore, the drag coefficient should
be smaller for stable conditions thah . that determined from
(11.15) and larger for unstable conditions. 1In his study

on heat transfer between ocean and atmosphere over a tropical

ocean, Garstang (1965) used some theory of Monin and Obukov
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(1954) to obtain a relationship between the drag coefficient

at 6 meters C_, the wind speed Ues and the bulk Richardson

6’
number RB’

3

C = (1.46 + 0.07.2¢, - 4.2 RB) x 10 (11.16)

6
In the present study, however, (II.15) is used to determine
the drag coefficient since the measurements necessary to use

the Monin-Obukov procedure were not available.

C. Error Analysis

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.

If we accept the theory as valid, then the effect of
observational errors is shown in Table I. (Part of the table
is taken from Roden (1959) as he used some of the same exchange
formulas that were used in this study.)

Since the exchange formulas are non-linear in nature, using
monthly mean data instead of daily or hourly values in deter-
mining the heat transfer may lead to errors. In order to

determine the magnitude of these errors, daily values of
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Table 1
gixg Error ¢ Qi/Qi ° Qb/Qb Ts ) Ta Brror 4 Qb/Qb 4 QS/QS
c AacC %. % °C (TS—Ta) % %
0.0 +0.1 +4 +0 1.0 +0.1 +1 + 10
0.2 +0.1 +6 +1 2,0 +0.1 +1 +5
0.4 + 0.1‘ + 9 +3 3.0 i-_ 0.1 +1 + 3
0.6 + 0.1  +13 +5 4.0  +0.1 +1 +3
0.8 + 0.1  + 22 + 8 5.0 + 0.1 *+1 + 2
1.0 + 0.1  + 48 * 17 6.0 +0.1 +1 + 2
Wind -
Ve;;:‘::y Error A Qe/ Qe A QS/ QS Humidity Error A Qb/ Qb AQe/(%e
AW % % % A% %- %
2 +1 + 56 + 56 60 +1 +1 + 2
4 +1 + 30 + 30 65 +1 +1 + 3
6 +1 + 22 + 22 70 +1 +1 + 3
8 +1 + 17 + 17 75 +1 +1 + 4
10 +1 + 14 + 14 80 +1 +1 +5
12 +1 + 12 + 12 85 +1 +1 + 7
14 +1 + 11 + 11 920 +1 +1 + 10
16 +1 +9 +9 95 +1 +1 + 20
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sea surface temperature, air temperature, dew-point temperature,
cloud cover and wind speed were obtained for weather ship
s;ations NOVEMBER (30N - 140W) and PAPA (50N - 145W) for the
period of January to December of 1962 (see Chapter III).

Monthly average values of Qi’ Qb’ Qs’ Qe and the sum of these

four heat transfer terms Q were computed first from the daily

BAL
values and averaged over the number of days in the month; in
the second case, the variables were averaged over the number

of days in the month and the heat transfer terms computed from
these averaged values. The resulté are shown in Tables II

and III. 6?;7 denotes heat transfer averaged over the daily
values, and Q(v) denotes heat transfers computed from the
monthly averaged variables.

For Station NOVEMBER, the yearly average per cent differ-
ences between the two methods of computing the monthly average
heat transfers are 1.4 for Qi’ 1.7 for Qb’ 4.8 for Qe’ 7.8
for QS and 17.7 for QBAL' For Station PAPA, the per cent
differences are 1.4 for Qi’ 1.9 for Q6 9.5 for Qe’ 45,1 for
QS and 10.4 for QBAL'

The accuracy of the exchange formulas increases as the
value of the heat transfer increases since the errors resulting
from both observational and averaging effects are inversely
proporiional to the heat tramsfer. The theoretical accuracy

of the formulas is also higher when large heat transfers occur.
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Ship Station NOVEMBER (30N — 140W)

North Qi(V) Qi(v) Qb(v) Qb(V) Qe(v) Qe(V) Qs(v) Qs(v) QBAL(v) QBAL(G)

January 217 221 128 131 266 257 31 26 -208 ~-193
% dif 1.4 1.9 3.4 14.8 6.8

February 307 313 141 144 313 303 40 39 -186 -173
% dif 1.8 1.9 3.0 1.6 6.9

March 355 359 145 147 217 207 30 26 -38 -21
% dif 1.3 1.4 4.8 12.4 43.9

April 432 440 134 137 194 184 17 16 87 103
% dif 1.7 2.5 5.0 10.8 18.0

May 466 471 141 143 247 238 38 35 40 55
% dif 1.1 1.1 3.3 7.9 36.4

June 456 462 125 128 198 192 16 13 117 130
% dif 1.3 1.7 3.3 ' 16.4 10.9

July 455 472 129 131 258 251 28 27 52 63
% dif 1.5 2.0 2.7 .4 22.4

August 499 507 129 132 192 184 13 12 165 178
% dif 1.7 2.4 4.2 .6 8.1

September 437 444 132 135 210 187 10 10 84 111
% dif 1.6 2.3 11.2 .0 32.9

October 346 350 136 137 306 311 26 27 -121 -125
% dif 1.2 1.3 1.7 2.4 3.0

November 287 289 155 156 263 250 31 30 -162 ~147
% dif .8 .7 4.9 . 5.9 9.8

December 205 209 136 138 319 350 29 35 -278 -314

% dif 1.7 1.4 10.0 20.1 12.9



North

January
% cif
February
% cdif
March

% dif
April

% dif
May

% dif
June

% dif
July

% dif
August

% dif
September

% dif
October

% dif
Novenber

% dif
December

% dif

Qi(v)

59
1.8
121
2.1
201
1.7
334
1.4
357
1.2
355

o7
346

o7
286
1.1
236
l.4
153
1.4

79
1.3

50

Qi(v)

60

124

204

338

362

357

348

289

240

155

80

51

Ship Station PAPA (50N — 145W)

%,

105
2.1
121
3.4
118
2.3
136
2.2
112
1.4
100

+8

94
1.3

95
1.7
119
1.9
124
1.5
132
1.6
121
2.4

Table

Q, (V)
108
125
120
139
113
101
95
97
121
126
134

124

111

Qe(v)

40
55.1
56
18.4
104
2.7
114
2.7
77
3.0
57
3.9
28
1.9
52
5.5
159
1.9
191
7.6
355
7.1
116
4.6

Qe(;)

62

45

101

L0117

75

55

28

55

162

176

330

110

Qs(v)

=29
44.8
10
8.6
30
4.8
44
17.3
8
11.5
5
«6
-7
41.4
-1
382.2
22
9.0
23
5.1
110
9.6
30
5.8

QS<G)

-16

10

29

36

99

32

-57
63.5
-85
12.1
-52
9.5
40
15.6
150
2.5
193
1.9
231
«6
140
3.0
-63
.1
-185
8.6
-517
6.7
-217
.7

46

164

197

230

135

=169

-482

=216

_Ig-
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Since large transfers occur at times of strong winds, the wind
shear keeps the atmospheric stratification close to neutral
values, and these are the conditions for which the formulas
were derived.
It is also seen from Tables II and iII that the errors

resu _ing from averaging procedures are smallér for Qi and

Qb than for Qe and Qs; This result is due to the fact that
there is a correlation on a daily basis between the wind speed
ua and the air-sea temperature difference TS - Ta and between
the wind speed u, and the air-sea specific humidity difference

9 ~ 9,- I1f the monthly average heat transfers are given by

Q, « (q - q)) u, +CV (g = q,) u, (11.17)

and

L0

g K (T, =T) u +CV (T -T)u (11.18)
where the bar denotes an average over daily values and CV
denotes "eovariance betwe en' the second terms in (II.17)

and (II.18) represent the contributions of the correiations
between the variables and the first terms the contributions

of the monthly averaged variables. If omnly éonthly averaged
variables are used, the second terms are neglected, and small
errors are produced.

Since monthly averaged variables were the only ones avail-
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able over a long time period (see Chapter III), they were used
in this study to compute the heat transfer values. However,
the investigation of the data from the two weather ships
indicates that the errors involved in this procedure are, in
the average, only 10% of the actual values. The work of Malkus
(1962) and Kraus and Morrison (1966) also support this con-

clusion.
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ITI. Data Preparation

A. Monthly Averaged Data

Monthly averaged values of sea surface tempera;ure, air
temperature, wet-bulb temperature, cloud cover and wind speed
were obtained for an 84 month period, Jaﬁuary 1951 to December
1957, from Dr. O. E. Sette of the Bureau of Commercial Fishefies
at Stanford University. The data are in the form of averages
for two-degree latitude and longitude squares and cover the
North Pacific Ocean from 20°S to 60°N. However, in this study
only those values north of 20°N were used since the coverage
is excellent in this region; usually more than 500 observations
per two-degree square were available for the 84 month period,
and in some squares more than 5000 observations were given.

The data'Were‘first copied onto Marsden Square sheets
(10-degree iatitude—longitude squares with subdivisions for
each 2-degree square within them) and those values obviously
in error were eliminated. Overlapping averages of 9 values in
each quadrant of the 10-degree square were taken, and these
values were plotted in their respective positions on a map of
the North Pacific. The 4 values in each of the 10-degree
Marsden Squares were then averaged to obtain a value at each
5-degree latitude-longitude intersection. Finally, the 162
resulting values were punched onto cards forrfurther use on

a 7094 IBM computer.
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For the computation of geostrophic winds and heat transfer
terms, monthly average sea-level pressure values were taken from
charts supplied by the Extended Forecast Division of the U. S.
Weather Bureau and were aléo punched onto cards.

The 162-point network of points, extending from 20°N to
55°N and from coast to coast, gives a picture of the large-
scale features of each of the variables used in the computations
and each of the computed heat transfer terms. It is felt that
this network is adequate for one to be able to learn something
about the large-scale intefaction of ocean and atmosphere
on a monthly and seasonal time scale.

In his work using the same data, Wyrtki (1965, 1966) sub-
tracted 1.2°F from all of the sea-surface temperatures. This
correction was suggested by Saur (1963) to convert injection
temperatures to actual ocean temperatures. This correction was
not used in this study, however, since the reported air and wet-
bulb temperatures are probably also biased on the high side due
to radiational effects of the ships on which the measurements
were made., Since pno information on this effect was available
and since the temperature values always appear as differences
in the exchange formulas, it was decided to use the sea surface
temperatures as reported.

The values of the specific humidity at the sea surface

were computed from the saturation vapor pressures over water
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at the reported sea surface temperatures with the following

relationships:
G‘es
1 = = (III.1)
and
e, = .98eo, (111.2)

where qg is the specific humidity, € = .622, e, is the
saturation vapor pressure over the sea, e, is the saturation .
vapor pressure over fresh water taken from the Smithsonian
Meteorological Tables (1958), and p is the sea-level pressure
in millibars.

The values of the specific humidity of the air were

obtained from the following relationships:

- 3 ' -
(Ta Tw) (Cp + prW) (w w) L, (I1I1.3)
_ wp
e, = 7= (111.4)
and
€a
1, = €5, (1I1.5)

where Ta is the temperature of the air approaching the wet-
bulb, TW is the temperature of the saturated air leaving the

wet-bulb, Cp is the specific heat at constant pressure of the
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dry air, CPW is the specific heat of water wvapor, w is the mixing
ratio of the approaching unsaturated air, w' is the mixing
ratio of the saturated air, L is the latent heat of vaporization,

and is the specific humidity of the unsaturated air.
q, P

B. Daily AVeraggd Data

Daily averaged values of sea surface temperature, air
temperature, dew-point temperature, cloud cover, and wind speed
were obtained for the 12 months of 1962 for weather ship stations
PAPA (50°N - 145°W) and NOVEMBER (30°N - 140°W) from Dr. Glenn
Flittner of the Bureau of Commercial Fiéheries at La Jolla,
California. The dgta were first tabulated by month and then

punched onto cards for further analysis and use.
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IV. Heat Exchange Calculations

A. Results Using Monthly Averaged Data
Values of Qi’ Qb’ Qe’ QS and the total heat transfer across

the sea surface
Q=10 =0q -Qq -Q | (1v.1)

were computed for each of the 84 months of the period under
investigation, using the formulas developed in Chapter II.
The results were averaged over the 7 years for each quantity
and each month and are shown along with their respective
standard deviations in Figures Al2 through A71. They were
also averaged over all of the 84 months in the period, and

these results are shown in Figures Al through All.

1. The values of Qi (incoming radigtion corrected for
cloud cover) averaged over the 84-month period are shown in
Figure Al. They range from 124 cal/cmz/day at 55°N to
432 cal/cmz/day at 20°N and showAa strong dependence upon lat-
itude; variations along a latitude circle represent variations
in the average cloud cover. Maximum incoming radiation occurs
between 20°N and 30°N from the Hawaii Islands to the Philip-
pines due to the comparatively low cloud cover in this area

as shown in Figure A8. The values of the standard deviation
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at each of the 162 points reflect the fluctuations in Qi due
to the yearly cycle of incoming radiation and to the fluctuation
in the cloud cover from year to year during the 7-year period.

The values of Qb (effective back radiation) averaged over
the 84 months are shown in Figure A2. They range from 87
cal/cmz/day at SQ°N to 143 cal/cmz/day at 35°N and show
little seasonal change. Effective back radiation is high in
the region of the Kuroshio Current due to the large sea-air
temperature difference and low in the high latitudes due to
the large amount of cloud éover in this region. The standard
deviations of Qb are all comparafively low and indicate that
there is little seasonal or year-to-year change in the back
radiation.

The 84-month averages and standard deviations of Qe
(latent heat transfer) are presented in Figure A3. The average
values range from 84 cal/cmz/day at 55°N to 384 cal/cm2/day
at 35°N. The amount of heat lost from the sea surface due to
evaporation is lowest in the high latitudes due to the low
vaper pressure difference in this region and highest in the
region of the Kuroshio due to the large vapor pressure differ-
ences there. The relatively large values of the standard
deviations reflect the large seasonal fluctuations of Qe’
egpecially in tHe area of the Kuroshio Current. The average

values of Qe show the same distribution over the map as those
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computed by Wyrtki (1965). However, the magnitudes are larger
than his values due to the fact that Wyrtki subtracted 1.2°F
from the sea-surface temperature #alues, giving him lower
values of the sea-surface vapor pressure. Part of the differ-
ences may also be attributed to the use of a drag coefficient
in this study that is a function of the wind speed and not a
constant value és was used by Wyrtki.

The values of the 84-month averages and standard deviations
for Qé (sensible heat transfer) are shown in Figure A4. The
average values range from 6 cal/cmzlday at 40°N - 125°W to 106
cal/cmzlday at 35°N - 145°E. The largest values occur in the |
region of the Kuroshio, where the air-sea temperature differ-
ence is large, while the smallest values occur along 20°N
and the California coast, where the sea-air temperature
difference is small or reversed. The large values of the
standard deviations reflect the seasonal variation of the
sensible heat transfer, especially off of the Asian coast,
where large masses of cold air move out from the continent
during the winter months.

The 84-month averages and standard deviations of the total
heat transfer across the sea surface SLHT or Q are shown in
Figure A5. The average values range from -328 cal/cmZ/day
at 35°N - 145°E to 117 cal/cmz/day at 30°N - 115°W. The
preponderance of negative values indicates that during the

year the North Pacific Ocean loses more heat than it gains
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at the surface above 20°N. The largest amount of heat is lost
in the region of the Kuroshio, where back radiation, evapora-
tion and sensible heat loss are high. There is a small heat
gain along 20°N between 145°E and 165°E due to high incoming
radiation and another heat gain along the California and
Mexican coasts which is caused by small values of evaporation
and sensible heat loss. In comparing these values to those
given by Wyrtki (1965), it is seen that his map shows much less
heat loss above 20°N. This result is due to the larger values
of sensible and 1ateﬁt loss used in this study, giving larger
values of total heat lost at the surfaée. The extremely large
values of the standard deviations in Q indicate that there are
large seasonal and year-to-year variations in the total heat
transfer.

The values of the total heat transfer were integrated over
the North Pacific north of 20°N. The result indicates that the
ocean loses 7 x 1014 cal/sec through the surface north of
20°N. Wyrtki (1965) calculated the total integral of heat
transfer over the entire North Pacific from the equator pole-
ward and found that the ocean gains 3 x 1014 cal/sec, or
about 10 per cent of the incoming radiation. The difference
between the two calculations shows that there is a heat gain
of 10 x 1014 cal/seé between the equator and 20°N and that it
is this region that accounts for the yearly heat gain of the

North Pacific. The magnitude of this heat gain between the



42

equator and 20°N is uncertain, however, due to the different
values of latent and sensiblé heat used by Wyrtki and this
study. Since the values in the latter were larger, resulting
in a larger heat loss above 20°N than Wyrtki's work would
show, the magnitude of the heat gain should be smaller than
calculated.

The 84-month average values and standard deviations of
sea-surface temperature, air temperature, cloud cover, observed
wind speed, specific humidity and Bowen Ratio are shown in
Figures A6 through All. They are given here as reference

maps and will not be discussed.

2. The values of Qi’ Qb’ Qe’ QS, and Q averaged over 7
years for each month are shown in Figures Al2 through A71.
The values of the standard deviations over the 7-year period
are shown in order to give some idea of the variability of
each of the heat transfer terms on a year-to-year basis.

In order to facilitate the analysis of these maps, the
first 2 harmonics (first harmonic has a period equal to one
‘'year or 12 months) of the fourier Series for each transfer
term were computed at each of the 162 points on the map.
Along with the 2 Fourier coefficients, the percentage of the
series variance accounted for by each of the harmonics was
also computed. This type of analysis was found to be extremeiy

useful in interpreting the. monthly and seasonal cycles of the
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data, since the 2 harmonics together usually accounted for over
95 per cent of the variance at each point; in fact, over most
areas of the map the first harmonic or yearly cycle accounted
for over 90 per cent of the variance. By determining the phase
of each of the harmonics and printing them in map form, it was
also possible to compare the relative times of maximum and
minimum values of each series at each of the points.

The values of Qi averaged over the 7-year period for each
month are presented in Figures Al2 through A23. The largest
values of Qi at each latitude occur in June, while the smallest
values occur in December due to the motion of the earth around
the sun and the tilt of the earth's axis of rotation with
respect to the plane of revolution. The Fourier analysis shows
that there is a regular yearly cycle as expected. The first
harmonic accounts for over 90 per cent of the variance at most
points, with the exception of the area from 20°N to 30°N and from
110°W to 140°W, where the percentage is reduced to 60 due to
the effect of cloud cover variation without a uniform yearly
cycle.

Figures A24 through A35 show the 7-year average values and
standard deviations of the effective back radiation Qb. Due
to the low values of cloud cover and the large values of the
sea-air temperature differences, the largest values of Qb
occur in January. The Fourier analysis.again shows a regular

yearly cycle with the maximum values occurring in December
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and January and the minimum values in June and July. Relativ-
ely low values of the standard deviations indicate that there
is little year-to-year variability of Qb. The low values of
the amplitude of the first harmonic in the Fourier analysis
also show that there is only a small range between the max-
imum and minimum values of Qb throughout the year.

The 7-year average values and standard deviations of Qe
for each month are given in Figures A36 through A47. The
results of the Fourier analysis éhow that there is a pronounced
yearly cycle in Qe and that the magimum values occur in
December, while the minimum values occur in June. The first
harmonic accounts for more than 90 per cent of the series
variance in all areas except from 20°N to 25°N and 110°W
to 170°W, where the percentage falls to as low as 5. This
result is due to ?he fact that both the specific humidity diff-
erence and the observed wind speed fail to have regular yearly
cycles in this area. The amplitude of the first harmonic and
the 7-year standard deviations are largest in the area from
30°N to 45°N and 180°E to 125°E, reflecting the effect of the
large masses of cold, dry air that‘move off of the Asian
continent during the winter months.

Figures A48 through A59 show the 7-year average values
and standard deviations of QS for each month of the year.
Again, the Fourier analysis shows that a regular cycle occurs

with the maximum values in November and December and the
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minimum values in May and June. This yearly cycle is due to
the fact that both the sea-air temperature difference and the
observed wind speed also have regular yearly cycles with max-
ima and minima in the same months. Negative values of Qs

(heat gained by sea surface) occur in the high latitudes from
May through September, reflecting the faét that the air tem-
peratures are wafmer than the sea temperatures during these
months. The relatively large values of the standard de§iation,
especially in the summer months, indicate the large year-to-
year variability that occurs in Qs‘

Figures A60 through A71 show the 7-year averages and
standard deviations of the total heat transfer through the
surface Q. It is seen that negative values of Q, implying
heat loss from thg ocean surface, occur from September through
April, while positive values, implying heat gain by the sur-
face layer, occur from April through September. The results
of the Fourier analysis show that there is a regular yearly
cycle in Q with the maximum values occurring in June and the
minimum values occurring in December. The first harmonic of
the series accounts for over 95 per cent of the variance in
all areas except those in which there are no regular cycles
of Qi’ Qb’ Qe’ and Qs.

In looking at the ﬁaps for the different months, it is

seen that heating of the surface layer begins first in March
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along the 20°N latitude from 130°E to 165°E and begins last

in the region of the Kuroshio Current in the latter part of
April. The heating continues in all areas from May through
August except in the region between Hawaii and Baja California,
where some cooling occurs due to the high evaporation in all
months. Cooling of the surface layer first begins in August

at 20°N and 125°E to 135°E, then in the region of the Kuroshio
during September, and finally spreads to all regions by Oct-
ober. The cooling continues from October through March, with
the largest values occurring in December and January off of

the Asian coast, where over 700 cal/cmz/day are lost due to

the high latent and sensible heat transfer from ocean to atmos-
phere. The large values of the standard deviations reflect

the large year-to-year variability in Q due to the corresponding

large variability in Qe and QS.

3. The values of the sea-surface temperature SST, the
surface air temperature SAT, and the change in sea-surface
temperature from month to montha SST averaged over the 7-year
period for each month are shown in Figures A72 through Al07.

Figures A72 thrdugh A83 show the average values and the
7-year standard deviations for SST. Fourier analysis of the
data at each of the 162 grid-points shows that there is a

regular yearly cycle in all areas, with the first harmonic
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accounting for over 95 per cent of the variance at all points.
The maximum amplitudes of the yearly cycle occur in the area
of the Japan Sea and the Kuroshio Current, where the yearly
range of the sea-surface temperature is 18 to 24°F. The
minimum values of the amplitudes occur in the area from 120°W
to 170°W and 20°N to 30°N, where the yearly range is only

4 to 7°F.

The Fourier analysis also show that the maximum values of
sea-surface temperature occur in the latter part of August and
the early part of September and that the minimum values occur
in the latter part of February and the early part of March.

In comparing the yearly cycles of the total heat transfer
across the sea surface Q and the sea-surface temperature SST,
it is seen that the two are strongly related. In all areas
of the maps except the southeast corner, the sea surface reaches
a maximum temperature at the end of the heating cycle (positive
Q) and a minimum temperature at the end of the cooling cycle
(negative Q).

Figures 1 through 4 show the cycles of Q and SST at various
points along the latitudes 20°N, 35°N, 40°N and 50°N. (For
a more extensive presentation of this type of analysis, see
Wyrtki, 1966.) Large changes in Q throughout the year produce
corresponding large changes in SST, whereas small changes in

Q produce small changes in SST. This relationship between
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the average or normal values of the total heaf trénsfer across
the sea surface and the sea-surface temperature suggests that
the year-to-year changes in the total heat transfer for a
particular month will be accompanied by year-to-year changes or
anomalies in the sea-surface temperature for the same month.
This is indeed the case, as will be shown in Chapter V.
Figures A84 through A95 show the 7-year average values and
standard deviations of the surface air temperature SAT. The
~ results of the Fourier analysis show that a regular yearly
cycle is also present in the air temperature, with over 95
per cent of the series variance accounted for by the first
harmonic. Thg maxiﬁum and minimum values of SAT occur at the
same times as those of the sea-surface temperature, August
through early September and February through early March
respectively. In both the sea and air temperatures, the
maximum values tend to occur somewhat earlier (early August)
in the western part of the ocean than in the eastern part
(early September). This result is also reflected in the fact

-

o~ 1 $
noiitn 4O0ngey it

.

that the heating cycle lasts approximately
the eastern part of the ocean than in the western part; there
is a definite shift from August to September in the time when
the heating cycle ends as one moves eastward across the ocean.
The strength of the California Current and the accomp-

anying cold advection in the months of June, July and August
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may play an important role in determining thé end of the heating
cycle in the western part of the North Pacific. During these
months, the strong advection of cold water keeps the sea-sur-
face temperature somewhat lower thén it would be if there weré
no advection. These lower temperatures, in turn, keep the tran-
sfer of latent and sensible heat down and let Q remain positive
(heat gain by sea surface) throughout August and early Sept-
ember. As the advection weakens, the ocean temperature rises
until the incoming radiation is balanced by the heat lost from
the surface due to back radiation and latent and sensible
heat transfer. At this point, the surface layer of the ocean
begins to lose more heat than it gains, and the sea-surface
temperature begins to fall.

| The relationship between the yearly cycles of the
normal values of SST and SAT indicate that year-to-year
fluctuations or anomalies in SST will’be accompanied by corres-
ponding fluctuations in SAT. From corrélation studies between
the anomalies of the two data series, reported on in Chapter
V, it was found that this is exactly what occurs.

Figures A96 through Al07 show the 7-year average values and
standard deviationé of the month-to-month change in the sea-
surface temperature A SST. These values wetre com?uted by taking
the difference between the average value of a particular month
and the following month and the average value of the same

month and the preceding one. We thus have linear approximations
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to the change in SST across each of the 84 months in the data
series. The results of the Fourier analysis show that there
is a regular yearly cycle ina SST, especially in the lower
latitudes. Above 35°N the second harmonic becomes important

and accounts for approxiﬁefely 15 per cent of the variance in
these areas. The maximum increase of the sea-surface temperature
over a month occure from the middle of May to the middle of
June, while the maximum decrease occurs from the middle of
December to the middle of January. During the times of little
or no change in the sea-surface temperature (early march and
early September) the heat content of the ocean surface layer
changes very little, and a balance must exist between the
transfer of heat across the sea surface and the advection within
the surface layer.

The monthly mean values of the observed daily wind speed
were averaged over the 7-year period and subjected to Fourier
analysis. The results show that there is a regular yearly
cycle over most of the ocean areas with the exception of the
area 20°N to 30°l and from 110°W to 170°E. Over the rest of
the ocean, the first harmonic accounts for over 90 per cent
of the variance and, in the central and western parts, for over
95 per cent. The largest amplitudes, 250 cm/sec, occur
between 35°N and 50°n and from the Asian coast eastward to
longitude 175°E. Large amplitudes also appear in the Gulf

of Alaska, a region of frequent cyclogenesis., As expected,
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the largest values of the wind speed occur during January and
the minimum values in July.

The values of the Bowen ratio (QS/Qe) were also averaged
over the 7-year period for each month and Fourier analyzed.
The results show that a regular yearly cycle occurs only in
the middle latitudes of the western part of the North Pacific.
In this area the ratio has an annual range of .4 to 1.4 with
the maximum values occurriﬁg in January and the minimum values
in July. In the other areas, the Bowen ratio has a value

of about .1 with little annual variation.

4. Using the heat balance equation in the form

~9CoH(4 . ¥T) = g HIT - Q (1V.2)
d£

where H is the depth of the upper mixed layer of the ocean,
$ is the vglocity within the mixed layer, T is the temperature
of the mixed layer, and Q is the total heat transfer across
the sea surface, an estimate of the total heat advection within
the mixed layer, or the left-hand side of the equation (IV.2),
can be obtained using the observed values of the change in
heat content of the layer and the calculated total heat trans-

for

PG =3 Sy

Using the values of JT/3t, oraSST, and Q determined

previously and values of H taken from a study of the thermal
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condition of the North Pacific Ocean by Pattullo and C&chrane
(1951), estimates of the heat advection within the mixed layer
were determined at each of the 162 grid-points for each of the
12 months. The values are given in Figures Al08 through Al19.
Due to the uncertainties in the monthly distributions of
the mixed layer depths H, not much confidence can be placed
in these computed values of heat advection. However, several
features of the monthly maps appear to be in agreement with
what is known about the current patterns in the surface layer
of the North Pacific, especially during the months from Oct-
ober through May. During these months, there is strong advec-
tion of warm water from ﬁhe lower latitudes to the higher lat-
itudes in the western part of the ocean; this is particularly
true in the region of the Kuroshio Current. 1In the eastern
part of the ocean off of the California and Mexican coasts,
there is a weaker advection of cold water from the higher
latitudes to the lower ones. This is also the case from June
through September. However, during these 4 months the maps
show that there is cold advection of water within the surface
layer in the region of the Kuroshio in contrast to what is
expected due to the transport of the geostrophic and wind-
drift currents. The reason for this discrepancy probably lies
in the fact that the monthly charts of the mixed layer depth
for the region show a marked deérease from June through Sept-

ember, going from 250 feet in May to 50 feet in June. Looking
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at the first term on the right-hand side of equation (IV.2),
it is seen that for positive values of Q and #T/¢t, small
values of H can give negative values or cold advection for
the left-hand side.

Another uncertainty in the method is the amount of heat
that is lost from the mixed layer across the seasonal thermo-
cline. Since this heat loss is believed to be compensated by
an up-welling of cold water through the region of the thermo-
cline, the large negative values calculated for the advection
could reflect this heat loss or up-welling. 1In the following
simple model of the surface layer, it will be shown that the
heat réceived or lost at the surface is balanced by a change
in the temperature of the surface layer, horizontal advection
of heat into or out of the layer, and loss of heat across the
region of the thermocline.

The equation of heat flow may be written as

T +3 (7)) 4 3 (Ta) » 4 (Tu) ~ 4 (1 4T =
PP “ +a} R JL(KJ-L> °J (v-3)

where T is the temperature, u, v and w are velocity components
in the x,y and z directions, and K is the vertical heat ex-
change coefficient (only vertical mixing considered). Using

the equation of continuity in the form

fﬁf%ﬁ+wroj (IV.4)
&y J}'oll
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and placing the direction of flow along the y-axis (u = o),

we get

——

T +d (7+) + 4 mv@f) s o,
rt 42 42

(1Iv.5)

Integrating over the mixed layer depth H in which T is
o

independent of z and letting V = J, vdz, then
- H
4T+ 4 (Tv) - (Tw-kgj) . Q (1V.6)
At J} e S fCP

since w = o andK 4T/iz = Q/¢ cp at z = o.

In>the discontinuity layer or the region of the seasonal
thermocline, we assume that the downward flux of heat due to
thermal conduction is balanced by water ascending with the

constant velocity w. We can then write the relation

J
J

]

w (T - TD) = A

(Iv.7)

N

in which (T - TD) is the temperature gradient across the
discontinuity layer.
Substituting equation (IV.7) and the vertically integrated

continuity equation,
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or J v = A
pA

-

into equation (IVf6) we obtain

HIT 4V aT L (1T )er = 9 (17.8)
A dy fetr

This equation states that the total heat transfer across the
ocean surface (Q) is balanced by the change in temperature
of the mixed layer, horizontal advection within the layer,
and a loss of heat into the region of the thermocline. The
last mechanism heats the water ascending from below, which
passes into the horizontal flow within the surface layer.
Using a value of 2 x 10_5 cm/sec for the vertical velocity
through the discontinuity layer (Wyrtki, 1960) and 20°C for
T - TD, a value of 35 cal/cmz/day is obtained for the heat
loss from the surface layer due to vertical mixing at the
bottom of the layer. Although this value is not large, it
would reduce the magnitude of the right-hand side of equation
(IV.2) and help to give more reasonable values for the.horiz—
ontal heat advection.
The values of the heat advection determined from the heat
balance equation were integrated over each latitude circle

at 5-degree intervals from 20°N to 55°N and also over the
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entire North Pacific Ocean from 17.5°N to 57.5°n. The results
of the calculations are shown in Table IV. It is seen from
the table that warm advection occuré over the ocean from Jan-
uary through May, with the largest values occurring in March
where 14.6 x 1014 cal/sec is advected into the surface layer.
Cold advection occurs from June through December, with 6.6
X 1014 cal/sec being advected out of the surface layer above
17.5°N in September.

As was mentioned above, the values of cold advection during
the summer months are uncertain due to’the unreliable nature
of the mixed 1ayer depth values, especially in the western
part of the ocean. In a study on the meridional heat transport
by ocean currents, Bryan (1962) used a method combining
hydrographic station data and climatological values of surface
wind stress to compute the meridional transport of heat across
various latitudes in the Atlantic and Pacific Oceans. Using
data obtained during August of 1955 at 32°N in the North Pacific
Ocean, he calculated that there was a southward transport of
heat by large-scale motioﬁs of approximately 2.8 x 10t
cal/sec. TFrom Table IV it is seen that a southward transport
of heat of 2.2 x 1014 cal/sec occurs at 32°N. ".. While
the magnitudes of the two calculations differ by a factor pf
1.3, the direction of heat transport is the same for both studies.
Bryan concludes that more east-west sections are needed to

determine whether this southward heat transport is characteristic



LAT

55°N
50°N
45°N
40°N
35°N
30°N
25°N
20°N
Total

Area
Integral

Units:

Table IV

NOV

JAN FEB MAR APR MAY JUN JUL AUG SE OCT DEC
«2 ol +6 4 3 -.1 «0 -.1 -3 —e2 -3 -2
2 o4 .8 «5 2 -2 .0 -.1 =7 -.9 -1l.1 =5
.3 o7 1.2 «5 -1 -.4 .2 -3 -l.1 -1l.4 -1l.6 -5

1.0 1.6 2.3 1.2 -4 -2 ~2 -.6 -7 -7 —ed o1

1.0 2.1 2.9 1.6 «9 .0 -5 -1l.1 —.6 —-.4 «2 o1

-.3 1.3 2.7 1.3 4 -.3 -6 -1.1 -1.0 -1 —-ed -l.4

~-.4 7 2.4 1.1 3 -5 -4 = =4 -1l.1 -.6 -1l.1 -l.1
2 o4k 1.8 9 7 2 -.3 5 -l.1 -8 ~l.2 -.1

2.1 7.3 14.6 7.5 3.2 -1.5 -2.2 -3.3 -5.6 -5.6 ~5.8 -3.8

4 caL/sec



-62-

'of other years and other seasons. The results of the present
work indicate that this transport is not characteristic of
all seasons, since a northward transport of heat occurs
during the winter and spring months at all latitudes above

20°N.

B. Results Using Daily Averaged Data

In order to find out how much variability occurs during
a month in the heat transfer terms and in the sea-surface
temperature, daily values of certain meteorological parameters
were obtained for ocean stations PAPA (50°N - 145°W) and
NOVEMBER (30°N - 140°W) in the North Pacific Ocean for 1962
(see Chapter III). The data were used in the heat transfer
equations developed in Chapter II to compute Qi’ Qb, Qe’ QS
and Q on a daily basis. These daily values of the heat
transfer terms were then averaged over each of the 12 months
to get monthly averaged values; in addition; the standard
deviations for each of the terms were calculated for each

month.

1. The monthly averaged values of Qi’ Qe + QS, and Q
are shown in Figure 5 for station NOVEMBER and Figure 6 for
station PAPA; at the bottom of each of the Figures, the

value of the sea-surface temperature for each month minus the
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yearly mean ié also given. At each of the stations the heating
cycle begins in March and ends in September. The variations

in the total heat transfer Q during the summer months at
station NOVEMBER reflect the variations in the latent and
sensible heat flux Qe + Qs throughout these months. At station
PAPA the large negative value of Q in November is a consequence
of the large value of Qe + QS during this month. The values

of the effective back radiation show little ménthly variation
and have values of anut 120 cal/cmz/day for station PAPA

and 135 cal/cmz/day for station NOVEMBER.

2.A Tables V and VI show tﬁe monthly averaged values and
standard deviations over the daily values of Qi’ Qb, Qe, QS, Q
and SST for stations NOVEMBER and PAPA respectively. The
values of the standard deviations for Qi are comparatively
low and reflect the fluctuations in the cloud cover during
the individual months. The standard deviations for Qb are
aléo low (approximately 20 per cent of the average Va;ues)
and again reflect the fluctuations in the daily cloud cover
values. ‘However, the standard deviation values for Qe and
Qs are extremely large, at times exceeding the magnitudes
of the average values themselves. These large fluctuations
throughout each of the months are due to the combined effects
of fluctuations in the vapor pressure or temperature differ-

ences between sea and air and the daily values of the surface



Table V

JAN FEB MAR APR MAY . JUN JUL AUG SEP OCT NOV DEC

Qi 217 307 355 432 466 456 435 499 437 346 287 205
s 41 61 64 84 76 8l 90 84 72 51 33 42
Qb 128 141 145 134 141 125 129 129 132 - 136 155 136
s 21 31 24 23 27 16 17 16 17 20 22 32
Qe 266 313 217 ~ 194 247 198 258 192 210 306 263 319
s 169 235 134 103 115 103 116 105 192 138 147 199
Qs 31 40 30 17 38 16 28 13 10 26 31 29
s 34 39 27 20 27 17 12 ' 10 15 13 24 37
Q -208 -186 -38 87 | 40 117 52 165 84 =121 -162 ~-278
s 221 296 170 157 152 147 167 157 233 178 184 233
SST 18.7 18.5 13.1 18.8 19.8 20.2 21.5 22.6 23.3 23.0 22.0 20.2
-] 5 .0 2 .0 «3 o7 «3 «9 .4 5 7 1.0

Monthly averaged values and standard deviations of Q:L’ Qb, Qe’ Q, Q
and SST for station (NOVEMBER) 30°N - 140°W):
Units: cal/cm%/day for Q's and °0 for SST.
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Table V1

JAN FEB MAR APR MAY JUN JUL AUG SEP ocT NOV DEC
59 121 201 334 357 355 346 286 236 153 79 50
156 30 47 68 77 61 59 60 50 32 17 12

105 121 118 136 112 100 94 95 119 124 132 121
36 29 29 25 28 20 15 20 27 32 33 37
40 56 1104 - 114 77 57 28 52 159 191 355 116
98 - 84 94 71 75 69 37 52 153 177 240 158

-29 10 30 44 8 5 -7 -1 22 23 110 30
58 36 58 65 356 23 12 15 51 45 117 97

=57 -565 =52 40 160 193 231 140 -63 -185 =517 =217

173 125 160 129 99 94 59 73 2Q2 218 367 271
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Monthly averaged values and standard devliations of Qi’ Qb, Qe, Qs’ Q

and SST for station PAPA (50°N - 145°W).

Units: cal/cm%/day for Q's and °C for SST.
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wind speed. However, since the transfer equations are non-
linear in nature, it is not possible to determine which of
the terms is primarily responsible for the large daily
variations in Qe and QS.

The large standard deviation values for Q are a result
of the combined effects of~daily fluctuétions in Qi’ Qb’
Qe and QS. However, since Qe and QS have such large standard
deviation values with respect to their average values, it is
these 2 terms that are primarily responsible for the large
daily variation of the total heat tramsfer Q.

Compared to the heating terms, the standard deviations
of the sea-surface temperature are quite low. This result
suggests that the large variability of the total heat transfer
on a daily basis is compensated by fluctuations in the depth
of the mixed layer and by fluctuations in the strength of the
horizontal advection within the mixed layer caused by the wind
stress on the ocean surface. A study of the mixed layer
depth values for station PAPA during 1962 by the Pacific Ocean-
ographic Group of the Fisheries Reseafch Board of Canada shows
that the standard deviations of the daily layer depth values
over a month can be as large as 40 per cent of the monthly
avéraged-values; the yearly average of the standard deviation

er cent of the monthly mean layer depths. A

values is 17

el

study of the daily values of the total heat transfer across the
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surface and the daily change in sea-surface temperature at
stations NOVEMBER and PAPA showed that there was very little

correlation between the two terms.
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V. Discussion of Sea-Surface Temperature

and Heat Transfer Anomalies

A. Spatial/and Temporal Scales of Aﬁomalies

1. In addition to the 7-year average values of SST and
SAT for each month, the departures of each yearly value for
a given mbnth from the average or normal value also were
cqmputed. These departures or anomalies were printed out in
map form for each month and each quantity and also punchéd
onto cards for further analysis. Figures 7 and 8 show typical
maps for the sea-surface and air temperature anomaly patterns.

(Mény of the results reported below first appeared in a
report written in 1966 by Dr. Hurd C. Willett and myself
for the National Science Foundation. This report will be
quoted extensively, especially when discussing the magnitude
and duration of the SST and SAT anomalies.) '

In looking at the anomaly maps of both SST and SAT for
the 7-year period, it is seén that values of the same sign
and magnitude occur in fairly extensive geographical areas.
The magnitudes of the SST anomalies have values of 2°F to
4°F except in the coastal areas and particularly off of the
Asian coast in winter, where larger Vaiues occur. The SAT

anomalies are slightly higher than those of SST; however,

this difference is usually not greater than 50 per cent. Ex-
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Figure 7. Anomaly pattern of sea-surface temperature. December 1957. (°F x 10)
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cept for these coastal regions, there is no outstanding
difference between anomaly magnitudes for the diffe;ent
months and seasons.

Although there is a large degree of month-to-month
persistence in the SST anomaly patterns, in many cases
geographically extensive areas of large anomalies are elimi-
nated or even reversed in sign in a single month's time. It
is apparent that the effect of even a strong anomaly pattern
in SST is not sufficient in some cases to prevent a change
in the large-scale wind pattern and other meteorological
parameters from completely destroying tﬁe anomalies.,

In contrast to thé month~to-month persistence, year-to-
year persistence of the large-scale features of the anomaly
patterns is not at all apparent. There appear to be no more
cases of notable year-to-year persistence of a strong anomaly
pattern than there are of complete elimination or even
reversal of such a pattern. This conclusion applies to both
sea-surface and air temperatures. For weak anomaly patterns,
the vear-to-year comparison generally suggests that a random
relationship exists.

For a more objective analysis of the persistence of the
monthly mean SST and SAT anomalies, a selection was made of
15 points, the intersections of the 25th, 35th and 45th

parallels with the five meridians 150°E, 170°E, 170°W,
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150°W and 130°W. This group of points covers most of the
central North Pacific and permits a reasonable north-south
and east-west comparison of conditions to be made.

For each of the 15 grid-points, a count was made of the
total number of changes of sign of the anomalies that occurred
during the 84-month period and also of the longest unbroken
period of months for which the sign of the anomaly remained
unchanged.

The average number of changes of sign of the SST anomalies
over the period is 25, indicating that the average duration of
an anomaly of the same sign is 3 and 1/3 months. The corres-
ponding figures for the monthly mean anomalies of SAT are 28
and 3 months, respectively. For the SST anomalies, the
average maximum period of consecutive months without change
of sign is 14, with the maximum number of months at a point
being 20. The same numbers for the SAT values are 13 and 19
months, respectively, and indicate tha; there is no significant
difference between the stability of the sea and air temperature
anomalies on a monthly mean basis.

There is no latitudinal variation in the stability of
the anomaly values of SAT. SST anomalies, however, show a
tendency toward maximum stability at 35°N and toward minimum
stability at 25°N.

In addition to the “count study", auto-correlations of

SST and SAT anomalies were made at 1, 2 and 3 months lag for
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all 162 points on the map over the 84-month period. For the
SST anomalies, the average value of the correlation coefficients
over the 162 points is .53 at 1 month lag, .35 at 2 months lag,
and..28 at 3 months lag; the maximum values of the individual
coefficients occurred at 35°N for all 3 lags. For the SAT
anomalies, the cqrresponding values are .40, .28 and .25,
respectively; the latitudinal averages were approximately the
same at all latitudes. These results tend to support the
conclusions obtained from the "count study".

Lag correlations at 1 and 2 years also were computed for
the SST and SAT anomalies on a seasonal basis, i.e. the 3
individual months of a season were correlated with the corres-
ponding 3 months of the same season 1 and 2 years later. There
is a consistent negative auto-correlation at all of the 15
selected points mentioned above at both the 1 and 2 years lag
for both the sea and air temperature anomalies. This negative
correlation again sﬁpports the conclusion of the "count study"
that there is no year-to-year persisitence of these anomalies.

In order to determine how the sea and air temperatures are
related to one another, contemporary correlation coefficients
between the SST and SAT anomalies were computed for the entire
162-point network on a monthlx’seasonal, yearly, and 84-month
basis. The following discussion of the results will concern
the 15 selected grid-points for the monthly, yearly and 84-month

period basis and the entire 162 grid-points for the seasonal
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basis.

The average value of the correlation between SST and SAT
anomalies over the 12 months and the 15 points is .75, with
only 4 of the 180 coefficients slightly negative. By month
the coefficients ranged from .53 for January to .88 for May
and September. The only significant variation of the corre-
lation by latitude or longitude is that the average value of
the 36 coefficients on the 150°E meridian is .67, while the
average value of the other 4 meridians is .77. This difference
reflects the effect of the Asian continent on the air masses
that move over the ocean during the wintér months.

For the correlations computed on a seasonal basis, the
162-point average values are .51 for winter, (December, Jan-
uvary and February) .69 for spring, (March, April and May)

.83 for summer (Jﬁne, July and August) and .78 for fall
(September, October. and November). For all seasons except
winter, the largest values occurred along 35°N.

When the correlation between the anomalies is computed by
the 12 months of each of the 7 years separately, the average
value of the 15 points is largest in 1957 (.76) and smallest in
1953 (.55). Again the largest values tend to occur along the
35th parallel. )

The combination of all 84 months of the period raises the
overall average correlation to .77 and reduces the geographical

range of the coefficients. The latitudinal averages go from
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«73 on the 25th parallel to .80 on the 35th, and the meridional
values from .69 on the 150°W meridian to .79 on the others.
_The principal facts learned from the above studies are
that there is very little long-term persistence of both the
sea and air temperature anomalies and that the anomaly patterns
of both aea and air temperature are strong}y related to each
other. As Dr. Willett points out, "If feedback from ocean to
atmosphere is to be accepted as a primary factor in the main-
tenance of long-term persistently anomalous patterns of the
general circulation, then the water temperature anomalies must
be markedly more stable (persistent) frém month-to-month and
year-to-year than are those of the atmospheric circulation.
We know that the large-scale anomalies of the atmospheric cir-
culation fluctuate in large amplitude in relatively short
periods of time. To maintain a long-term persistent anomaly
of the general circulation, we require some factor of control
that is stabie over correspondingly long periods, to the extent
that it can pull the general circulation back into line when
it goes off on a tangent." From the investigation of the
persistence of the sea-surface temperature anomalies in the
North Pacific Ocean, it does not seem that these anomalies

provide the required control factor.

2. Monthly departures from the 7-year average values

of the heat transfer terms Qi’ Qb’ Qe’ QS and Q also were
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computed, printed out in map form, and punched onto cards.

The monthly departures or anomalies of the incoming
radiation Qi reflect the year-to-year variability in the cloud
cover over the ocean. Their‘spatial scales are not as ex-
tensive as those of the sea-surface and air temperatures and
are not as geographically coherent, i.e. high and low values
as well as those of opposite sign occur close together at times.
The magnitudes of the anomalies range from 5 to 20 per cent
of the monthly average values and show very little month-to-
month persistence.

Aqto-correlations of the Qi anomalies at 1, 2 and 3
months lag were computed over the 84-month period. The
average value of the 162 correlation coefficients on the map
is .04 at 1 month lag with very little latitudinal variation;
a maximum value of .12 occurred at 20°N, 25°N, and 30°N and
a minimum value of -.08 occurred at 55°N. The average values
at 2 and 3 months lag were both negative, indicating that
there is very little persistence in the Qi anomalies due to
the lack of persistence in the cloud cover anomalies.

The anomaly patterns of the effective back radiation Qb
also show very little geographical size or coherence, although
they are more extensive than those of Qi' As was shown by
the size of the standard deviation values of Qb discussed in
Chapter IV, the magnitude of the anomalies ére comparatively

small, ranging from less than 1 per cent to 10 per cent of the
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monthly average values. The average value of the correlation
coefficients is .02 at 1 month lag and negative at both 2 and
3 months lag. These results show that there is very little

persistence in the Qb anomalies, as is the case for those of

Q-
The anomaly patterns of the latent heat transfer Qe are

much larger in geographical size and magnitude than those of

Qi and Qb and also tend to have more geographical coherence.

At times, 25 per cent of the entire map is covered by an

anomaly pattern of the same sign and magnitude. The magnitudes

of the anomalies vary widely over areas of the map and from

month to month, ranging from less than 1 per cent to over

75 per cent of the monthly average values. There is surpris-

ingly little persistence in the latent heat anomaly patterns,

with the average value of the auto-correlation coefficient

at 1 month lag being -.15; the coefficients at 2 and 3 month

lags are also negative.

.

It would be interesting to know which factor in the trans-
fer equation is primarily responsible for the month~to-month
and year-to-year fluctuations in the latent heat transfer.
However, due to the non-linear nature of the equatiomn, it
is not possible to separate the effects of fluctuations in
the vapor pressure difference and in the surface wind speed.

A perturbation analysis of the transfer equation was tried in

which the equation was written as
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Q, < qU+T q' -ll-"'('fu' + q'u' , ‘(V.l)
where Qe is a monthly value of the latent heat transfer, 7q
and U are the 7-year averages of the specific humidity and
wind speed for a particular month, and q'.and u' are the
departures of particular monthly values froﬁ the average
values. If the 4th term and either the 2nd or 3rd terms on
the right-hand side of equation (V.l) were small compared to
the other 2 terms, we could say that the remaining 2nd or

3rd term was responsible for the fluctuations in Qe since
—q U is a constant. However, it turns out that the last 3
terms are about the same order of magnitude and no information
is gained;

One can find out something about the relative importance
of the ocean and atmosphere in fluctuations of the wvapor
pressure or specific humidity, since the variance of the
difference can be written as

Vi(-gq)=Caq.(q -q) +CVgq.(q-9) , (V.2)

a
where V denotes "variance of', CV denotes "covariance
between', and qq and q, are the specific humidities of the

sea and air, respectively.
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The two covariance terms were computed over the 7-year
period for the mid-season months of January and July. For
the month of January, it was found that fluctuations in the
specific humidity of‘the air account for 2/3 or more of the
variance in (qS - qa) at 135 of the 162 points on the map,
that fluctuations in the specific humidity of the sea surface
account for 2/3 or more of the variance of (qS - qa) at 14
of the 162 points, and that the fluctuations of both quan-
tities are of approximately equal importance at 13 of the 162
points. For the month of July, fluctuations in g account
for 2/3 or more of the variance in (qS -'qa) at 69 points,
fluctuations in q, account for 2/3 or more of the variance
at 67 points, and the fluctuations of 9 and q, are of equal
importance at 26 points. From this it is concluded that
fluctuations in the specific humidity of the air are more
predominant than those of the sea surface during the winterv
months, and that the two fluctuations are of equal impor-
tance during the summer months.

The anomaly patterns of the sensible heat transfer QS
are similar to those of Qe in that they are geographically
coherent and can cover a large portion of the entire map
during some months. Their magnitude also varies widely from
month to month, ranging from less than 1 per cent of the
monthly average values to over 100 per cent during the summer

months when the sensible heat transfer is small. The
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anomalies also have very little month-to-month persistence;
the average auto-correlation coefficient at 1 month lag is
+.1§’and the values at 2 and 3 months lag are also negative.

The same type of perturbation analysis of the transfer
equation for sensible heat was attempted as was done for the
latent heat equation. Again, the 4 terms of the expansion
were of approximately equal magnitude, ané nothing was learned
about the relative importance of fluctuations in the sea-air
temperature difference and the wind speed in determining
fluctuations in the sensible heat transfer. However, a
covariance analysis of the sea-air temperature difference
was done with the following results: for January, fluctuations
in the air temperature Ta account for 2/3 or more of the var-
iance in the sea-air temperature difference (TS - Ta) at
132 points, fluctuations in TS account for the same amount of
variance in (Ts - Ta) at 20 points, and the fluctuations of
TS and Ta are of equal importance at 10 points; for the month
of July, the corresponding numbers are 99, 45 and 18,respecti-
vely; as for the specific humidity, air temperature fluctuations
are more predominant during the winter months while both air
and sea temperature fluctuations are of approximately equal
importance during the summer months.

The anomaly patterns of the total heat transfer Q vary
widely over the map for a particular month and from month-to-

month during the 84-month period. Since the anomalies of



-83-

Qi and Qb are comparatively small, these fluctuations are
primarily due to the fluctuations in Qe and Qsﬁ‘ The magni-
tudes of the Q anomalies range from less than 1 per cent of
the monthly average values to over 200 per cent, with the
largest values occurring in the summer months. Although
there is some geographical coherence in the anomalies, it is
not as great as that for Qe and Qs' From the values of the
auto-correlation coefficients computed at 1, 2 and 3 months
lag over the 84-month period (-.14, -.14 and -.09), there
appears to be very little persistence in the anomaly patterns.
This result is not surprising, since there was also very little
persistence found in the 4 quanitities that make up the total

heat transfer.



B. Relationships Between Sea-Surface Temperature Fluctuations
and Heat Transfer Anomalies

In Section A we saw that sea—éurface temperature anomalies
of fairly extensive geographical size occurred in éll of the
84 months under investigation. The magﬁitudes of the anomalies
varied widely from area to area and from month to month. It
was also noted that the anomaly patterns exhibited some per-
sistence in that the auto-correlations at the individual
points remained positive on the average to about 3 months lag.
Two questions arise from these obsgrvations: (1) What
causes the anomaly patterns of sea-surface temperature to be
so different from year to year during the same month and in
the same area; and (2) What accounts for the month-to-month
persistence of the anomaly patterns. The first question will
be dealt with below in sub-sections 1, 2, 3, 4 and 5, in which
the results of correlation studies between anomalies in the
heat transfer between ocean and atmosphere and anomalies in
the sea-surface temperature will be discussed. The second
question is not easily answered, but will be discussed in
sub-section 6.

1. 1In an attempt to account for the large-scale anomaly
patterns that occur in the sea-surface temperature, a series
of correlation studies was made in which the 7-year average
values of Qi’ Qb’ Qe’ QS, Q and A SST for each month were

subtracted from the individual monthly values and the results
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correlated against each other over the 7-year period. The
correlation coefficients were computed in 3 ways: (1) using
the 7 pairs of anomaly values for each of the 12 months;

(2) using the 21 pairs of values for each season of the 7
years; and (3) using all 84 pairs of values for the 7-year
period. The anomalies of the change in sea-surface temperature
over a month ASST were used instead of the SST anomalies since
it is the change in temperature over a time period that is
affected by heat transfer during a particular month; using the
SST anomalies themselves would not be correct since part of
the anomaly could have been caused.by heat transfer during

a preéeding month.

The results of correlating the anomalies of the individual
heat transfer terms Qi’ Qb’ Qe and Qs with the anomalies of
z&SéT show that no one term is primarily responsible for pro-
ducing fluctuations in the sea-surface temperature. However,
when the anomaly patterns of the total heat transfer across
the ocean surface Q were correlated with the anomaly patterns
of A SST, significant results were obtained.

On a seasonal basis, i.e. using 21 pairs of values in
each correlation coefficient, the average values of the
162 coefficients on the map are .36 for winter (December,
January, and February), .21 for spring (March, April and May),
.27 for summer (June, July and August) and .27 forvfall

(September, October and November). The largest individual



values occur in winter, in which there are 67 points at which
the coefficients are larger than the 5 per cent confidence
limit. The corresponding numbers for the other seasons are
49 for spring, 41 for summer, and 40 for fall. The latitudi-
nal averages of the correlations for winter are shown in
Table VII along with those for the other three seasons.
Although the magnitudes of the coefficients are not very
large, the fact that they are positive over the entire map

in each of the seasons indicates that the sea-surface tempera-
ture anomalies are related to anomalies in the total heat
transfer across the sea surface.

Iﬁ addition to the seasonal correlations, all 84 months
were combined and a correlation was computed at each of the
162 grid-points over this period. The results are shown in
Figure 9. Of the-l62 coefficients on the map, 102 reach the
5 per cent confidence level of .22 and 86 reach the 1 per
cent level of .28.
| In order to get some idea of the variability of the re-
lation between anomalies of Q and those of A SST, pattern
correlation coefficients between the two quantities for
each of the 84 months of the period were computed. They range
from -.27 in March of 1953 to .73 in December of 1953. Over
the 7-year period, the month of December has the largest aver-
age value of .43, while the month of March has the lowest

average value of .10.
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Table VII
Spring Summer
-.18 «29

.18 .31

24 .« 26

.24 +40

«35 .31

.27 21

«32 «20

«26 «18

Fall

.16

.31

«36

«42

«34

«25

«20

.09

Average latitudinal correlation coefficient

between anomalies of total heat transfer Q

and anomalies of change in sea-surface

temperature & SST.

Year

12
«28
«31
«36
« 36
«30
«25

.22
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Figure 9. Correlations between the anomalies of total heat transfer across the sea-surface Q and anomalies of A SST based on 84

months of data from 1951 through 1957.
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There is very little variability between years in the
12-month average value of the pattern correlation coefficients;
they range from .21 in 1951 to .28 in 1953, 1955 and 1957.
Whether averaged over the 7-year period for each month or over
the 12 months of each of the 7 years, the pattern correlation
coefficients are all significant at the 5 per cent confidence
level and many are significant at the 1 per cent level.

2. Anotﬁer method of changing the temperature of the sea
surface is by the horizontal advection of surface water across
sea-surface temperature iso-therms, Adopting a method first
proposed by Namias (1959, 1965), in which he considers that
the advection of surface water is about 45° to the right of
the surface geostrophic flow, the change in sea-surface tempera-
ture was computed at each grid-point for each month using
the north-south and east-west gradients of sea-surface tempera-
ture and the north-south and east-west components of the surface
geostrophic flow. The present method differs from that of
Namias in that contemporary values of the sea-surface temperature
gradient were used instead of previously determined "normal"
values.

Using the empirical expression for the transport of water
45° to the right of the surface wind stress proposed by
Ekman,

1/2

viw = 0.0127/(sin¢ ) (v.3)
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where v is the velocity of the surface water, w is the velocity
of the geostrophic wind, and ¢ is the latitude, the advection

of temperature can be determined from the relation
R :
-V .V T (V.4)

where'z is the water velocity and é;lfis the gradient of sea-
surface temperature at a grid-point.

In computing the values of the east-west and north-south
components of the geostrophic wind, ug and vg, monthly
averaged values of the sea-level pressure were used. The
components were computed at each of the 162 grid-points using
finite difference approximations to the geostrophic wind
equations in spherical coordinates. The horizontal gradients
of the sea-surface temperature (TSZ‘ and (TS)¢ were
computed by applying finite difference approximations to the

gradient relationships in spherical coordinates,

1y, ol Sex L 4l
s’A R cosg JA Rcosg A
and (V.5)
ay, -1 lex14%s
s$ "R jgp Rap

where R is the radius of the earth and A and ¢ denote

longitude and latitude in radians. The grid spacing was 5°
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and 4 A andA¢ were 10° or 77 /18 radians.
Once the components of the geostrophic wind were known,
the surface water velocity components, u and v, were then

determined from

0.0127
U = ————— (u +v) (V.6)
s /J-Z-(sin,ﬁ )1/2 g g
and
v = 0.0127 _ _ (v.=-u).
s A}g(sin%))l/Z g 8

The surface temperature advection was then computed from

- >

N .PTXE- [uS(T)/\ + VS(T)¢] : (V.7)

Anomalies of the surface temperature advection were com-
puted for each of the 84 months in the same manner as for the
heat transfer and temperature terms, and the results correlated
with the anomalies of ASST on a seasonai and an 84-month
basis.

On the seasonal basis, the average values of the 162
coefficients on the map are .22 for winter, .19 for spring,

.10 for summer, and .21 for fall. As in the case of the surface
heat transfer correlations, the largest values occur in winter,

where there are 35 values reaching the 5 per cent confidence
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level. The corresponding numbers of the other seasons are

25 for spring, 17 for summer, and 27 for fall. The latitudinal
averages of the correlations for each season are shown in
Table VIII. The correlations are consistently highest at

45°N and lowest at 20°N during all of the seasons.

The correlation coefficients based on the 84-month data
series are shown in Figure 10. Of the 162 values on the map,
74 reach the 5 per cent confidence level and 44 reach the 1
per cent level. By and large, the best results were obtained
between latitudes 30°N and 50°N and in the central part of
the ocean away from coastal boundaries. The poor results at
the latitudes 20°N and 25°N agree with those found by Namias
(1965) and may be due to the low variability.of temperature
in this region, in which observational errors could be as large
as thé anomalies themselves. The area of low correlation in
thelwestern part of the map is probably due to the effect of
the variability in the Kuroshio Current. This current's
large northward transport of water and its meanders could
easily overshadow the effect of temperature advection due
to surface wind-drift in this area.

Pattern correlations between each of the fwo sets of
anomalies were also computed for each of the 84 months in the
period. The values range from -.18 in January of 1955 and
July of 1953 to .55 in January of 1956. If the correlation

values are averaged over the 7-year period for each month,
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Table VIIT

Winter Spring
.11 12
«29 «32
+»33 .40
+«34 .23
.39 «25
«32 +26
.09 .04

-.12 A -.07

Summer

«20
12
.18
.16
.05
.06
.08

-004

Fall

«22

.34

«41

«31

«20

.01

.08

«12

Year

«16

- 27

«33

« 26

.16

<07

—002

Average latitudinal correlation coefficients

between anomalies of horizontal temperature

advection and anomalies of change in sea-

surface temperature A SST.
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Figure 10. Correlations between the anomalies of horizontal temperature advection and the anomalies of /A SST based on 84 months

of data from 1951 through 1957.
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September has the largest value of .32, while June has the
lowest valué of .04. There is a great deal of variability
between years in the 12 month average values of the pattern
corfelations, with the results ranging from .08 in 1954 and
1955 to .28 in 1951. About half of the average values are
significant at the 5 per cent confidence level.

Several other methods of computing horizontal temperature

advection were also tried. The empirical formula of Witting

(1909) ,
'x’?s =K 4/:\2 ., (V.8)

kwhere'$s is the velocity of the surface water,'xlfg is the
geostrophic wind averaged over some time period, and K is a
constant equal to~4.8 was used to compute the u and v com-
ponents of the surface drift. However, when the results of the
seé—surface temperature advection anomalies computed from these
components were correlated with the anomalies of ASST, no
significant correlation patterns were obtained for any

season. This method is the same one that is used by the U.S.
Fleet Numerical Weather Facility (FNWF) at Monterey, California,
to compute temperature advection due to wind drift. They

base their calculations on daily rather thah monthly averaged
data, however, and this may account for the difference between

their success in using the method and our failure.
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An attempt was also made to compute the vertically inte-
grated horizontal heat advection in the upper mixed layer of
the ocean due to Ekman transport and to correlate the results
with the observed changes in the temperature of the layer

A SST. In order to determine this advection,

©

> o
—cp[ ((Vv - ¥Daz (V.9)

~-D

where vy is the horizontal velocity vector, T is the tempera-
ture at depth -z, and -D is the depth of the mixed layer,
the assumption was made that T is independent of z and equal

to the surface temperature TS. Then (V.9) can be reduced to

e - AN
-cp ff vedz . VTS . (v.10)
-D

Using the relationships

]

fg,a, dz = Ue =T¢/f

and ~°
fgrraz =v_ = -Tys, (v.11)
~D

where Ue and Ve are the vertically integrated east-west and
north-south components of the Ekman transport,’?} and ij
are the east-west and north-south components of the surface

wind stress, and f is the Coriolis parameter, the vertically
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integrated horizontal heat advection was then computed from

[~4
A 2 ‘
_cp [f vedz . VTS = _Cp[Ue(Ts)/\ + Ve(Ts)¢] ’ (v.12)
-0

where (TS)A and (Ts)¢ are the east-west and north-south com-
ponents of the sea-surface temperature gradient. The com-

ponents of the wind stress T} and?k;were determined from

2y =y’ + e HY? (v.13)
and
2 2.1/2
?¢ = f“CD('“; +’V'S ) -//\}"S H

wheregh is the density of air, u and v, are the components of
the surface wind velocity, and CD is the drag coefficient and
a function of the surface wind strength.

The results of correlating the anomalies of the hori-
zontal heat advection due to Ekman transport and the anomalies
6fziSST also showed no significant correlation patterns in
any of the seasons or over the entire 84-month period.

From the above studies on the effect of surface current
advection on changes in the sea-surface temperature, it seems
as if surface winds are capable of driving a shallow surface
layer of the ocean at 45° to the right of the wind direction
quite freely back and forth over the sea surface, at least in

the céntral parts of the ocean. Although the results of this



-98-

study ére based on monthly éveraged data, it seems reasonable
to assume that the same type‘of movement can occur on a daily
baéis dﬁe to the passage of storm systems. The work of the
FNWF at Monterey supports this idea, since their temperature
analyses and forecasts are made on a daily basis, and their
results have beén verified to some degree by actual observa-

tions.

3. 1In an attempt to improve the correlations between
the large-scale anomaly patterns of the sea-surface temperature
and the possible physical mechanisﬁs respon;ible for these
anomaiies, the changes in sea-surface temperature during a
month due to heat transfer across the sea surface were added
to the changes in sea-surface temperature due to horizontal
wind-drift temperéture advection.

The change in temperature of the upper mixed layer
(assumed equal to the change in the sea-surface temperature)

can be computed from the relation
-2, (V.14)

where Q is the total heat trnasfer across the sea surface,
f is the density of sea water, CP is the specific heat of
sea water, and H is the depth of the mixed layer. The change

in temperatured T over a period of timeat can then be
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written as

LI.9 _3.%7, - (V.15)
where - Vv '%'I is the contribution due to horizontal advection.
Since the year-to-year variations in the monthly values of
the mixed layer depth H are not known over large areas of the
North Pacific, the "normal" values of H given by Pattullo
and‘Cochrane (1951) were used in all of the computatioﬁs.
This procedure could lead to considerable errors in deter-
mining the monthly values of Q/y CPH, since the results of
data taken at weathership stations in the North Pacific
(see Chapter IV) have shown that large variations in H can
occur between years for the same month. As was also mentioned
in Chapter IV, there is some doubt as to the validity of the
mixed layer depth values for some months in the eastern part
of the ocean. (This uncertainty may be cleared up in the near
future, however, since Mrs. Margaret Robinson at the Scripps
Institution of Oceanography is presently preparing maps of
the seasonal thermocline depth for all areas of the North.
Pacific based on all available bathythermograph observations.)
Again, monthly anomalies of the computed temperature
change were calculated and the results correlated on both a
seasopal and an 84-month basis. On the seasonal basis, the

average values of the 162 correlation coefficients on the map



-1 OQ_

are .38 for winter, .22 for spring, .28 for summer and .28
for fall. For the winter season, 78 values reach the 5 per
cent confidence level and 44 reach the 1 per cent confidenée
level. For the other 3 seasons, the corresponding numbers
are 51 and 24 for spring, 43 and 19 for summer, and 45 and
18 for fall. The latitudinal averages of the correlations
are shown in Table IX.

The correlation coefficients based on the 84-month data
series are shown in Figure 11. Of the 162 values on the map,
112 reach the 5 per cent confidence level and 91 reach the
1 per cent level. Again, the best results were obtained bet-
ween the latitudes 30°N and 50°N and in the central part of
the ocean away from the coastal boundaries. The results near
the coasts and along the 20th and 25th parallels are better,
however, than thos; obtained using only the horizontal tempera-
ture advection equation, indicating that anomalies in the total
heat transfer across the sea surface play an important role
in determining sea-surface temperature fluctuations in these
areas.

Tﬁe pattern correlations computed between the anomalies
of the computed change in temperature andA SST range from
-.27 in March of 1953 to .75 in December of 1953. When the
pattern correlations are averaged over the 7-year period for
each month, December has the largest value of .41 and March

has the lowest value of .07. As in the previous two correla~
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Table IX

Winter Spring Summer Fall
.21 -.09 .30 .20
.38 .14 .32 .36
.43 .23 .27 .41
.44 .28 .40 .42
.49 .41 .33 .32
.48 .27 .22 .26
.28 .31 .21 .20
.35 .25 .18 .09

Average latitudinal correlation coefficients
between anomalies of A SST and anomalies of
the sum of sea-surface temperature change
due to heat transfer through the sea surface
and that due to horizontal wind-drift advec—

tion.

Year
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Figure 11. Correlations between the anomalies of the sum of the change in SST due to heat transfer across the sea surface and to

horizontal temperature advection and the anomalies of A SST based on 84 months of data from 1951 through 1957.
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tion studies, there is little variability between years in
the 12-month average values of the pattern correlations; the
" results range from .24 in 1951 to .29 in 1955.

The results obtained by combining the effects of heat
transfer across the sea surface and those of horizontal tempera-
ture advection are somewhat better than using either of the
terms by itself. The main problem in this method is that the
temperature differences computed from the surface heat trans-
fer term are much larger in magnitude than those determined
from the advection term., When the two are added together,
the former term greatly overshadows'the effect of the latter
and not much information is gained. The temperature differ-
ences or anomalies computed from the surface heat transfer
term are, in fact, larger by an order of magnitude than any of
those observed in the 84-month period under investigation. The
reasons for this discrepancy probably lie in using unreliable
values for the depth of the mixed layer H and in the fact that
there is a loss of heat through the bottom of the mixed layer
due to vertical eddy diffusion, which is unaccounted for in
this study. Before more reliable values of temperature
anomalies in the mixed layer can be obtained, much will have
to be learned about the causes of fluctuations in the mixed
layer depth and about the nature of heat loss across the thermo-

cline region.
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4. An attempt was made to see if vertical velocities
induced at the bottom of the Ekman surfac layer had any effect
upon the sea-surface temperature anomalies. These velocities
were computed from the relation

£

LA =j:?—(v - Ve), (v.17)
where W, is the vertical velocity beneath the layer, f is the
Coriolis parameter,ﬁ? is the latitudinal variation of the
Coriolis paramater, V is the vertically integrated total meri-
dional transport, and Ve is the ve?tically integrated Ekman
meridional transport. (A derivation of this equation is given
on pages 43 through 45 in the report prepared by Willett
and Clark for the National Science Foundation in 1966.)

The monthly aQeraged values of V and Ve were taken from
the work done by Fofonoff (1960-1963) on transport computations
for the North Pacific Ocean for the Fisheries Research Board
of Canada.

The vertical velocities were computed at each of the 162
grid-points for all 84 months, and the monthly anomalies were
obtained by subtracting the 7-year average value for each
month from the 7 individual monthly values. These results
were then correlated with the anomalies of A SST on a seasonal
basis.

The results of the correlation study show that anomalies
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in the vertical velocity beneath the Ekman layer, alone, have
blittle effect on the sea-surface temperature anoméiies. The
average values of the 162 grid-point cprrelation coefficients
are -.06 for winter, .00 for spring, -.11 for summer and -.15
for fall. The slight negative correlation between the two
anopaly patterns for three of the seasons indicates that an
anomalous upward transport of water from beneath the Ekman
layer tends to lower the temperature of the surface layer.
The relationship is not very strong, however, since the aver-
age correlation coefficients are ver§ small for each of the
four seasons. |

In order to test the combined effects of heat transfer
across the surface layer, horizontal temperature advection,
and vertical transport of water beneath the Ekman layer, a
multiple linear correlation analysis was computed for the
three terms,/A SST, the sum of temperature change caused by
heat transfer across the ocean surface and of temperature
change caused by horizontal advection (TTD), and the vertical
velocity induced at the bottom of the Ekman layer (VV). The
computations were done at each of the 162 grid-points and for

each of the seasons using the relationship

T 2+r 2—21- A o
R 2___ 31 32 231 32 712 , (V.18)

1-1)
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where R3.212 is the percentage of the variance of ASST
accounted for by relation to TTD and VV, T3 is the linear
correlation coefficient between4SST and TTD, T3, is the
linear correlation coefficient betweend SST and VV, and 2P

is the linear correlation coefficient between TTD and VV.

The results of the analysis are shown in Table X. It
is seen from the table that the percentage of the variance of
A SST accounted for by relation to the other variables is
increased from 20 to 25 per cent in winter, 13 to 18 per cent
in spring, 12 to 18 per cent in summer, and 13 to 14 per cent
in fall by including the effects of the vertical velocities
beneath the Ekman layer. The magnitudes of the increase are
the largest in the higher latitudes, indicating that up-
welling associated with Ekman layer divergenée may be an
important factor iﬁ determining the temperature of the surface
layer in this region.
As for the statistical significance of the results of

the multiple correlation analysis, 58 of the 162 values on

the map reach the 5 per cent confidence level and 36 reach the
1 per cent level for winter, 45 of the 162 values reach the

5 per cent level and 15 reach the 1 per cent level for spring,
34 of the 162 values reach the 5 per cent level and 10 reach
the 1 per cent level for summer, and 36 of the 162 values

reach the 5 per cent level and 13 reach the 1 per cent level

for fall. By chance alone, it is expected that 8 of the 162
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Table X
Winter Spring Summer Fall
‘TTD TTD TTD | TTD
TID and TTD and TTD and TTD and
\'A A v v
55°N 12 19 4 6 11 17 7 19
50°N S 19 25 12 21 14 20 15 22
45°N 22 30 16 21 11 18 20 24
40°N 23 27 15 19 20 25 22 27
35°N 28 31 ; 18 21 17 23 15 19
30°N 25 30 14 22 10 14 10 12
25°N 16 21 16 21 7 12 10 15
20°N 14 18 9 17 8 14 7 12
Average 20 25 13 18 12 18 13 19

Percentage of variance of A SST accounted

for by relation to TTD and to TTD plus VV.
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values on the map would reach the 5 per cent level and 2 of

the 162 values would reach the 1 per cent level.

5. 1In order to see how large the errors are in computing the
temperature of the mixed layer, the observed values of ASST
(N SSTO) were subtracted from the computed values ofA SST (A SSTC)
for all grid-points and all months. These results were averaged
over the 7-year period for each of the 12 months and 162 points;
the departures from these mean or normal values were then computed
and punched onto cards for further analysis.

From the maps of the normal vaiues of (A SSTC-ASSTO), it
is seen that the errors are all an order of magnitude larger than
the observed values and have the largest values in all 12 months
in the western part of the ocean. This last fact is probably due
to having neglected the transport of heat by the Kuroshio in cal-
culating the SSTC Qalues. In fall and winter, the (A SSTC-ASSTO)
values are negative for all points, inﬁicating that the temperature
decreases due to heat loss were over computed. During the summer
months, the (4 SSTC-ASSTO) values were positive at all points,
indicating that the temperature increases due to heat gain were also
over computed. During the spring months, the (A SSTC-A SSTO) values
were of smaller magnitude and mixed in sign; this indicates that the
computed changes in temperature are closer to the observed values
and that over computation occurred for both heat loss and heat gain.

If the computed heat transfers and the observed tempera-
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ture changes are the correct order of magnitude, then there
must be heat advection occurring in both horizontal and verti-
cal directions. In his 1965 paper, Wyrtki, using the same
daté as in this report, calculated that the heat gain of
3 x 1014 cal/sec of the surface layer of the North Pacific
Ocean must be compensated by deep water ascending with an
average velocity of 1.25 x 10-5 cm/sec. This upward transport
of cold water and an outflow of warm deep water of 8 x lO6
m3/sec, partly through the Indonesian waters and partly in
the eastern tropical Pacific from the counter current to the
south of the equational current, m;intainS'the thermal struc-
ture éf the ocean in the presence of a net heat gain.

In order to maintain the temperature distribution of
the ocean in the presence of horizontal inequalities of
heat exchange, thére must be a horizontal advection of heat
in the surface layer of about 10 x 106 m3/sec. Wyrtki
comments that this is a weak circulation in comparison to the
Kuroshio transport of 65 x 106 m3/sec and is, thereforé,
relatively sensitive to transient changes in the strength
of the heat sources and sinks. From Wyrtki's study and the
present one, it has been shown that pronounced changes in
these sources and sinks do occur on a seasonal and monthly
basis and could help to account for the anomalies of sea-

surface temperature by influencing the horizontal surface

currents.
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In spite of the deficiencies of the methods described
above, it appears that heat transfer across the sea surface,
horizontal temperature advection due to wind drift, and ver-
ticél velocities induced beneath the Ekman layer profoundly
affect the temperature of the ocean's surface, at least on a
monthly and seasonal basis. In order to improve our knowledge
of sea-surface temperature fluctuations, more and better obser-
vations of oceanographic and meteorological parameters are
needed, especially at shorter time scales; we need to develop
better equations to express the transfer of heat between ocean
and atmosphere and also between thé surface layer of the ocean
and its lower regions; more information is needed concerning
the variations of the surface wind stress at all time scales
and the response of ocean surface currents to these variations;
and, finally, a tﬁeory is needed that treats the ocean and
atmosphere as two interacting media, from which the transfer of

various properties across their common boundary can be computed.

6. 1In section A of this chapter, we‘found that there was
a fair degree of persistence in the sea-surface temperature
anomaly patterns at 1, 2 and 3 months lag. We did not,
however, find any significant persistence in the anomalies
of the total heat transfer across the sea surface or in the
anomalies of the horizontal temperature advection. This per-

sistence in the sea-surface temperature anomalies must then be
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related in some way to the dynamics of forced and free con-
vection that occur in the upper mixed layer of the ocean.

Following the reasoning of Kraus and Rooth (1961), we
consider that the sea is cooled at the surface by evaporation,
conduction and infra-red radiation. However, heating by the
absorption of solar radiation extends to an appreciable depth,
and, therefore, there must be a layer in which heat is trans-
ported upwards. This turbulent upward flux of heat is associat-
ed with free convection and tends to produce a layer of nearly
constant potential temperature. In addition to this free
convection, the surface layer is stirred by the action of the
wind, which also tends to produce a layer of constant potential
temperature through forced convection. Thus, changes in the
heat transfer across the ocean surface and the accompanying
changes in the surface wind stress should have a profound
influence on the temperature and depth of the ocean's upper
mixed layer.

Using data obtained from weathership station Echo (35°N-
48°W) for July, August and September of 1958 and 1959, Kraus
and Rooth computed 10-day means of the heat loss B across the
surface layer and the heat added to the surface layer through
solar radiation S. The difference between S and B is the heat
balance of the quasi-isothermal of mixed surface layer. Com-
paring the values of (S-B) with the values of the mixed layer

depth, they found that there is a direct relation between the
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two quantities. In other words, when (S-B) is small, indicat-
ing large cooling of the surface, the depth of the mixed layer
increases; when (S-B) is large, indicating small cooling or
heating of the surface, the depth of the mixed layer decreases.
In periods of large cooling, the increased effects of free and
forced convection combine to increase mixing in the surface
layer and to deepen the effects of this mixing. In periods of
small cooling, when the winds are usually reduced in magnitude,
free and forced convection are weakened, and their effects are
confinced to a shallower surface layer.

This relation betﬁeen the heat fransfer balance at the
ocean éurface and the depth of the mixed layer may offer a
clue to the persistence of sea-surface temperature anomalies.
An increase in the cooling rate of the ocean surface, due
primarily to increases in sensible and latent heat transfer,
causes an increase in the intensity of mixing in the surface
layer and also in the depth of the mixed layer. Even though
the temperature of the mixed layer does decrease due to the
increased loss of heat, this decrease is not as large as it
would be if there were no change in the layer depth. The
increased mixing and the associated increase in layer depth
allow the heat loss to be tapped from a greater volume of
water, thus reducing the change in temperature of the sur-
face layer. This process would tend to keep both positive

and négative temperature anomalies more stable than would be
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expected if no fluctations in mixed layer depth occurred,

On the other hand, a decrease in the cooling rate or an
increase in the heating of the ocean surface causes a decrease
in the intensity of mixing and in the depth of the mixed layer.
The corresponding change in temperature of the mixed layer is
therefore larger than it would be if there were no change in
the layer depth, since a smaller volume of water is affected
by the heat transfer. This process would tend to stabilize
negative temperature anomalies and unstabilize positive anoma-
lies when (S-B) is negative, When (S-B) is positive, it would
tend to stabilize positive temperature anomalies and unstabilize
‘negative anomalies.

From the remarks made in the above two paragraphs, it is
concluded that fluctuation in the mixed layer depth may play
an important part in the persistence of sea-surface temperature
anomalies on a month-to-month basis. These fluctuations may
also help to explain the pronounced changes in anomaly patterns
that were observed at times during the 84-month period, since
some changes in the total heat transfer across the sea surface
can render the sea-surface temperature anomaly patterns more
unstable than would be expected if no fluctuations in the mixed
layer depth occurred.

The effects of horizontal heat advection due to wind drift

pie

may aiso be an important factor in the persistence of sea-sur-

face temperature anomalies. However, the auto-correlations of
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the temperature advection anomalies for the 84 month period show
no persistence at 1, 2 and 3 months lag (the average values of

the 162 grid points on the map were negative for all 3 months).
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VI. Additional Results

A. Comparison of observed sea-surface temperature and total
surface heat transfer cycles with theoretical results.

After this thesis had been completed, two papers were
found in the January, 1967, issue of Tellus by Kraus and
Turner in which a general theory of the seasonal thermocline
is presented. The results of the theory give the depth of
the mixed layer or seasonal thermocline and the temperature
of the layer as a function of time and quite general external
energy inputs. The backbone of the theory is two equations,
a thermal energy balance equation for the mixed layer and a
mechanical energy balance equation for the layer, which are

as follows:

dT
s - dh _ _g ~Pn
b +A@ -T)5F=5+B-5"""2s+B (VI.1)

where h is the depth of the layer, TS is the temperature of

the layer, T, is the temperature below the layer, S is the

h
penetrating component of the solar radiation, j? is the

extinction coefficient, B is the heat exchange between ocean
and atmosphere due to back radiation and latent and sensible

heat transfer, and /| is the Heaviside unit function, defined

as
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and

dT
1l s . 2 dh _ S
535 b +A(T8—Th)a-£-G—D+'8—, (VI.2)

where the first term on the left-hand side represents the
potential energy change associated with the change in tempera-
ture of the layer, the second term on the left-hand side
represents the potential energy change due to the entrainment
of water as the depth of the thermocline increases (dh/dt> 0),
and the terms on the right-hand side represent the energy
change due to mechanical stirring by the wind, dissipation of‘
energy within the layer, and convection due to internal
heating.

Equations (VI.1) and (VI.2) can be transformed into

dT
-2 =
dt 1

rol ™

f(s +B)h - (C-D + §)] VI.3)
! £

=]

and

a1 sy
AL T [1 G-p+d -G+ B)h] . (VI.4)



-117-

When the thermocline is rising,[& = 0 (dh/st£ 0) and

_2G-D+5s/FP

h ST B (V1.5
Substituting (VI.5) into (VI.3), we get

dt h2 2G-D+ S/B :
Différeﬁtiating (V1.5) with the assumption that seasonal
variations of the solar radiation S are larger than the
corresponding changes of G and D, we get

dh 1 2 ds

ik Gcrn M aE (VL. 13

Since h»2/f , we find that h and -S are in phase and
that the layer depth h has a minimum at the time of the summer
solstice when dS/dt = 0. Equation (VI.65 shows that the tempera-
ture TS is still increasing when dS/dt = 0 and that; in fact,
the warming is most rapid (dTS/dt has maximum values) when
h is close to its minimum. The temperature TS reaches its
maéimum value later in the season.

When the thermocline is falling, the depth h is large,
and the product (S + B)h will always exceed the stirring terms

in equations (VI.3) and (VI.4). Since (S + B) is negative

at this time, this product will account for most of the rates
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" of increase of layer depth and decrease in temperature.

Using a symmetrical saw tooth heating function for (S + B)
and letting D = 0 and;?=aa , Kraus and Turner calculated the
variation of TS and h with respect to time throughout one
complete heating and cooling cycle. The results obtained look
just like the curves for the heating and sea-surface tempera-
ture cycles presented in Figures 1 through 6 of this thesis
(see Chapter IV). 1In fact, the observed results, (1) that
the heating cycle reaches a maximum in June, (2) that the
maximum change in temperature occurs between May and Jﬁne,

(3) that the sea-surface temperaturé reaches a maximum some-
what before the end of the heating cycle (August vs. September),
and (4) that the minimum of sea-surface temperature occurs at
the end of the cooling cycle, agree almost exactly with the
theoretical results. We thus conclude that during the heating
part of the cycle, the depth of the mixed layer and its tempera-
ture are controlled by a combination of wind stirring and
penetrative radiation; during the cooling part of the cycle,
they are controlled primarily by surface cpoling. In other
words, during the heating cycle both terms inside the square
brackets of equations (VI.3) and (VI.4) are important; during
the cooling cycle, the first term in the square brackets of
e&uation (Vi.3) and the seéond term of equétion (VI.4) are

predominant.
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B. Relationship between anomalies of the sea-surface temperature
and anomalies of the specific humidity of the air.

Since the values of the specific humidity of the air q,
had been computed for each of the 84 months in order to obtain
the values of the latent heat transfer, the anomalies of 9y
were computed and the results correlated on a contemporary
basis with the anomalies of SST. The results of the correlation
analysis on a seasonal basis are shown in Table XI.

It is seen from the table that a strong relationship exists
between the two anomaly series; thg average values of the 162
coefficients on the map are .36 for winter, .46 for spring,

.61 for summer and .58 for fall. Of the 162 coefficients on
each of the maps, 86 reach the 5 per cent confidence level and
60 reach the 1 per cent confidence level for winter, 112 reach
the 5 per cent 1e§e1 and 71 reach the 1 pef cent level for
spring, 122 reach the 5 per cent level and 102 reach the 1

per cent level for summer, and 130 reach the 5 per cent level
and 107 reach the 1 per cent level for fall. 1In all of the
seasons, these numbers are significantly larger that those
expected by chance alone (8 for the 5 per cent level and 2 for
the 1 per cent level).

Pattern correlations also were computed between each of
the anomaly series for all of the 84 months. The monthly
values of the coefficients averaged over the 7 years range from

.37 in February and March to .60 in june. If the pattern



55°N

50°N

45°N

40°N

35°N

30°N

25°N

20°N

Winter

—.16

«35

«59

«39

« 36

«38

.48

«47

Average latitudinal correlation coefficients
between the anomalies of SST and those of

the specific humidity of the air.
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Table XI

Spring

«24
.41
.45
«51
«52
«59

«54

Summer

«54
77
79
<73
72
«59
« 35

+40

Fall

52

.58

.64

.68

«63

«65

«54

.38

Year

« 28

«53

«62

+58

«56

«55

48

42
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correlations are averaged over the 12 months of each year,

these average values range from .38 in 1951 to .62 in 1957.
The above results suggest that there is a direct relation-

ship between the temperature of the sea surface and the amount

of moisture in the air directly above it, especially during

the summer and fall months. This result is not surprising

since the vapor pressure of the sea surface also increases

as the temperature increases and this, in turn, causes an

increase in the amount of evaporation that occurs between

the ocean and atmosphere. The fact that the correlations

are highest during the summer months probably reflects the

fact that, during the winter months, the water vapor is carried

away by relatively strong winds. During the summer and fall

months, the winds are weaker (see Chapter IV, Section A.3)

and the moisture is allowed to bﬁild up over the area of the

sea surface from which it evaporated.

C. Relationship between the anomalies of the latent heat flux
computed from the transfer equations and the anomalies of
atmospheric water vapor divergence.

Following the derivations given by Barnes (1965), for a
column of air one square centimeter in cross-sectional area
and extending from the surface of the earth to the top of the

atmosphere, we have
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S A
i, v.Q=E-¢, (VL.8)
dt
A
where W = é }f q dp = total water vapor in column,
©
Pe
Q== }f qa V dp = integrated vector transport of
(7]
water vapor,
q, = specific humidity,
P = pressure
P, = surface pressure,
E = evaporation,
P = precipitation, and
g = acceleration due to gravity.

Exapnding equation (VI.8) in geographical coordinates

(A,8, p, t), we get

Ju, 1 Jdo ,1da _oftand 9%
a‘E+a_co'é¢ I +ad¢ > +(}p (VI.9)

where A and f are longitude and latitude, respectively, and
a is the radius of the earth.

If J W/Jt is small compared to the other terms (total
water cdntent of the column remains nearly constant during a

period of timeA t), and since
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o
o
S

0 _
J-—P = -d—/ qwd =0, (VI.10Y
P

wherew=d p/dt, then

> 1 (0dcos #) | ,
§; qQ = ooy J}—+mégg~j_E—P . (VI.11)

Equation (VI.ff) states that the divergence of the vertically
integrated vector transport of water vapor is equal to the
difference between the amount of evgporation and precipitation
occurring at the earth's surface.

Since the values of tﬁe latent heat flux or evaporation
(Qe) computed from the transfer equations developed in Chapter
I1 were available, it was decided to compute the values of
€7 . _(\2 for the 84 rﬁonfhs of the périod from 1951 through 1957 and
compare the anomaly patterns of the two quantities. However,
an extremely crude method had to be used in computing the.
values ofaV. . 3 , since the data were available on only a
monthly average basis and only for the surface layer of the
atmosphere. Other investigators have found that daily and
hourly values have a large effect on the monthly average

> AN
values ofV"* Q.

Using the u and v components of the surface geostrophic

wind found previously and the monthly averaged values of
a

. -
q,s the values of V* Q were computed at each of the 162 grid-

points by the following method: we let
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Q)= 9, uy ad Q= vy

then

A, g 404 4@Qgcosd)
U T cos g A—:\_+A¢ ?

(VI.12)

where A\ andA¢ are 10° or 77 /18 radians.

The average vlaues of the 162 correlation coefficients on

' 4 A

the map between the anomalies of Qe and those of V + Q are
.36 for winter, .25 for spring, .10 for summer and .22 for
‘fall. For winter 78 of the 162 coefficients reach the 5
per cent confidence level and 58 reach the 1 per cent level;
the corresponding numbers for the other three seasons are
56 and 27 fof spring, 22 and 6 for summer, and 37 and 20 for
fall. The latitudinal averages of the correlations are given
in Table XII.

From the table it is seen that the largest correlations
occur during the winter months and between the latitudes
and 50°N. The relatively high
winter and fall months are probably due to the fact that the
transfer formula used to determine the latent heat flux most
accurately représents the actual heat flux when the magnitudes
of this gquanti . When the heat flux is small, as it

is during the spring and summer months, the conditions under
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Table XI1

Winter Spring Summer Fall Year
55°N .15 -.02 -.03 11 .05
50°N .46 .23 «20 « 26 «29
45°N «57 .26 _ 22 +31 .34
40°N «50 .38 «28 +39 «39
35°N .50 .40 .23 .31 « 36
30°N «35 « 37 -.02 .19 .22
25°N .24 .29 -.02 .14 16
20°N .07 | .07 | -.04 .02 .03

Latitudinal averages of the correlation

coefficients of the anomalies of Qe and

D
those of ¥V * Q.
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which the transfer formula was developed are not fulfilled,
and the values computed become less reliable.

The poor results obtained at the latitudes 20°N and 55°N
in all of the seasons probably reflect the fact that there
were no values of Qfggiven at the latitudes 15°N and 60°N,
and a linear approximation had to be introduced in order to
get these quantities., (The values of A Q¢[4;£in the divergence
equation at 20°N and 55°N were computed by taking the difference
between the values of Q¢ at 25°N and 15°N and between the
values of(2¢ at 60°N and 50°n and dividing the results by
T /18 radians.)

;A

Another source of error is the fact thatv * Q is the
difference between the amount of evaporation and the amount
of precipitation that occur in a given area. In correlating

) oA A
the anomalies of Qe with those of V- Q , this fact was not
taken into account, since the values of the precipitation
were not available.

In spite of the deficiencies of the method in determining
Y
V - @, the results of the correlation study between the

A A
anomalies of Qe and V* Q show that there is a statistically
significant relation between the two series, i.e. when there
is a stronger or weaker than average value of the latent
heat flux between ocean and atmosphere, there is also a

stronger or weaker than average value of the atmospheric

water vapor divergence field. It is felt that this type of
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analysis would be a valuable tool in helping to develop a
better transfer formula for the latent heat flux between ‘
ocean and atmosphere, especially if it were applied to a
smaller area over which daily and hourly values of the
necessary meteorological and oceanograbhtc paramters could

be obtained.
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VII. Conclusions

A. Summary of Results

1. Evaluation of the Transfer Formulas

a. In Chapter II, the effect of observational errors
and the effect of using monthly averaged data rathér
than daily or hourly data on the accuracy of the
exchange formulas for determining Qi’ Qb, Qe and

QS were investigated. It was found that the accuracy
of these formulas increaseé as the values of the

heat transfers increase, since the errors resulting
from both obserfational and averaging effects decrease
with increased heat transfer. The theoretical accuracy
of the formulas for determining Qe and Qs is also
higher when large transfers occur; since large trans-
fers occur at times of strong winds, the wind shear
keeps the atmospheric stratification close to neutral
values, and these are the conditions for which the

formulas were derived,

b. A comparison was made of monthly average heat
transfers determined by using the monthly averages of
daiiy heat transfers and by using monthly average

variables in the exchange formulas. It was found
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that the errors involved in using the latter method
are, on the average, about 10 per cent of the actual
values due to correlations on a daily basis between

the wind speed and air-sea property differences.

Heat Exchange Calculations

The study concerning the 7-year means of .the monthly

averaged heat transfers produced the following results:

a. The values of Qi’ Qb’ Qe’ QS and Q show large

seasonal and year-to-year variability, especially

those of Qe’ QS and Q.

b. The 84-month averages of the total heat transfer
across the sea surface (Q) were integrated over the
North Pacific from 20°N to 55°n. The result shows
that the ocean loses 7 x 1014 cal/sec through the
surface north of 20°N. Wyrtki (1965) calculated

the total integral of heat transfer over the North
Pacific from the equator poleward and found that the
ocean gains 3 x 1014 cal/sec. The difference between
the two calculations shows that there is a heat gain
of 10 x 10t cal/sec between the equator and 20°N
and that it is this region that accounts for the

yearly heat gain of the North Pacific.
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c. Fourier analysis of the 12 mean monthly values of
each of the heat transfer terms showed that there are
regular yearly cycles in each of the terms over most
of the North Pacific Ocean from 20°N to 55°N. The
maximum values of Qi occur in June, those of Qb in
January, those of Qe in December, and those of QS in
November, and December. There is also a regular
yearly cycie in Q, with cooling of the ocean surface
layer occurring from September through April and warm-
ing of the surface layer occurring from April through

September.

d. Fourier analysis of the 12 mean monthly values of
the sea-surface temperature (SST) showed that there is
also a regular yearly éycle in this term, with the
maximum values occurring in August and September

and the minimum values occurring in February and March.

e. By comparing the yearly cycles of SST and Q,

it was found that the maximum values of SST occur

near the end of the heating cycle (positive Q) and

that the minimum values occur at the end of the cooling

éycle (negative Q).

f. There is a regular yearly cycle in the surface
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air temperature (SAT), and the maximum and minimum
values occur at the same times as those of SST. The
maximum values of SST and SAT both occur earlier in
the western part of the North Pacific than in the east-
ern part; this difference may be due to the effect of
the cold advection towards the equator by the Calif-

ornia current.

g. Fourier analysis of the change in SST from month
to month (4 SST), showed that there is a regular
yearly cycle in this quantity. The maximum increase
of SST occurs from the middle of May to the middle of
June and the maximum decrease of SST occurs from the
middle of December to the middle of January. During
March and September, wﬁen the ocean surface layer
temperature does not change very much, there must be
a balance between the heat transfer across the sea
surface and the advectioﬁ that occurs within the

surface layer.

h. Fourier analysis of the mean monthly values of
the observed wind speeds showed that a regular
yearly cycle is present, with the maximum values
occurring in January and the minimum values occurring

in June. The same type of analysis showed that there
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is also a regular yearly cycle in the Bowen ratio
(Qs/Qe) in only the middle latttudes and only then in
the western part of the ocean, where the annual range
of values is from .4 to l.4; in the other areas the
Bowen ratio has values of around .1 with very little

annual variation.

i. Using the values of'Q and 4 SST, the mean monthly
values of the total heat advection within the mixed
layer were computed. The results obtained agree with
what is known about the current patterns of the North
Pacific during the winter and spring months. During
the summer and fall months, the values show that there
is cold advection of water in the region of the Kuro-
shio current, in contrast to what is expected. This
discrepancy may be due to the fact that the heat lost
from the surface layer across the thermocline region

is neglected.

j. The integrafed values of the heat advection from
17.5°N to 57.5°N show that warm advection occurs over
the ocean from January through May and that cold
advection occurs in the remaining seven months.
Compared to a study done by Bryan (1960), the cold

advection of about 2.2 x lO14 cal/sec at 32°N.
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agrees with the direction of heat transport calculated

by him using other methods.

k. The monthly mean values of Qi’ Qb’ Qe’ Qs and

Q were determined from daily data taken at stations
NOVEMBER (30°N - 140°W) and PAPA(50°N - 145°W)

in 1962.. The yearly cycles of these quantities were
found to show the same type of variation as the results
using the monthly average data. The large daily fluctua-
tions in Q are not accompanied by large fluctuations

in SST, which indicates th;t large fluctuations in

the depth of the mixed layer may occur. Very little
correlation was found between the daily fluctuations

of Q and those of SST on a contemporary or lag basis.

3, Discussion of Sea-Surface Temperature and Heat
Transfer Anomalies
The results of studying the anomaly patterns of the

heat transfer terms and of SST and SAT are as follows:

a. The anomaly patterns of both SST and SAT can occur
in fairly extensive geographical areas. The magnitudes
of the SST anomalies are about 2°F to 4°F, while

those of the SAT anomalies are slightly larger.
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b. Although some month-to-month persistence is found

in the SST anomalies, patterns can be eliminated or
reversed in a month's time. The average of all auto-
correlations of the SST anomalies is down to .28 at

3 months lag; for the SAT anomalies, the autocorrelations

are down to .25 at 3 months lag.

c. There is a high degree of correlation between
the anomalies of SST and SAT: the average maximum
correlation (.83) occurs in the summer months and

at the 35th parallel.

d. It is concluded from the above results that
there is very little long-term persistencé of both air
and sea temperatures (negative autocorrelations

occur at 1 and 2 years lag) and that the anomaly pat-
terns of both air and sea temperatures are strongly
related. To maintain a long-term persistent anomaly
of the general atmospheric circulation, a control
factor is required that is stable ovef long time
periods so that it can pull the general circulation
back into line when it goes off on a tangent. It
does not seem that sea-surface temperature._anomalies

can provide this control factor.
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e. There is very little persistence in the anomaly
patterns of the heating terms Qi’ Qb, Qe’ Qs and

Q. (Autocorrelations are negative for all terms at
1, 2 and 3 months lag.) The anomaly patterns can be

large geographically, especially those of Qe and QS.

f. The magnitudes of the Q anomalies vary widely
over the map for a particular month and from month
to month during the 84-month period under investiga-
tion. Their values range from less than 1 per cent
of the mean monthly average values to over 200 per

cent in the summer months.

4, Relationships Between Sea-Surface Temperature Fluctua-
tions and Heat Tgansfer Anomalies

The results obtained from studying the relationships
between the anoQaly patterns of SST and those of the

heat transfer terms are as follows:

a. By correlating the anomalies of the total heat
transfer across the sea surface (Q) with the anomalies
of the change in SST from month to month (4 SST), it
was found that the two series have a significant
positive correlation for all seasons, the largest of

which occurs in the winter months. This fact indicates
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that sea-surface temperature anomalies are related to
anomalies of the total heat transfer across the sea

surface.

b. The anomaly series of the horizontal temperature
advection aue to wind drift currents are also signifi-
cantly positively correlated to the anomaly series of
A SST in all seasons. The largest average seasonal
correlation coefficient occurs in winter; the coeffi-
cients for all seasons are lower than the respective

values for the surface heat transfer anomaly series.

c. From the study on the effect of surface current
advection on changes in the sea-surface temperature,
it seems és if surface winds are capable of driving
a shallow surface layer of the ocean quite freely
back and forth over the sea surface in a direction of

around 45° to the right of the wind stress.

d. By adding the changes in SST due to heat transfer
across the sea surface to the changes in SST due to
horizontal wind-drift advection and correlating the
anomalies of the results with the anomalies of4 SST,
the average seasonal correlations were imporved some-

what over those obtained by using either of the two
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anomaly series alone. The main difficulty in this
method is that the temperature changes computed from
the surface heat transfer term are much larger in
magnitude than those détermined from the advection term.
In fact, the temperature changes éomputed from the sur-
face heat transfer term are larger by an order of mag-
nitude than any of those changes observed in the 84-
month period under investigation. The reasons for

this discrepancy probably lie in using uﬁreliable
values for the depth of the mixed layer and in the

fact that there is a loss of heat through the bottom of
the mixed layer due to vertical eddy diffusion, which

is unaccounted for in this study.

e. An attempt was made to see if vertical velocities
induced at the bottom of the Ekman surface layer had
any effect on the SST anomalies. The results of the
correlation study showed that these velocities, alone,
have little effect on the SST anomalies. There is a
small negative correlation between the two anomaly
_series for all seasons except winter, indicating that
an anomalous upward transport tends to lower the

temperature of the surface layer.

f. In order to test the combined effects of heat
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transfer across the surface layer (Q), horizontal
temperature advection (HTA), and vertical transport

of water beneath the Ekman layer (VV), a multiple
linear correlation analysis was computed for the three
terms,A SST, the sum of the temperature change caused
by Q and HTA, and VV. The analysis showed that, by
including the effects of VV, the average percentage of
the variance in A SST accounted for by relation to
other variables is increased from 20 to 25 per cent

in winter, 13 to 18 per cent in spring, 12 to 18 per

cent in summer and 13 to 19 per cent in fall.

g. The differences between the computed and observed
changes in SST are all an order of magnitude larger
than any of the observed values and have the largest
values in the western part of the ocean in all 12
months of the year. The computed values of A SST are
closer to the observed values ofA SST during the spring

months and farthest from during the summer months.

h. The small month-to-month persistence of the SST
anomalies must, in some manner, be related to the
dynamics of forced and free convection in the mixed
layer. Fluctuations in the strength of mixing within

the layer and the associated fluctuations in the depth
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of the layer can stabilize some anomaly patterns and
unstabilize others. There is very 1ittlelpersistence
inrthe anomaly patterns of the surface heat transfer
and in those bf the horizontal heat advection, and

it is concluded that these have little effect on the

persistence of the SST anomalies.
Additional Results

a, It was found that the observed results concerning
the cycles of the total surface heat transfer and of
the sea-surface temperature [(1l) that the heating
cycle reaches a‘maximum in June, (2) that the maxi-
mum change in temperature occurs between May and June,
(3) that the sea-surface temperature reaches a maxi-
mum somewhat before the end of the heating cycle
(August vs. September), and (4) that the miniﬁum of
sea-surface temperature occurs at the end of the cool-
ing cycle] agree almost exactly with the theoretical
results of a one-~dimensional model of the seasonal

thermocline,

b. It was found that there is a strong relation
between the anomaly patterns of SST and those of the

specific humidity of the air over the ocean surface;
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this relation is particularly strong during the
summer and.fall months. From this, it is concluded
that the amount of moisture in the air increases with
the temperature of the sea surface below it and

decreases as the ocean surface temperature decreases.

c. A statistically significant correlation was found
between the anomalies of the latent heat flux from
ocean to atmosphere éﬁd those of the atmospheric
water vapor divergence in Fhe surface layer of the
atmosphere. When there is a stronger or weaker than
average value of the latent heat flux, there is also
a stronger or weaker than average value of the atmos-
pheric water vapor divergence field. It is felt that
this type-of analysis would be a valuable tool in
helping to develop a better transfer formula for the

latent heat flux between ocean and atmosphere.

B. Suggestions for Further Study
The suggestioné for further study can be divided into the
following tﬁree categories:
1. Use of available data and Eheory. It is felt that
further information about the interaction of ocean and
atmosphere could be obtained by using the data and trans-

fer formulas that are presently available. Studies of
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the type presented in this paper could give a better in-
sight into the heat exchange processes and their effects

if applied to other areas of the world oceans, especially
in the tropics. (At present, it is planned to continue
this study in the tropical areas of the North and South
Pacific Oceans during the next year.) The studies could
concentrate their efforts on large or small-scale processes,
since the data to do this are available. Probably the
hardest part of any endeavor of this type would be to
organize the data into a workable form, since their pre-
sent form,as it stands, is almost useless for any statisti-

cal analysis.

2, Develop new transfer formulas to be used with old or
new data. In order to develop new transfer formulas,
experimental work will have to be done on the nature of
turbulent transfer between the ocean and atmosphere.
Since most experimental work is done on small-scale pro-
cesses, it is felt that new data on oceanic and atmospheric
parameters should be obtained in order to’test the new
theories. A good example of this type of analysis is
the work done by Garstang (1965) concerning the effects
of small-scale sensible heat transfer on synoptic scale
weather systems. He found that diurnal variatioms in

the sensible heat flux influence the energy flux of synop-
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tic scale systems; integrated over the entire disturbance,
the energy flux is found to be double the undisturbed

values. The inclusion of this synoptic scale energy

flux profoundly affects the large scale energy flux patterms,

and casts some doubt on the validity of the present
relative magnitudes of the various terms in the heat
budget of the ocean and atmosphere. This type of result
suggests that new studies should be made with new formulas

and new data in order to eliminate these uncertainties.

3. Develop a theory that treats the ocean and atmosphere
as two interacting media. At present, there is a need to
develop a theory that treats the ocean and atmosphere

as two interacting media, from which the transfer of
various propeities across théir common boundary can be
computed. A good example of this type of analysis is

the work of Kagan and Utina (1963) in which they develop
equations for describing the ocean and atmosphere and
solve them numerically by using the same boundary con-
ditions for both systems at their interface. In this
way, they are able to calculate the relative parameters of
ocean and atmosphere when different driving conditions
are applied. Admittedly, this is a difficult problem,
but it is one which must be solved Eefore long-range pre-~
dictions can be made for both atmospheric and oceanic

properties.
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Figure A7, 84emonth average values and standard deviations of the surface air temperature., (°F x 10)
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Figure Al2. 7-year average values and standard deviations of the incoming radiation. January 1951-1957. (cal/cmz/day)

-Zlv=-



T7-YEAR AVERAGE AND STANDARD DEVIATION OF QI

FEBRUARY 1951-1957

55N . 63 b1t
S 14
o o
g9 00 2
SON 90 89 85 86 HB 85
15 9 11 7 10 9
45N 139 126 111 118 127 130 132 135 139 131

33 15 10 &8 12 13 16 12 22 18

40N 168 168( 172 159 144 152 160 163 168 171 176 171

23 177 19 10 10 7 10 12 13 12 19 14

35N

ZISJEZQVgIZ 195 192 190 198 2C4 206 204 206 207 207
627 15 21 14 12 11 15 18 20 11 8 10

226 236 251 255 249 250 255 267 279 279 271 272 275 271 265 263 262 258 249 247 248 258 282 313 333
43 21 11 10 18 13 6 7 11 14 13 12 11 9 11 18 17 12 iz2 20 22 24 471 S0

252 276 296 303 298 301 315 323 348 348 336 347 355 346 332 332 329 315 299 287 282 289 315 346 375
44 33 26 25 28 26 20 12 23 26 22 1¢ 17 17 22 28 20 17 24 19 17 28 55 54

(K
20N 342 343 346 351 349 359 374 382 289 389 385 396 399 387 378 368 348 322 308 290 275 289 311 339 376 417
25 24 29 22 271 28 27 27 43 33 22 14 19 24 22 38 49 ST 49 28 23 S0 61 31 13 23

130 140 150 140 179%E 18¢ 170W 160 150 140 132 120 119
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Figure Al4., 7-year average values and standard deviations of the incoming radiation. March 1951-1957. (cal/cmz/day)
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Figure Al5, 7-year average values

and standard deviations of the incoming radiation. April 1951-1957. (cal/cmz/day)
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Figure Al6. 7-year average values and standard deviations of the incoming radiation. May 1951-1957. (cal/cm?/day)
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Figure Al7. 7-year average values and standard deviations of the incoming radiation. June 1951-1957. (cal/cmz/day)
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Figure Al8. 7-year average values and standard deviations of the incoming radiation. July 1951-1957. (cal/cmz/day)
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Figure Al9.

7-year average values and standard deviations of the incoming

radiation. August 1951-1957.

(cal/cmz/day)
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Figure A20. 7-year average values and standard deviations of the incoming radiation. September 1951-1957, (cal/cmz/day)
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Figure A21. 7-year average values and standard deviations of the incoming radiation., October 1951-1957. (cal/cmz/day)
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Figure A22. 7-year average values and standard deviations of the incoming radiation., November 1951-1957. (cal/cmz/day)
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7-YEAR AVERAGE AND STANDARD DEVIATION OF QI
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Figure A23.

7-year average values and standard deviations of the incoming radiation. December 1951-1957. (cal/cmz/day)
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Figure A24. 7-year average values and standard deviations of the effective back radiation. January 1951-1957. (cal/cmzlday)
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Figure A25, 7-year average values and standard deviations of the effective back radiation. February 1951-1957. (cal/cmzlday)
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Figure A26. 7-year average values and standard deviations of the effective back radiation, March 1951-1957. (cal/cmzlday)
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Figure A27. 7-year average values and standard deviations of the effective back radiation. April 1951-1957. (cal/cmz/day)
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Figure A28, 7-year average values and standard deviations of the effective back radiation. May 1951-1957. (cal]cmzlday)
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Figure A29. 7-year average values and standard deviations of the effective back radiation. June 1951-1957. (cal/cmz/day)
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Figure A30. 7-year average values and standard deviations of the effective back radiation. July 1951-1957. (cal/cm”/day)
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Figure A3l. 7-year average values and standard deviations of the effective back radiation. August 1951-1957. (cal/cmz/day)
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Figure A33. 7-year average values and standard deviations of the effective back radiation. October 1951-1957. (cal/cmz/day)

Y-



T-YEAR AVERAGE AND STANDARC CEVIATION

NCVEMBER 1951-1957

55N
o
°
5CN
45N 70
g:;}ﬂ
4CN 196 192|178
16 o] 9

35N 185

190 1475 159
/v;(je;gwb 6 8

20
154 159 154 143 136
15 16 12 8 9

124 121 116 115 118
14 15 11 7 7

103 103 102 105 108
8 9 7 5 4

130 140

144 133 131
17 13 8

158 149

141
10 13 5

148 141
9 14 8

131 127 125
7 8 &

119 118 123
7 6 5

108 109 110
4 4 5

150 160

132

OF Q8

L XY

117
24

129
10

121
23
128
130
6
124
124

125

113
5

170€

118 116117 115
22 5 17 15

o o ’6;

20 °F

125 124 120 119 117 117 115
24 15 11 15 14 9 10
13C 129 125 122 118 113 110
12 11 12 13 13 13 10
128 129 129 125 121 115 1C9
7 8 14 11 11 8 5
121 122 124 123 121 119 116
12 12 15 14 11 7 2]
123 124 126 13C 129 127 126

1¢ 12 12 11 9 6 6

12 13 10 g 9 7 6
- o
114 116 119 118 114 117 117
12 13 10 8 12 13 11
(180 176w 160

Figure A34.

118
17

111
11

109

110

118
12

150

119
13

128

128

109
13

17

105
13

105
11

108
10
118
127
125
8

113

140

126 140 154

12 10 12

7-year average values and standard deviations of the effective back radiation. November 1951-1957. (cal/cmz/day)

i ol



7-YEAR AVERAGE AND STANDARC DEVIATION OF QB o / o )
CECEMBER 1951-1957 Ly
S5N o 133 129 113 121
Ne 23 30 28 22 22 25 26
> . .00
oy 40‘9.
SCN 124 122 119 117 114 116 114 111 1C8 106 166 104 105 109
11 12 7T 1 15 13 16 13 10 13 16 18 19 17
4SN ’ 59 148 141 135 133 128 124 120 116 116 113 115 1C9 105 105 100 101 111
gj;SI 19 17 16 15 16 2¢ 17 16 15 11 9 7 6 15 15 14 13
40N 196 1941182 168 157 150 145 139 134 128 125 122 118 116 113 112 112 109 111 118
10 5] 12 9 13 18 18 16 15 14 13 12 9 6 7 13 14 1z 11 10
35N 210 207 197 178 168 158 148 142 138 135 133 1306 127 124 122 121 121 121 121 121 125 131 el -
23J’§i}0127°11 16 14 16 18 2C 17 14 13 12 S 7 9 14 16 13 12 11 8 2
3CN 187 191 185 173 160 152 144 141 139 136 136 136 133 132 130 128 130 130 130 128 126 128 137 144158
18 17 18 13 11 12 11 9 16 12 12 10 8 1¢ 11 7 10 9 7 9 9 10 12 iz 1
142 147 145 143 141 136 133 135 134 132 135 135 131 129 127 126 129 129 129 125 120 117 122 140 154
12 8 14 14 12 12 11 5 5] 7 10 8 8 16 14 9 6 5 4 9 15 18 17 15 i3
a’c<§
2CN 116 118 117 118 119 119 122 127 127 126 125 122 118 117 114 117 121 119 115 114 111 110 113 125 135 139
17 13 8 6 9 11 11 9 8 12 12 7.5 .8 10 7 7 5 8 11 10 114 16 15 1: 6
130 140 150 160 170E 180 17CW 160 150 146 130 120 110
2
Figure A35. 7-year average values and standard deviations of the effective back radiation. December 1951-1957. (cal/cm /day)

=GEV=



T7-YEAR AVERAGE AND STANDARD DEVIATION OF QF

JANUARY 1951-1957

55N
QQ
50N 152 147
43 32
45N

335 269 236 245 266 232
g:;ss 115 ¢6 27 80 65

380 48| 483 419 426 425 450 402
103 1j67/213 73 71 325 98 G4

40N

35N 43 414¢556 669 697 656 605 563 522 481
252~¢3 &23“106 60 81 10€ Y16 144 120

522 5C5 537 563 556 535 535 470 412 405
145 194 98 93 82 87 89 87 1£é 96

565 512 460 423 405 417 412 €1 241 367
115 118 76 92 1005 121 112 85 176 €2

20N 467 4¢€) 478 383 381 370 351 767 405 294
151 111 73 66 95 89 €8 85 91 1€¢0

120 140 150 1€0 179€

158
30

178

325
60

401
96

387
84

377
74

253
112

154 1574155
87 94 92
P
©
o oﬂ'é),
°a

138 132 149 152 128
3¢ 56 56 53 139
18C 171 152 147 147
34 50 23 35 50
286 260 215 186 191
4€ 49 34 42 48
34€ 301 259 235 226
82 63 48 66 81
367 344 334 338 306
B¢ €6 68 83 97
398 365 3¢6 357 323
106 71 57 64 51
)
344 322 322 323 335
871 52 61 91 100
18C 17Cw 160

107
69

104
34

131
47

187
51

229
94

276
94

310
73

306
95

91
44

121
35

144
39

196
38

232
72

275
90

296
71

276
90

150

115
49

147
35

170
48

205
47

225
60

256
79

269
65

294
100

51

170
63

188
67

216
50

219
65

234
73

257
83

316
125

140

179
96

215
46

219
69

223
64

232
56

293
134

168

96

171

60

180

68

183 149 125
72 62 42
201 190 154
39 51 30
238 248 225
49 77 S5
316 340 345
134 113 108
130 120

295
85

224
72

Figure A36. 7-year average values and standard deviations of

the latent heat transfer. January 1951-1957. (cal/cmz/day)
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Figure A38. 7-year average values and standard deviations of the latent heat transfer. March 1951-1957. (cal/cm?/day)
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Figure A41. 7-year average values and standard deviations of the latent heat transfer. June 1951-1957. (cal/cmz/day)
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Figure A42. 7-year average values and standard deviations of the latent heat transfer. July 1951-1957. (cal/cmz/day)
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Figure A43. 7-year average values and standard deviations of the latent heat transfer. August 1951-1957. (cal/cmz/day)
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Figure A44. 7-year average values and standard deviations of the latent heat transfer. September 1951-1957. (cal/cmzlday)

—vw—



T-YEAR AVERAGE AND STANCARD DEVIATION COF QE

OCTCRER 1951-1957 g
55N 184 1954172
° S, 13G 139 78 86 69 73 67 47
o - @b‘
[P @« 2
50N 150 138 136 15C 152 1€9 184 190 190 184 176 175

36 23 39 22 36 42 40 32 42 42 30 39 138

45N 126 114 142 188 208 1S9 210 297 200 209 218 214 207 205 212 210 200
37 33 22 29 19 31 44 3¢ 33 4C 59 40 49 35 32 40 5S4

40N 367 3(16) 274 265 261 202 289 2€8 290 298 286 282 282 265 255 243 239 218 192

111 J63) 64 52 51 22 23 57 65 55 37 49 91 70 43 43 17 28 41

309 353 ,445 447 470 438 390 239 23{8 208 203 30C 305 316 314 325 300 266 242 218 182 162 126 103
183»%‘3\}_07”“90 96 76 11 65 77 B84 T3 4S 29 58 100 85 52 41 39 36 30 38 23 2\

545 475 418 432 376 343 321 209 2C1 304 313 315 312 319 331 312 280 256 236 214 203 198 183 151 145
174 73 40 56 40 37 54 €1 €2 70 76 6C 47 S8 73 53 47 24 22 23 28 23 22 19 24

546 443 356 317 283 276 279 287 220 232 349 37C 344 339 342 300 270 262 250 232 240 222 191 190 200
196 €4 53 35 48 48 41 45 @S 94 90 87 70 68 61 52 52 33 30 33 42 40 46 35 42

B
20N 396 323 317 332 290 289 289 3200 232 225 355 358 332 320 317 310 279 268 281 275 276 254 246 240 234
8l 46 56 41 49 28 S50 €7 €6 64 T0 8C 70 71 90 80 64 62 88 58 37 35 50 46 57

120 149 150 160 170E 18¢C 170w 160 150 140 130 120 110

Figure A45. 7-year average values and standard deviations of the latent heat transfer. October 1951-1957. (cal/cmz/day)
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Figure A46. 7-year average values and standard deviations of the latent heat transfer. November 1951-1957. (cal/cm?/day)
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Figure A47. 7-year average values and standard deviations of the latent heat transfer. December 1951-1957. (cal/cmz/day)
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Figure A48. 7-year average values and standard deviations of the sensible heat transfer. January 1951-1957. (cal/cmz/day)
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Figure A49. 7-year average values and standard deviations of the sensible heat transfer. February 1951-1957. (cal/cmz/day)
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Figure A50. 7-year average values and standard deviations of the sensible heat transfer. March 1951-1957. (cal/cmz/day)
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Figure A51. 7-year average values and standard deviations of the sensible heat transfer. April 1951-1957. (cal/cmzlday)
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Figure A52. 7-year average values and standard deviations of the sensible heat transfer. May 1951-1957. (cal/cmz/day)
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Figure A53. 7-year average values and standard deviations of the sensible heat transfer. June 1951-1957. (cal/cmz/day)

nCCY=



T-YEAR

55K

SON

45K

20N

AVEFAGE AND STANDARD DEVIATICN OF €S

JULY 1951-1957

-10
3

149

-11
14

-3
10

18
12

W

\\
-4
o a2 R
-4 =6 -12 -8 -10
€ 6 7 1¢ 8
=10 =12 "13‘ -12 -19
8 8 7 11 8
-¢& -7 -8 -6 -8
7 9 12 12 10
-0 1 -0 C 3
5 7 11 1¢C 9
-] 7 8 S 7
] 7 9 € 8
11 10 10 11 g
4 4 7 7 7
16 19 5 s 4
8 5 14 S S
170E 18¢C

-7 =105711 -14

11

11

7

11

14

=14 ~16 =14 -13

8

B

5

A

=20 -19 ~15 -13

10

oN

RYo R o

170w

10

o w»m

D W

6

160

8

-8
12

=12

o

14

11
20

17

20
13

140

5 5

8 9

8 4

15 15
10 7
21 20
15 9
130

120

110

Figure A54. 7-year average values and standard deviations of the sensible heat transfer. July 1951-1957. (cal/cmzlday)
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Figure A55. 7-year average values and standard deviations of the sensible heat transfer. August 1951-1957. (cal/cmz/day)
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Figure A56.

7-year average values and standard deviations of the sensible heat transfer. September 1951-1957. (cal/cmz/day)
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Figure A57. 7-year average values and standard deviations of the sensible heat transfer. October 1951-1957. (cal/cmZ/day)
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Figure A58. 7-year average values and standard deviations of the sensible heat transfer. November 1951-1957. (cal/cmz/day)

-3 SV-



<
7-YEAR AVERAGE AND STANDARC DEVIATION OF QS
<
DFECEMBER 1951-1957 v
55K 148 I695F79 159 I32 141 131 10
A 924;32 150 k17 74 55 66 64
o ,'
o "@
SON 127 113 108 97 92 88 82 85 88 87 88 76 62
53 41 55 4€ 32 34 33 36 48 50 47 39 33
45N 180 157 1€8 I71 138 129 121 98 78 67 65 61 61 62 55 44 41
g{:;gq 78 110 R3 60 63 64 42 29 27 25 25 24 30 36 34 28
40N 762 25) 237 212 215 179 150 146 126 L0 94 76 66 60 61 61 54 46 44
41 [62) 63 42 48 47 53 54 41 43 41 24 16 23 25 33 35 26 20
35K 0 229,276 _218 216 199 171 145 132 122 1G4 92 82 72 63 61 60 5% 53 49 42 21
73*/37é§3f“ 40 12 64 53 59 €9 62 46 42 43 27 16 17 22 29 28 20 18 12 12 14
193 172 145 128 112 122 87 17 76 74 69 61 63 &1 60 S9 S7 55 48 46 39 31 25 22 322
56 45 32 34 43 39 37 25 31 29 23 24 23 20 22 18 19 20 16 12 9 13 14 13 1
138 112 91 72 60 52 43 45 48 44 47 51 52 49 48 47 51 47 &1 39 39 29 26 130 27
34 33 30 24 22 16 17 13 17 1 7 15 18 19 24 21 23 19 14 10 23 27 18 13 14
TN
20N 76 63 53 44 3% 30 29 34 38 35 36 38 34 33 29 31 ‘37 35 38 39 39 36 36 39 33
26 23 18 17 11 9 10 9 16 14 9 12 14 16 22 18 2! 21 20 15 25 31 29 19 13
129 149 159 1€0 170¢ 18¢ 170W 160 150 140 130 120

110

Figure A59. 7-year average values and standard deviations of the sensible heat transfer. December 1951-1957. (cal/cmz/day)
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Figure A60. 7-year average values and standard deviations of the total heat transfer. January 1951-1957. (cal/cmz/day)
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Figure A6l. 7-year average values and standard deviations of the total heat transfer. February 1951-1957. (cal/cmz/day)

=-19v=



T-YEAR AVERAGE AND STANDARC DEVIATICN OF SLHT

MARCH 1951-1957 v

55N -116-12C2¥87 -73 -80-126-177-22

Ve 12i¢}42 64 80 73 82 151 214
o Q
.;"oa
-206-180-159-131-101 -99 -91 -68 -50 -51 -66 -87-111-11
134 92 27 33 S4 64 60 47 49 52 47 29 61 75

2

5ON

45N -45 -89-171-225-209-180-178-138 -99 -86 -89 -66 =42 —-40 ~-50 -68 =Bl =66

1 132 77 68 80 85 98 66 30 42 42 56 B3 67 54 51 55 40

4CN 219-288-362-348-294-253-221-173-128 -97 -80 -67 -49 -55 -80 -91 =93 =60

84 96 95 90 102 119 134 87 62 67 78 93 99 93 80 57 66 45

3SN 8-436~434-404-325-261-206~153-146~130 -94 =72 -62 =53 =67 -93 -94 -93 -T1

43 161 158 167 129 104 98 97 103 89 69 80 93 103 94 B8l 56 49 S5

3CN -193-230-184-187-220-188-154=114 -95 -89 -79-104 =99 =76 -57 =72 -85 -99 -98 -99 -85 -53

96 91 98 98 138 138 143 B89 62 70 96 119 118 81 56 43 58 64 38 38 27 39

-233-139 -46 -8 -16 -18 -8 -5 -26 -78 =75 -82 =73 ~50 -38 -71 =-96~124-113~-106 -89 =50
<;} 75 96 113 91 90 90 93 86 101 166 182 166 137 91 68 60 60 70 97 77 35 53

/DB
20N ~21 1 36 39 37 36 28 21 2 =51 -65 -86-112-109 -80 -66-1§9-131-109-101-112 -94
85 91 92 83 64 82 110 103 130 201 222 169 138 149 113 77 90 99 115 115 105 89 110 105 73 77

130 140 150 160 170E 180 170W 160 150 140 130 120 110

Figure A62. 7-year average values and standard deviations of the total heat transfer. March 1951-1957. (cal/cmz/day)
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Figure A63. 7-year average values and standard deviations of the total heat transfer. April 1951-1957. (cal/cmz/day)
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Figure A64., 7-year average values and standard deviations of the total heat transfer. May 1951-1957. (cal/cmz/day)
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Figure A65. 7-year average values and standard deviations of the total heat transfer. June 1951-1957. (cal/cmz/day)
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Figure A66. 7-year average values and standard deviations of the total heat transfer. July 1951-1957. (cal/cmz/day)
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Figure A67. 7-year average values and standard deviations of the total heat transfer. August 1951-1957. (cal/cmz/day)
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Figure A68. 7-year average values and standard deviations of the total heat transfer. September 1951-1957. (cal/cmz/day)
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Figure A69. 7-year average values and standard deviations of the total heat transfer. October 1951-1957. (cal/cmz/day)
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Figure A70. 7-year average values and standard deviations of the total heat transfer. November 1951-1957. (cal/cm2/day)
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Figure A71. 7-year average values and standard deviations of the total heat transfer. December 1951-1957. (cal/cmz/day)
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Figure A72. 7-year average values and standard deviations of the sea-surface temperature. January 1951-1957. (°F x 10)
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Figure A73. 7-year average values and standard deviations of the sea-surface temperature. February 1951-1957. (°F x 10)
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Figure A74. 7-year average values and standard deviations of the sea-surface temperature. March 1951-1957. (°F x 10)
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Figure A75. 7-year average values and standard deviations of the sea~surface temperature. April 1951-1957. (°F x 10)
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Figure A76. 7-year average values and standard deviations of the sea-surface temperature. May 1951-1957. (°F x 10)
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Figure A77. 7-year average values and standard deviations of the sea-surface temperature. June 1951-1957. (°F x 10)
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Figure A78. 7-year average values and standard deviations of the sea-surface temperature. July 1951-1957. (°F x 10)
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Figure A80. 7-year average values and standard deviations of the sea-surface temperature. September 1951-1957. (°F x 10)
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Figure A8l. 7-year average values and standard deviations of the sea-surface temperature. October 1951-1957. (°F x 10)
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Figure A83. 7-year average values and standard deviations of the sea-surface temperature. December 1951-1957. (bF x 10)
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Figure A85.

7-year average values and standard deviations of the surface air temperature. February

1951-1957. (°F x 10)
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Figure A86. 7-year average values and standard deviations of the surface air temperature. March 1951-1957. (°F x 10)
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Figure A87. 7-year average values and standard deviations of the surface air temperature. April 1951-1957. (°F x 10)
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Figure A88. 7-year average values and standard deviations of the surface air temperature. May 1951-1957. (°F x 10)
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Figure A89. 7-year average values and standard deviations of the surface air temperature. June 1951-1957. (°F x 10)
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Figure A90.

7-year average values and standard deviations of the surface air temperature. July 1951-1957. (OF x 10)
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Figure A91, 7-year average values and standard deviations of the surface air temperature. August 1951-1957. (°F x 10)
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Figure A92. 7-year average values and standard deviations of the surface air temperature. September 1951-1957. (OF x 10)
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Figure A93. 7-year average values and standard deviations of the surface air temperature. October 1951-1957. " (°F x 10)
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Figure A95. 7-year average values and standard deviations of the surface air temperature. December 1951-1957. (°F x 10)
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Figure A96. 7-year average values and standard deviations of the change in sea-surface temperature between months. January 1951-

1957. (°F x 10)
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Figure A97.

1957. (°F x 10)

7-year average values and standard deviations of the

change in sea-surface temperature between months. February 1951-
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Figure A98., 7-year average values and standard deviations of the change in sea-surface temperature between months. March 1951-

1957. (°F x 10)
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Figure A99. 7-year average values and standard deviations of the change in sea-surface temperature between months. April 1951-

1957. (°F x 10)
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Figure Al100.

1957. (°F x 10)

7-year average values and standard deviations of the change in sea-surface temperature between months. May 1951-
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7-year average values and standard deviations of the change in sea-surface temperature between months. June 1951~
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7-year average values and standard deviations of the change in sea-surface temperature between months. July 1951-
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7-year average values and standard deviations of the change in sea-surface temperature between months. August 1951~

=-€0TV=



S
7-YEAR AVERAGE ANC STANDARC DEVIATION OF QSST
SEPTEMBER 1951-1957
55N . -14 =158
N 10
& 0!
,‘a .’f
50N ~18 -18 -19 -20 -20 =20
8 9 9 71 5 4
45K 37 =29 =24 -20 -16 -19 =22 =24 -25 -27 =28 -27 =25 =22 -17 -14 -11 -10 -7
23 18 12 8 6 9 11 T 3 5 8 9 10 9 9 8 7 5 3
40N -39 -37)-34 -28 -21 =19 -18 -21 =25 =28 =29 =31 -31 =28 =25 -19 -14 =10 -6 =2 2
7 fio/ 13 10 106 9 8 10 10 8 5 7 10 10 9 8 1 6 6 4 2
-35 =31 =28 =22 =21 =17 =17 =18 =21 =24 =26 <27 =25 =23 =19 =15 =10 -7 -4 0 4 6 \-2
s~ 74§1§“” 3 8 9 9 9 9 8 7 1 1T 6 1 T 5 & & & 4 3 3 ‘4
-30 =23 =21 =19 -14 =13 -12 -12 -14 -14 =15 =16 =15 -12 -9 -6 -4 -1 2 4 5 6 8 0 =>4
s 6 4 5 1 & 6 6 5 4 4 4 S 5 7 & 4 3 2 3 4 5 5 4 1D
-17 -12 -11 =10 -8 =7 -7 -8 -8 -7 -7 -6 -4 -2 0 1 1 3 S5 5 & 8 9 5 0
4 4 5 4 4 4. 4 & 5 6 6 S5 & & 5 5 3 2 2 3 4 6 8 7T 11
7y
20N -8 -5 -4 -5 -5 -4 -4 -5 -5 -4 -3 -1 -0 -1 ~1 -1 =2 -1 1 2 3 3 3 -0 =2
s 5 ¢ 7 6 5 4 4 4 5 5 5 & 5 4 3 5 5 5 § & 5§ 9 7 9
130 140 150 160 170E 180 170w 160 150 140 130 120

110

=H01V=

Figure Al04., 7-year average values and standard deviations of the change in sea-surface temperature between months. September

1951-1957. (°F x 10)
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Figure Al05. 7-year average values and standard deviations of the change in sea-surface temperature between months. October 1951-

1957. (°F x 10)
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Figure A106. 7-year average values and standard deviations of the change in sea-surface temperature between months. November 1951-

1957. (°F x 10)
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Figure Al07. 7-year average values and standard deviations of the change in sea-surface temperature between months. December

1951-1957. (°F x 10)
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Figure Al09. 7-year average values of heat advection determined from the heat balance equation. February 1951-1957. (cal/cmzlday)
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Figure Al10., 7-year average values of heat advection determined from the heat balance equation. March 1951-1957. (cal/cmz/day)
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Figure Alll. 7-year average values of heat advection determined from the heat balance equation., April 1951-1957. (cal/cmz/day)
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Figure A112. 7-year average values of heat advection determined from the heat balance equation. May 1951-1957. (cal/em/day)
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Figure All3. 7-year average values of heat advection determined from the heat balance equation. June 1951-1957. (cal/cm?/day)
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Figure All4. 7-year average values of heat advection determined from the heat balance equation. July 1951-1957. (cal/cmzlday)
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Figure All5. 7-year average values of heat advection determined from the heat balance equation. August 1951-1957. (cal/cmz/day)
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Figure All6. 7-year average values of heat advection determined from the heat balance equation. September 1951-1957., (cal/cmz/day)
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Figure All7.

7-year average values of heat advection determined from

the heat balance equation. October 1951-1957. (cal/cmz/day)
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Figure Al18.

7-year average values of heat advection determined from the heat balance equation. November 1951-1957. (cal/cmz/day)
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Figure Al119. 7-year average values of heat advection determined from the heat balance equation. December 1951-1957. (cal/cmz/day)



