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Climatology of Surface Heat Fluxes
Over the California Current Region

CRAIG S. NELSON and DAVID M. HUSBY'

ABSTRACT

Historical surface marine weather observations are used to compute large-scale atmosphere-ocean heat
exchange components over the California Current region. Heat exchange components are s ized by 1°
square areas and long-term moriths, and major features of the monthly distributions are described. The accu-
racy of the derived air-sea interaction variables and methods of computation are discussed.

The region off the west coast of the United States and Baja California is characterized by net annual heat
transfer from atmosphere to ocean. Net oceanic heat gain reaches a maximum during summer off Cape Men-
docino. Near the coast, surface heat flux is determined by a balance between incoming solar radiation and
effective back radiation. In the offshore regions, high cloudiness reduces the magnitude of the short-wave radi-
ative flux, and latent heat flux produces the largest heat loss. The principal seasonal and spatial variations in
air-sea heat transfer are a consequence of coastal upwelling which contributes to relatively low cloudiness and
high incident solar radiation near the coast, suppression of evaporative heat loss, and reversal of the sensible
heat flux. Simplified heat budget calculations demonstrate the importance of advective processes in maintain-
ing the seasonal heat balance in coastal upwelling regions. Nonseasonal fluctuations are evident in time series
of heat exchange processes, but low frequency components are not well described by the surface marine data

used in this study.

INTRODUCTION

Eastern boundary current regions, such as the area off the west coast
of the United States and Baja California, are characterized by high
organic production which supports large stocks of commercially
important fishes, e.g., Pacific sardine, Sardinops sagax; northern
anchovy, Engraulis mordax; and Pacific mackeral, Scomber japoni-
cus. High productivity is favored by vertical and horizontal transfer of
nutrients and by a shallow thermocline that typically lies above the
compensation depth in these temperate zones. Wind-forced divergence
of surface flow is the principal driving mechanisin for vertical nutrient
exchange near the coast (Wooster and Reid 1963). Thermohaline proc-
esses modify the density structure and vertical stability of the upper
ocean and partially condition these waters for high primary productiv-
ity. Internal readjustment of mass, in response to both thermal and wind
forcing processes, may contribute to large-scale changes in circulation
offshore and may alter the normal seasonal patterns of alongshore flow
near the coast.

Comparative studies of surface circulation and reproductive
strategies of pelagic fish stocks in the California Current suggest
that nonseasonal fluctuations in atmosphere-ocean exchanges of
momentum, heat, and mass lead to wide variations in recruitment
to coastal fish stocks of the region (Parrish et al. 1981). Anomalous
wind forcing may adversely affect larval survival by inducing loss
of epipelagic eggs and larvae through strong seaward surface trans-
port. Recent laboratory and field experiments have also suggested
that reproductive success of the northern anchovy is sensitive to
dispersion of food strata by wind mixing events during early larval
feeding (Lasker 1978). The corollary implies that a precondition
for enhanced larval survival may be strong vertical stability in the
upper water column and the absence of vigorous mechanical wind
mixing at the surface. Because stability is strongly affected by ther-

!Southwest Fisheries Center Pacific Environmental Group, National Marine
Fisheries Service. NOAA, c¢/o Fleet Numerical Oceanography Center. Monterey,
CA 93940.

mohaline processes, analyses of seasonal and nonseasonal
atmosphere-ocean heat exchange processes may provide valuable
indices to map favorable areas for larval survival.

Effects of climatic variability on stock recruitment have been
observed in pelagic species in other eastern boundary currents, the
North Sea, and the North Atlantic (Cushing 1975). Climatic
change may be in the form of long-term fluctuations or year-to-year
differences in the atmospheric forcing of the ocean. An important
first step in modeling the fisheries-environment relationships in the
California Current region is to determine the normal seasonal and
spatial variability of the atmospheric forcing processes from which
changes can be measured.

The California Current flows equatorward along the west coast
of the United States between a cell of high atmospheric pressure to
the west and a continental thermal low located over central Califor-
nia. Seasonal variations in the California Current appear to be
related to fluctuations in wind stress and wind stress curl (Munk
1950; Reid et al. 1958; Hickey 1979). Nelson (1977) described the
seasonal and spatial variations in wind stress and wind stress curl
for the area off the west coast of the United States and Baja Califor-
nia. In addition to the wind-driven component of flow, a complete
description of the California Current System must include the
effects of atmosphere-ocean exchanges of heat and mass (evapora-
tion — precipitation) on upper ocean circulation.

Summaries of large-scale heat exchange processes over the Cali-
fornia Current have been made by Roden (1959) and Clark et al.
(1974) based on monthly mean atmospheric properties within 5°
latitude-longitude quadrilaterals. Wyrtki (1965) discussed the aver
age annual values of heat exchange over the North Pacific Ocean
north of lat. 20°S, computed from 2° square monthly mean atmo-
spheric properties. The climate and heat exchange in a coastal
upwelling region adjacent to the Pacific Northwest have been
described by Lane (1965), who analyzed 11 yr of surface marine
weather observations and computed monthly values of heat
exchange components from 1953 to 1962. These summaries
described the gross features of the large-scale heat exchange proc-



esses and characterized the region off the west coast of North
America as an area of net annual oceanic heat gain. However, pre-
vious studies have not provided sufficient spatial resolution to
delineate the critical areas of surface heat flux within the California
Current region.

In this report we present the long-term climatological monthly
mean distributions of heat exchange across the air-sea interface
based on a summarization of historical surface marine weather
observations over the California Current region. This study differs
from previous work for this area by calculating monthly mean val-
ues on a 1° latitude-longitude grid and by computing the heat
exchange components from individual surface marine weather
reports archived in the National Climatic Center’s (NOAA, Envi-
ronmental Data and Information Service) Tape Data Family-11
(TDF-11). Roden (1974) evaluated the surface radiative and turbu-
lent heat fluxes on a 1° latitude-longitude grid. However, Roden’s
distributions were derived from monthly mean surface temperature
and wind analyses and satellite cloud cover data based on a 5°
latitude-longitude grid and interpolated to the finer mesh grnid. We
used standard bulk aerodynamic formulae, referred to a neutrally
stable atmospheric boundary layer (Malkus 1962), to evaluate the
evaporative and conductive heat fluxes. A separate analysis was
performed to evaluate the dependence of these flux computations
on the turbulent exchange coefficients as functions of windspeed
and atmospheric stability. The methods are similar to procedures
employed by Bunker (1976) and Hastenrath and Lamb (1978) for
investigations of surface heat flux in the North Atlantic and in the
tropical Atlantic and eastern Pacific Oceans, respectively. The dis-
tributions of heat exchange components described in this report will
provide basic input data for a future simulation model of large-scale
variations in the California Current ecosystem.

PROCESSING OF DATA

Surface marine weather observations archived in the TDF-11 file
consist of weather reports from teletype messages, ship logs, published
ship observations, ship weather reporting forms, and various punched
card decks obtained from foreign meteorological services. The sources
of data and periods of coverage are tabulated in the TDF-11 documen-
tation’ and in Hastenrath and Lamb (1978). Over 1 million reports are
within the California Current region and date from the mid-19th
century through 1972. Individual reports were compiled by 1° squares
within the geographical area outlined in Figure 1. The data grid extends
from lat. 21°N to 50°N and parallels the coastline of British Columbia,
the western United States, and Baja California. The grid extends 10°
of longitude in the offshore direction, a distance ranging from 1,040
kmatlat. 21°N to 717 km at lat. 50°N. Each 1° square is centered on a
whole degree of latitude and longitude. Approximately 25% of the
total available reports contain positions recorded to the nearest whole
degree of latitude and longitude. The grid orientation used in this study
reduces spatial bias which might be introduced by summarizing the
data according to the more conventional Marsden square numbering
system.

The observations contained in the TDF-11 reports vary markedly
in methods and precision of measurement due to the changes in
instrumentation and sampling techniques over the considerable
time period covered by the data base. An individual surface
weather report was used in the calculation of the heat exchange
processes only if it contained all the properties needed to compute

*National Climatic Center, Tape Data Family 11, NOAA/EDIS/NCC, Asheville,
NC 28801.
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Figure 1.—Chart of the west coast of the United States showing the grid of 1°
squares used for summaries of the surface heat fluxes. Large dots indicate
squares for which the annual cycles of heat exchange processes are displayed in
Figure 19.

the radiative and turbulent heat fluxes. Values for surface pressure,
P(mbar), sea surface temperature, 7,(°C); air temperature, 7,(°C);
wet-bulb or dewpoint temperature, 7, or 7(°C); windspeed,
U, (kn): and total cloud amount, C(oktas). were extracted from the
TDF-11 file and quality controlled with a single pass editor to
remove gross errors. Windspeed and cloud amount were converted
to units of meters per second and tenths before incorporating these
variables in the heat exchange formulae.

A total of 560,210 reports were accepted for the heat exchange
calculations. These data amounted to 57 % of the available reports.
Approximately 38% of the reports were rejected because one or
more of the surface meteorological observations were missing. An
additional 3-5% of the reports were deleted because of duplicate
reports and errors in position or because observed or derived varia-
bles could not pass specified climatic checks. An entire report was
removed if surface observations exceeded the following extreme
value limits: pressure (P) <945 mbar or > 1,055 mbar; windspeed
(U,,) >100 m/s; air temperature (7,) <-10°C or >40°C; wet-bulb
temperature (7,) <-5°C or >40°C; sea temperature (7,) < -2°C or
>35°C; and airsea temperature difference (7,-7,)<-30°C or
>30°C. Wet-bulb and dewpoint temperatures were constrained to
be less than or equal to the air temperature, and a valid estimate for
total cloud amount (C), i.e., between 0.0 and 1.0, was required to
accept the report. Cloud observations originally encoded as 9
(oktas) in the TDF-11 file indicated that the sky was obscured or
cloud amount could not be determined. Consequently, these reports
were also rejected. As a result of the editing procedures, the distri-
butions of surface heat fluxes (Appendix I) and tables of monthly
mean surface atmospheric properties (Appendix III) presented in
this report are based on a common set of weather observations col-
lected during the more restricted period from 1921 to 1972.



Empirical Heat Exchange Formulae

The net heat exchange across the sea surface, Q,, is the sum of
the direct and diffuse radiation from sun and sky reduced by cloud
cover and sea surface albedo, Qy, the net long-wave or effective
back radiation, Q,, the latent heat flux, Q,, and the sensible heat
flux, Q. as expressed in Equation (1):

QN:QS-QB—QE—Q(" (1)

Few direct measurements of radiative and turbulent heat fluxes
have been made at sea. Observations of short-wave, long-wave,
and net long-wave radiation have been analyzed by Tabata (1964),
Charnell (1967), Reed and Halpern (1975). Reed (1977). and
Simpson and Paulson (1979) for widely separated locations in the
eastern and central North Pacific Ocean. Friehe and Schmitt (1976)
and Anderson and Smith (1981) have reviewed the few available
direct eddy flux measurements of sensible and latent heat. Because
direct measurements of air-sea heat transfers are not routinely avail-
able over the ocean, the radiative and turbulent heat fluxes are com-
monly parameterized by empirical equations which incorporate
empirically determined coefficients and regularly observed atmo-
spheric properties at the sea surface and at some standard height
above the sea surface. All empirically derived heat exchange com-
ponents discussed in this report are expressed in units of watts per
square meter.

Net incoming short-wave radiation from sun and sky, corrected
for cloud cover and sea surface albedo, was calculated according to
the following equation:

Qi=(1-a)Q,(1-0.62C+0.0019h) 2)

where « is the fraction of incoming radiation reflected from the sea
surface, C is the observed total cloud amount in tenths of sky cov-
ered, and 4 is the noon solar altitude in degrees. The direct and dif-
fuse radiation from a cloudless sky, @, was obtained from an
harmonic analysis of the values tabulated in the Smithsonian Mete-
orological Tables (List 1949) for an atmospheric transmission coef-
ficient of 0.7 (Seckel and Beaudry 1973). Reed (1977) determined
that estimates of clear-sky insolation computed from the Seckel and
Beaudry formula differed from measurements of short-wave radia-
tion under cloudless skies by 4% or less.

The reduction of solar insolation due to the presence of clouds
has been estimated by various formulae ranging from linear (Kim-
ball 1928) to cubic functions (Laevastu 1960) of total cloud
amount, regardless of cloud type, or by relationships expressing a
dependence on both cloud amount and cloud type (Lumb 1964;
Seckel and Beaudry 1973). The linear cloud correction formula
suggested by Reed (1977) was adopted in this study. The total cloud
amount reports in the TDF-11 file represent visual estimates of the
fraction of the celestial dome obscured by clouds. Such highly sub-
jective observations frequently contain significant error and may
not warrant using higher order cloud correction formulae.

The linear cloud correction in Equation (2) is appropriate for
cloud cover ranging from 0.3 to 1.0. The reduction in insolation
was neglected for cloud amounts < 0.25 (i.e., 2 oktas), a proce-
dure recommended by Reed (1977), who also indicated that this
formula results in a random error of estimate less than +10% for
estimates of monthly mean insolation and +20% for weekly
means. Reed’s linear correction is similar to a formula derived by
Tabata (1964) which was shown to give excellent agreement with
radiation measurements at Ocean Weather Station “PAPA™ (OWS-
P) at lat. 50°N, where stratus type clouds predominate. Simpson

and Paulson (1979) compared observations of incident solar radia-
tion with predictions based on empirical formulae and demon-
strated that Lumb’s (1964) formula, which requires very reliable
hourly observations of cloud amount and cloud type, was superior
to Reed’s linear correction formula for predictions averaged over 11
d. Predictions based on Reed’s formula overestimated the 11-d
mean incident solar radiation by 6%. The 11-d mean was 102.5 W/
m’, and the root-mean-square deviation between observations and
predictions over the same 11 d, amounted to 16.7 W/m?. Although
cloud type observations are included in surface marine weather
reports, we did not consider the additional cloud type information
in the TDF-11 file to be sufficiently reliable to incorporate Lumb’s
more accurate formula in calculations of incident solar radiation.

Net short-wave radiation reaching the sea surface is the differ-
ence between incident solar radiation and the radiation reflected
from the sea surface. Sea-surface albedo, «, was extracted from
tables published by Payne (1972), as a function of atmospheric
transmittance and mean daily solar altitude. Transmittance values
were calculated by reducing the clear-sky atmospheric transmission
coefficient of 0.7 used in this report by the linear cloud correction
factor adopted from Reed (1977). In our calculations, albedo
ranged from 0.04 in low latitudes during summer under cloudless
skies to between 0.20 and 0.30 in higher latitudes during winter.

Effective back radiation is the difference between the outgoing
long-wave radiation from the sea surface, proportional to the fourth
power of the absolute sea surface temperature, and the incoming
long-wave radiation from the sky, which depends on the water
vapor content of the atmosphere and the type, density, and height of
clouds. In this report we have adopted the modified Brunt equation
(Brunt 1932) with the empirical constants of Budyko (1956) and the
linear cloud correction formula of Reed (1976) to compute the net
long-wave radiation:

—5.50 x10° (7, +273.16)'(0.39—0.05¢,*)(1 — 0.90). (3)
B

The atmospheric vapor pressure, ¢,(mbar), was computed from a
formula given by List (1949:366) using the observed surface pres-
sure, P, airtemperature, 7,, and wet-bulb temperature, 7, . [f any of
the required variables were missing, but the dewpoint temperature,
T,,. was present in the surface weather report, or if the archived wet
bulb temperature was derived from a reported dewpoint tempera-
ture, as in TDF-11 Decks 110, 119, 185, 187, 196, and 281, then
atmospheric vapor pressure was computed as the saturation vapor
pressure at the dewpoint temperature using an integrated form of
the Clausius Clapeyron equation (Murray 1967). In fewer than
12% of the reports, atmospheric vapor pressure was computed
from the dewpoint temperature.

In previous studies of the large-scale surface heat flux in the east-
ern and central North Pacific Ocean (Roden 1959; Seckel 1970:
Clark et al. 1974), effective back radiation was computed from the
Berliand (Budyko 1956) formula which includes a nonlinear cloud
factor and an additional term based on the air-sea temperature dif-
ference. Reed and Halpern (1975) demonstrated that the Berliand
formula produces systematically higher values than those com-
puted from the Brunt equation. Their estimates of net long-wave
radiation predicted by Equation (3) were approximately 10 W/m*
greater than measured daily mean values of 60-65 W/m*® for two
sites off the Oregon coast. Simpson and Paulson (1979) suggested
that the formulae of Brunt and Berliand are equally satisfactory and
may be used to predict daily values of net long-wave radiation with
an absolute accuracy of 20 W/m?.



The linear cloud factor in Equation (3) is appropriate for low strato-
cumulus clouds. Reed (1976) proposed an alternate linear correction
(1-0.7C) which is more suitable for the higher clouds typical of the
tropics. However, we could not discern any significant difference in
seasonal cloud cover, by cloud type, which would allow us to use the
alternate cloud factor in the lower latitudes of the study region.

The bulk aerodynamic formulae for turbulent fluxes of latent and
sensible heat across the air-sea interface in a neutrally stable atmo-
spheric boundary layer (Kraus 1972) can be expressed in the forms:

QE =P LCt (qo— qm) Um (4)
and
Q(: puCpCH( T =i Tu)Uln- (5)

In these equations.p, is the density of air, L is the latent heat of
vaporization, ¢, is the specific heat of air, C; and C,, are experimen-
tally determined exchange coefficients for water vapor and sensible
heat, g, and g,, are the specific humidities of the air in contact with
the sea surface and at 10 m or deck level, 7. — T, is the sea-air tem-
perature difference, and U,, is the windspeed at 10 m or ship ane-
mometer height. The equations are based on the assumption of a
“constant flux™ layer in the first few tens of meters above the sea
surface, which allows the use of routine ship observations rather
than measurements at the wave-perturbed, air-sea interface.

The specific humidities required in Equation (4) are not available
in surface marine weather reports, but can be approximated from
the relationship between specific humidity, g, and vapor pressure,
e, expressed in Equation (6):

e

gi= EF 5 (6)
where ¢ is a known constant ratio of the molecular weight of moist
air to dry air. equal to a value of 0.622. We assumed constant values
for density p,=1.22 kg/m’, latent heat of vaporization,
L=2.45x10°J/kg, and specific heat of air, ¢,=1.00x 10° J/kg per
°C, and expressed the empirical exchange coefficients C; and Cj;,
referred to the 10 m level, as constants equal to 0.0013 (Kraus
1972; Coantic 1974°; Anderson and Smith 1981). Substitution of
these values and Equation (6), with P=1,013.25 mbar, into Equa-
tion (4) yields the following formulae:

0:=2.38(0.98¢,—e,)U,, 7)
=159 =T (8)

The saturation vapor pressure over pure water at the sea surface
temperature, e, (mbar), was computed from a formula given by
Murray (1967) and multiplied by 0.98 to account for the effect of
salinity (Miyake 1952).

Long-term monthly mean heat exchange components were com-
puted from all available reports between 1921 and 1972 within each
1° square area. The appropriate average is defined in Equation (9):

e R S L n
(05,05.0:.00,0y) = ,_11 Y (05,0500 O 9)

i=1

where n is the total number of reports within a particular 1° square

Coantic, M. 1974, Formules empiriques d’evaporation. Note de la Con-
vention C.N.E.X.0./1.M.S.T. No. 74/951, 24 p., Xerox.

area and month. The values (Qs, Q4 Qr, Qc, Q,); were evaluated
according to Equations (2), (3). (7). (8), and (1), respectively. Each
individual report was weighted equally. Therefore, the mean values
of the heat exchange components for each long-term month and 1°
square are formed from a data set which is independent of all other
months and squares.

Monthly mean heat exchange fields are presented in Appendix I
and include incident solar radiation corrected for cloud cover and
reflection, O, (Charts 1 to 12); effective back radiation, Q, (Charts
13 to 24): latent heat flux, O, (Charts 25to 36); sensible heat flux,
O, (Charts 37 to 48): and net heat exchange across the air-sea inter-
face, Q, (Charts 49 to 60). No attempt has been made to smooth the
fields, either by removing data which do not appear to fit the distri-
butions or by applying objective smoothing procedures. The mean
heat exchange fields were contoured by computer, and “bull’s-
eyes” in the contours, even where they may reflect erroneous data,
were left in the charts as indications of the general degree of con-
sistency in the composite distributions.

Error Analysis

Errors associated with the computations of large-scale air-sea
interaction transfers described in this report reflect 1) nonconform-
ities in the spatial and temporal distributions of the surface marine
observations, 2) inadequacies in data quality, and 3) uncertainties
in the empirical heat exchange formulae. Random and systematic
errors in the marine surface data primarily result from improper
instrument calibration and measurement techniques, and inaccura-
cies introduced by data reduction at sea or in the process of archiv-
ing different data sets in the common TDF-11 format. These
sources of error may introduce large variance in the monthly distri-
butions of surface heat flux which might otherwise be interpreted as
actual seasonal or nonseasonal variability related to geophysical
processes.

The spatial distribution of the TDF-11 reports is known to be
biased to coastwise and transoceanic shipping lanes between major
seaports. Figure 2 shows the distribution of total numbers of obser-
vations per 1° square area used in this study for the calculation of
heat exchange processes. The actual numbers of observations per
month at each grid point are tabulated in Appendix II and shown as
auxiliary data in Figures 3 and 4 for the months of July and Decem-
ber. respectively. The highest density of reports exists in a zone
along the coast approximately 300 km wide. The largest numbers
of reports are in the area of the Southern California Bight. The
numbers of observations per 1° square per month ranged from 7 off
the coast of Washington in December to more than 2,400 off Los
Angeles in March, August, and October. The influence of mer-
chant vessel traffic between San Francisco and Hawaii is evident in
a zone approximately 200 km wide extending offshore, with more
than 200 observations/mo per 1° square. Approximately 29% of
the 1° squares contained fewer than 50 observations/mo, primarily
reflecting the sparse distribution of weather reports between lat.
20°N and 30°N at distances > 400 km from the coast of Baja Cali-
fornia. Nearly 40% of the long-term composite means were based
on between 100 and 500 observations/mo. More than 500
observations/mo were available in 5% of the 1° squares.

Nonuniform distributions in time introduce additional bias in the
sample statistics for the composite monthly mean heat exchange
processes. Although all acceptable surface marine weather reports
between 1921 and 1972 were used in this study, approximately 70
to 80% of the observations were collected after 1950. Therefore,
the long-term mean values more properly represent estimates for
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Figure 2.—Distribution of surface meteorological observations per 1° square.
The contour interval is 2,000 observations. Values > 3,000 are shaded.

the subpopulation extracted from the most recent 23 yr of data
(1950-72). Seasonal bias is evident in a general tendency for fewer
observations during winter than in summer, particularly in the 1°
squares containing < 100 observations/mo. The long-term means
for June and July, for example, are based on approximately twice
the number of observations as the mean values for December and
January. However, along the shipping route from San Francisco to
Hawaii. the summer means are based on from 10 to 20% fewer
observations than the winter values. Within the relatively densely
sampled coastal shipping lanes, the observations are approximately

uniformly distributed in time, and exhibit only a slight tendency for

the summer bias.

Inconsistency in the temporal and spatial sampling of surface
atmospheric properties may introduce moderate to severe aliasing
in the estimates of long-term monthly mean radiative and turbulent
heat fluxes. Certain 1° square areas contained a disproportionately
large number of observations per month with respect to the sur-
rounding squares (Fig. 2). For example, the means for the 1°
squares located at lat. 40°N, long. 124°W; lat. 46°N, long.
124°W; and lat. 48°N, long. 125°W were primarily based on 3-
hourly surface observations collected at the Blunts Reef, Columbia
River, and Umatilla Lightship stations from 1970 to 1972. We
noted a greater than order of magnitude increase in the numbers of
observations per year, from <100 to more than 1,000, at these loca-
tions beginning in 1970. According to Quayle®, the lightship data,
which may be of questionable quality, were not normally archived
in the TDF-11 file and may have been included as the result of spe-
cial contractual requests for these observations. Additional regions
of dense spatial and temporal sampling at lat. 32°N, long. 124°W
and lat. S0°N, long. 136°W exist as a result of the U. S. Navy radar
picket ship program from 1960 to 1965. A particular consequence

“R. G. Quayle, Chief, Applied Climatology Branch. National Climatic Center,
NOAA, Asheville, NC 28801, pers. commun. April 1981.

of these station-specific biases will be discussed in considering
errors associated with computations of latent heat flux.

Areal averages of track-specific data, such as the TDF-11
reports, may be aliased if regions of relatively large spatial or tem-
poral gradients are undersampled along narrow shipping lanes. It
should be noted that this type of bias is not unique to the California
Current region, and may be present in the summaries of Bunker
(1976) and Hastenrath and Lamb (1978), who also used data from
the TDF-11 file for computations of surface heat flux. Weare and
Strub (1981) suggested that spatial and temporal biases in surface
marine atmospheric data may contribute as much as 10% of the var-
iance in long-term monthly mean flux estimates averaged over 5°
squares. By averaging over 1° squares, we expect that the mean
deviations resulting from spatial bias within a 1° square should
contribute substantially <10% to the long-term variance. Tempo-
ral biases in the long-term monthly means caused by nonuniform
sampling within a month or by strong diurnal variations in surface
atmospheric properties, e.g., cloud cover, should be similar to the
estimates calculated by Weare and Strub (1981). These biases may
contribute the same order of magnitude variance as errors associ-
ated with random or systematic measurement and archiving errors
and uncertainties in the bulk formulae.

Calculations of net short-wave radiation, Q, reflect uncertainties in
the estimates for cloudless sky radiation and sea surface albedo and an
inability to accurately parameterize the combined effects of cloud
amount, type, height, thickness, and opacity on insolation. We previ-
ously discussed the errors in estimating insolation under clear-sky and
cloudy conditions based on studies conducted by Reed (1977) and
Simpson and Paulson (1979). The uncertainties in Payne’s (1972) val-
ues for sea surface albedo range from <7% for solar altitudes >25° to
25% for low solar altitudes, and may contribute from <0.5 to 10% of
the error in individual estimates of Q.

The monthly distributions of insolation discussed in this report
are based on values computed from individual reports of total cloud
amount. This procedure assumes that a single estimate of cloudi-
ness, regardless of time of day, is representative of the daily mean
cloud cover. Synoptic meteorological observations are usually
reported at 0000, 0600, 1200, and 1800 Greenwich Mean Time
(GMT), which correspond to 1600, 2200, 0400, and 1000 Pacific
Standard Time (PST). Even if equal numbers of reports were avail-
able from all four synoptic periods, which is certainly not the case,
one-half of the estimates of cloud amount would be from nighttime
observations. Alternatively, if only daytime estimates of cloud
amount were used, as suggested by Tabata (1964), then the number
of observations would be reduced by a factor of 2 or more, because
in certain 1° squares nighttime observations predominate.

[f the distribution of cloud amount during a 24-h period is uni-
form, then either daytime or nighttime observations may be used to
reliably estimate the mean daily cloud amount. However, Tabata
(1964) and Weare and Strub (1981) have shown a tendency for day-
time estimates of cloud cover to be 0.1 greater than nighttime esti-
mates at OWS-P and for a 5° square near the coast of Baja
California. Further difficulties in correcting insolation for cloudi-
ness are caused by the primitive nature of observing and reporting
from ships. Because observations of total cloud amount are
reported in oktas, or in tenths converted to oktas, random errors of
0.125 (1 okta) in individual estimates of cloud amount can be
expected. Reed (1977) also suggested the possibility of up to 0.20
positive bias in visual estimates of cloud cover in comparison with
satellite-derived values. An error of 0.125 in the linear cloud factor
in Equation (2) would produce errors in short-wave radiation rang-
ing from 8 to 10% for cloud amounts <0.4 to 18% for total over-
cast. We estimate that the error in the long-term mean radiation
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.—Standard errors of the means and numbers of observations for July. The standard error of the mean for net heat exchange is plotted in units of W/m? and

contoured at intervals of 5.0 W/m2. The number of observations used to compute the monthly mean in each 1° square is displayed below the value for the standard

error.
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values shown in Appendix I (Charts 1-12) lies within 10% or
approximately +25 W/m? for typical summer values exceeding
250 W/m’ in the 1° squares adjacent to the coast. Where the means
are based on only a few observations per long-term month (i.e.,
fewer than 10), the uncertainty may be larger.

Most of the empirical formulae for computations of effective
back radiation, Q,, have been derived for overland conditions. Few
verifications of the accuracy of the formulae have been made at sea.
Comparisons between direct measurements of Q, and predicted
values based on Equation (3) in midocean and coastal regions
established an upper bound on the accuracy of +20 W/m* or
approximately 20% of the observed daily mean net long-wave flux
(Simpson and Paulson 1979; Reed and Halpern 1975).

The principal error in estimating Q again arises from uncertainties
in the cloud correction term. However, net long-wave flux under clear
skies may also depend on the distributions of temperature and humidity
above the constant flux layer (Charnell 1967), which are not parame-
terized by the empirical formulae. The effect of neglecting humidity
variations in the lower atmosphere may be comparable with that of var-
iable cloud cover. Measurement errors in sea surface temperature, 7.,
and nearsurface vapor pressure, ¢,, of 1°C and 1 mbar, respectively,
contribute < 3% to uncertainties in estimates of effective back radia-
tion. However, an error of 0. 125 (1 okta) in estimating total cloudiness
introduces a relative error that ranges from <10% for low cloud
amounts to more than 50% for high values of cloudiness. Thus, empiri-
cal formulae which have been derived for average conditions may not
necessarily hold for estimates based on only a few observations. As the
numbers of observations increase, the contribution of random errors
will generally decrease, which suggests that the accuracy of the long-
term mean net long-wave fluxes predicted from Equation (3) lies well
within the 20% bound estimated by Simpson and Paulson (1979). In
the California Current region, the loss of heat due to net long-wave flux
varies from 20 W/m? offshore to 50 W/m” near the coast (Charts 13-
24). The associated maximum errors would range from +4to + 10 W/
m.

In western boundary current regions (Husby and Seckel 1975)
and in the North Pacific trade wind zone (Seckel 1970), oceanic
heat loss due to evaporative processes typically equals and often
exceeds the heat gain due to incident solar flux. Along the west
coasts of continents, however, latent heat flux is approximately the
same order of magnitude as the effective back radiation, which is
approximately a factor of 2 smaller than the incoming short-wave
radiation. Near the west coast of the United States during summer,
latent heat flux decreases by an order of magnitude and therefore
may be more comparable in absolute magnitude with sensible heat
flux. Although computations of latent heat flux from the bulk aero-
dynamic formula may contain large relative errors ranging from 20
to 60% (Clark 1967), the effect of data uncertainties on latent heat
and net heat exchange computations may not be as serious as in the
studies of Seckel (1970) and Husby and Seckel (1975).

The accuracy of latent and sensible heat flux computations is
affected by uncertainties in the magnitudes of the experimentally
determined turbulent transfer coefficients, C, and C;, and measure-
ment errors in observations of sea, air, and wet-bulb temperatures
and windspeed in the constant flux layer. Errors are also introduced
if the assumptions which form the bases for the empirical formulae
are not properly satisfied. Values of the neutral exchange coeffi-
cients referred to the 10 m level, as summarized by Friehe and Sch-
mitt (1976), range from 0.0010 to 0.0016 with typical uncertainties
of +20%. Variations in atmospheric stability and the assumption
that the transfer coefficients for heat and water vapor are equal and
independent of windspeed, increase the uncertainty in the magni-
tudes of the derived turbulent exchange processes.

Bunker (1976) compared monthly averages of surface meteoro-
logical observations obtained from merchant vessels within sub-
areas surrounding ocean weather stations (OWS) with
corresponding means formed from the assumed higher quality
OWS data. Based on comparisons using more than 500 observa-
tions, the 95% probability departures for air, sea, and dewpoint
temperatures were 0.159, 0.129, and 0.27°C, respectively. In our
study, 95% of the 1° square means are based on fewer than 500
observations/mo, and for 55% of the mean values, the numbers of
observations are < 100. The standard errors of temperature corres-
ponding to these long-term means are 0.3°, 0.2°, and 0.5°C. For
averages formed from < 10 observations, uncertainties in the mean
temperatures typically can be >1°C and may exceed 2°C.

The magnitudes of the errors vary as a function of instrument cal-
ibration, observing technique, and the reporting schemes used in
the historical data files. For example, temperature values in Decks
110 and 281, U. S. Navy observations 1920-51, were originally
recorded to the nearest whole degree Fahrenheit, and later con-
verted to degrees and tenths Celsius: whereas the temperatures
archived in Decks 118 and 119, Japanese ship observations 1937-
60, were reported to the nearest whole degree Celsius. Therefore,
the temperature values derived from these decks, which constitute
18% of the total observations, contain an additional uncertainty of
+0.5°C (Husby 1980). Because of large uncertainty in random
sampling errors, we have not corrected observations of sea surface
temperature for a possible systematic bias of 0.7°C in engineroom
injection temperatures (Saur 1963) or measurements of air tempera-
ture and wet-bulb temperature which may be modified by ship-
induced air flow distortion at the 10 m level (Holland 1972).

Temperature errors contribute directly to uncertainties in estimat-
ing sensible heat flux and indirectly affect calculations of latent
heat flux by introducing errors in the sea-air vapor pressure differ-
ence. Average deviations of 0.2°C in sea-air temperature difference
result in relative errors in sensible heat flux which decrease from 20
to 4% for temperature differences which increase from 1° to 5°C.
A more characteristic temperature departure of 0.5°C introduces
relative errors which decrease from 50 to 10% for similar sea-air
temperature differences. For monthly mean sea-air temperature dif-
ferences of 1°C and windspeeds of 6 to 7 m/s, errors of + 1 to +5
W/m? may be expected for sensible heat fluxes of 10 W/m-.

An error of 0.5°C in sea surface temperature results in errors in
the saturation vapor pressure over water which vary from 0.4 mbar
at 10°C to 1.0 mbar at 25°C. Comparable errors occur in estimates
of vapor pressure of the air due to erroneous psychrometric mea-
surements. Long-term mean sea-air vapor pressure differences over
the California Current region generally lie between 1.0 and 5.0
mbar. However, in the area off southern Baja California during fall
and winter. high sea surface temperatures and relatively colder and
drier continental air combine to produce sea-air vapor pressure dif-
ferences exceeding 15 mbar for individual observations. Mean dif-
ferences are generally <10 mbar. Therefore, the possible error in
computations of latent heat flux may be relatively large. For aver-
age deviations of 0.5 mbar, the uncertainty ranges from <4% for
large vapor pressure differences to more than 40% at low values.
The error associated with monthly mean values of Q, between 50
and 100 W/m? would be approximately + 10 W/m?.

In Equations (7) and (8), the vertical fluxes of heat and water
vapor have been parameterized as a function of the observed wind-
speed, U ,. Nelson (1977) discussed the sources of error in wind
reports in the TDF-11 data file and also determined that <12% of
the total wind reports consisted of measured, as opposed to esti-
mated, quantities. Approximately 35 % of the reports from the Cali-
fornia Current region consisted of Beaufort wind force estimates



which were converted to equivalent 10 m windspeeds in knots and
meters per second according to the international scale of 1946 (see
List 1949:119). The standard deviation of the overall error of an
estimated windspeed amounts to 0.58/, where / is the Beaufort
interval (Verploegh 1967), and corresponds to +0.7 to +2.4 m/s
for equivalent windspeeds of 0.9 m/s to 30.5 m/s. The remaining
53% of the observations were estimated windspeeds which did not
agree numerically with the Beaufort wind force scale but typically
were originally reported in 5-kn intervals for windspeeds > 20 kn.
Therefore, the possible error associated with these estimates is
approximately +1.3 m/s. An error of 1 m/s in estimating wind-
speed results in equivalent changes in the rates of evaporation and
sensible heat transfer of 10 to 20% for the mean windspeeds of 5 to
10 m/s most commonly observed in the California Current region.

In using the historical surface marine weather reports, we have
assumed that the wind observations were taken at a standard height
of 10 m, or that the Beaufort force estimates were equivalent to
windspeeds measured at this height. For surface winds which have
been measured by shipboard anemometers, this assumption can be
grossly inaccurate, since known anemometer heights vary from 7 to
37 m, the mean height being 21 m (Cardone 1969). If anemometer
heights were known for the vessel reports comprising the 12% of
the total observations which were measured as opposed to esti-
mated quantities, a neutrally stable logarithmic wind profile could
have been used to correct each observation from the measurement
height to the 10 m reference level. Except for the relatively few
anemometer heights from military and research vessels listed in
Cardone’s report, the anemometer heights for reports in the TDF-
11 file cannot be readily determined. By assuming that windspeeds
have been measured at 10 m, we possibly overestimate the turbu-
lent fluxes by 12% for winds actually measured at 37 m and under-
estimate the fluxes by 3% for measurements taken at 7 m.

Conclusive verification of the derived rates of sensible and latent

heat transfer and the associated accuracies of the bulk formulae has not
been possible owing to the lack of extensive direct, over-water mea-
surements of the temperature and moisture fluxes. On the basis of 30
eddy flux measurements of water vapor, Friche and Schmitt (1976)
concluded that latent heat flux is adequately described by the bulk for-
mula (Equation (4)) with an uncertainty of 15 W/m?® (standard devia-
tion). The more numerous determinations of sensible heat flux also
conform to the empirical equation with an uncertainty of approxi-
mately 3.8 to 8.4 W/m? (standard deviation). However. the direct mea-
surements of sensible heat flux show a dependence on atmospheric
stability and indicate a small positive flux of approximately 0.15 W/
m’, even when the value predicted from the term, (7,-7,)U,,, is zero.
Although Laevastu’s (1960) equation for the turbulent transfer of sensi-
ble heat predicts a nonzero flux for U, = 0 m/s (but not for (7-
T,)=0°C), the expected values from the more commonly used
formula (Equation (5)) may include a 1 to 2% bias in addition to ran-
dom measurement errors. The results of Anderson and Smith (1981)
generally confirm the bulk formulae with uncertainties of +10 to
+25%, and demonstrate the applicability of Equation (4) to negative
fluxes of water vapor (i.e., condensation).

Equations (7) and (8) are generally used to parameterize the loss
of heat from ocean to atmosphere due to evaporative and convec-
tive processes. The reverse processes of condensation and sensible
heat transfer to the sea are also predicted by the formulae. Negative
values of (7-T,) are commonly measured in eastern boundary cur-
rent regions during periods when coastal upwelling establishes a
stable atmospheric boundary layer. Comparable negative sea-air
vapor pressure differences (e -e,) are not observed as often. Over
large regions of the oceans, vapor pressure decreases with height.
although the opposite behavior can occur over cold water areas

(Roll 1965). Laevastu and Harding (1974) demonstrated a rela-
tively rapid 5-h response of the properties of the surface air to
changes in the properties of the sea surface. Therefore, in midlati-
tude and tropical regions away from coastal boundaries, the maxi-
mum atmospheric vapor pressure would be expected to correspond
to the saturation vapor pressure at the sea-surface temperature, and
evaporation would occur.

During spring and summer, modification of the atmospheric
boundary layer by coastal upwelling processes produces stable stra-
tification which is favorable for the formation of advection fog,
particularly along the coasts of central and northern California and
Oregon. When the contrast between warm, relatively moist air
overlying a cooler sea surface is large, fog may persist even when
the wind is strong. The resulting downward flux of water vapor
transfers latent heat from atmosphere to ocean. A downward flux of
moisture may also exist in a stable boundary layer in the absence of
fog, as the data of Laevastu and Harding (1974) and Anderson and
Smith (1981) demonstrate.

In a study of the heat exhange processes over the North Pacific
trade wind zone, Seckel (1970) assumed that negative sea-air vapor
pressure differences were due to erroneous observations of sea sur-
face temperature, vapor pressure of the air, or both, and in such sit-
uations set the computed latent heat flux equal to 0. Over the
California Current region, we found that 10% of the usable surface
weather reports resulted in negative fluxes of latent heat. If these
values were due to bad observations, then an approximately equal
number of positive values should also be affected by poor quality
observations, but we had no a priori reason to reject 20% of the data
or possibly alias the long-term mean distributions by neglecting the
rate of heat change through condensation, as Roden (1959) did in a
previous study of the heat balance of the California Current region.
However, additional quality control tests were implemented to
remove unreasonably large negative and positive fluxes of both
latent and sensible heat.

Editing procedures consisted of comparing observed surface proper-
ties with the average joint probability density functions of air-sea tem-
perature difference versus windspeed and sea-air vapor pressure
difference versus windspeed computed from the entire data set. Pairs of
data values which fell outside a 1% bound of the joint probability den-
sity estimates were rejected. This method was relatively conservative,
and <0.5% of the data was removed. The distributions could have
been trimmed more severely. For example, in an earlier version of the
flux calculations, we used Seckels (1970) method and set the latent
heat flux equal to zero for negative sea-air vapor pressure differences.
Comparisons of the two sets of values showed that the ratio of the dif-
ference between the old and new values to the standard error of the
mean of the recomputed data was consistently < 1.0, except in regions
within 200 km of the coast during months when coastal upwelling
occurs. We concluded that our results would not be severely distorted
by using Equation (8) for computing both positive and negative latent
heat fluxes, and might be more representative of actual surface layer
conditions near the coast.

Our computations indicate an upward flux of latent heat (Appen-
dix I, Charts 25-36) over the entire California Current region
except at lat. 40°N, long. 124°W in May, July, August, and Sep-
tember when the mean fluxes are -0.6, -11.0, -12.1, and -8.7 W/
m?, at lat. 41°N, long. 124°W in July and August (— 6.0 and —0.4
W/m?), and at lat. 43°N, long. 124°W in July (—18.2 W/m?)
Negative (condensation) values may be expected for periods of sev-
eral hours to a few days; however, it seems unlikely that latent heat
transfer from atmosphere to ocean would be charactenstic in a
long-term monthly mean sense.



Even though we may have correctly predicted the relative effects
of condensation, the magnitudes of the computed values may be in
error. When latent (and sensible) heat is transferred to the ocean, high
stability of the air close to the sea surface greatly inhibits turbulent
transfer, perhaps reducing the flux to <10% of the corresponding
magnitude for comparable conditions in an unstable boundary layer. To
test the effects of such a reduction, we recalculated the values for the 1°
squares adjacent to the coast between Cape Mendocino and Cape
Blanco and reduced the magnitudes by 90% when the computed latent
heat fluxes were negative. The resulting long-term monthly means for
the 1° squares and months indicated above remained small. but posi-
tive, being < 10 W/m? in the mean.

Spatial and temporal biases also may have affected the calculations
of latent heat flux. The long-term mean for July in the 1° square off
Cape Blanco (lat. 43°N, long. 124°W) was computed from only 13
ohservations, of which nine values resulted in negative fluxes of latent
heat. South of Cape Mendocino, observations from the Blunts Reef
Lightship station consistently biased the long-term means by effec-
tively weighting the computed fluxes for 1970 and 1971 by an order of
magnitude more than for any other year. By removing the lightship
data, the negative values of latent heat flux which appear at this loca-
tion during summer (Chart 29 and Charts 31-33) could have been
removed, and for July the mean value would have changed from -11.0
W/m? (condensation) to +5.5 W/m? (evaporation). Although we rec-
ognized that these biases existed, no attempt was made to systemati-
cally remove observations from those areas where densely sampled
station data were apparent.

There are very few direct measurements of negative fluxes of water
vapor (latent heat) and none which support a large reduction in the
transfer across the airsea interface under stable conditions. The data
reported by Anderson and Smith (1981) suggested only a 12% and at
most a 50% reduction in the transfer process (see their equations (7)
and (8)) in a stable as opposed to an unstable boundary layer, for com-
parable values of moisture flux. Although the magnitudes of latent heat
flux remain somewhat in doubt, our computations indicate that heat
losses due to evaporation from the sea surface make a relatively unim-
portant contribution to the oceanic heat budget during summer in
regions adjacent to the coast.

The net heat exchange across the sea surface. Q,, is the difference of

large numbers. Therefore, the uncertainty in O, may be substantially
greater than the errors for the individual exchange processes. For
example, during July off Monterey, Calif., the average value of Q, is
197 W/m?. Conservative estimates of the errors in Q(10%), 04(10%),
0,(15%). and O (15%) result in a relative error of 17% in the estimate
for 0,. At the same location in December, the error in O, increases to
64 % for a long-term mean value of -36.7 W/m’.

The accuracy of each of the long-term monthly mean heat flux
components was independently estimated by computing the stand-
ard error of the mean defined by:

SEQ =SD,/A/n (10)
where SE; i\ the standard error of the mean for each heat exchange
component (i.e., Os, Oy Or Oc, O, SD,, is the corresponding
sample .\landard deviation, and n is the number of observations.
Large values of n and small values of SD,, correspond to mean val-
ues Q which closely approximate the population means. Although
the computed standard errors reflect observational noise as well as
nonseasonal variability, the distributions of SE; provide an overall
view of the reliability of the long-term monthly heat flux estimates.

Standard errors of the means and the numbers of observations in
each 1° square area and long-term month are tabulated in Appendix
II. The standard errors are largest for O, and Q; and smallest for O,
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and Q,. The resulting standard errors of the means for QN,(SEQ'),
range from 1.3 W/m? at lat. 33°N, long. 118°W in September
(n=2,259) to 57.6 W/m?® at lat. 22°N, long. 120°W in June
(n=9). Distributions of minimum and maximum values of SEQ
generally conform to the pattern of observations shown in Figure 2.

The net heat exchange standard errors and the numbers of obser-
vations for July and December, respectively, are mapped in Figures
3 and 4. Minimum values of SEQ coincide with the coastwise ship-
ping lanes stretching from southern Baja California to Point Con-
ception and with the transoceanic track between San Francisco and
Hawaii. In the extreme northwest section of the grid, steady west-
erly winds and minimum sea-air vapor pressure differences contrib-
ute to low values of SE in July (Fig. 3). Within these regions, the
95% probability of departure from the population mean is < 10W/
m’.

High values of SE, occur along and offshore from the coast
between Cape Mendocino and Cape Blanco (Fig. 3) and in the
southwest section of the grid, and are associated with regions of
sparse data, although sporadic sampling of intense winter storms
may also lead to large values (Fig. 4). Values between 5 and 10 W/
m? occur throughout a large portion of the summary area in July. In
the offshore regions from lat. 21°N to 31°N and from lat. 40°N to
50°N, 95% probability departures frequently exceed 30 W/m’ in
December. Typical ratios of the standard error to the mean net heat
exchange (SE;, /Q,) range from 0.01 to 0.27 in July, the average
ratio being 0. 05. In December, large values of SE‘—2 and small val-
ues of Q, result in ratios which vary in absolute magmtude from
0.04 to 34.8, with an average value of 0.71.

In areas outside of the primary shipping lanes, monthly mean dis-
tributions of Q, are based on approximately equal numbers of
observations per 1° square. If there are no systematic sampling
errors, then the relative magnitudes of the computed standard errors
of the means should be related to the spatial and temporal variabil-
ity in Q,. Figures 3 and 4 indicate a slight tendency for larger values
ot'SEO\ in the northern section of the grid than in the southern area.
The seasonal contrast is more apparent. The greater variability
associated with winter surface atmospheric properties contributes
to values of SE;, which are 50 to 100% larger in December (Fig. 4)
than in July (an 3). which indicates that a large part of the
monthly variance in Q, may be due to actual intramonth fluctua-
tions rather than observational errors.

Limits on the absolute accuracy of the empincally derived heat trans-
fers have not been well established by experimental data. Nevertheless
we feel that the general coherence of the values mapped in Appendix I
demonstrates that the fields are representative of the expected spatial
and seasonal variability over the California Current region. Small-scale
features and detail within a single 1° square area which are not sup-
ported by similar values in surrounding squares probably reflect obser-
vational “noise” and should be viewed with caution. Smoother
distributions could have been produced by taking averages over 2° or
5° square areas as Wyrtki (1965) and Roden (1959) have done. How-
ever, 1° square resolution was retained to preserve detail in the distribu-
tions of the individual heat exchange processes, particularly within 300
km of the coast. The fine spatial resolution may be less meaningful for
the offshore regions where the decrease in the number of observations
per averaged value increases the uncertainty in the derived quantities.

DEPENDENCE OF HEAT EXCHANGE
ESTIMATES ON COMPUTATIONAL METHODS

The procedures followed in this study involved computations of the
heat exchange processes for each weather report, which were then
averaged to form the long-term monthly mean values. Constant



exchange coefficients, C, and C,,, were used in Equations (4) and (5) to
estimate the turbulent fluxes of latent and sensible heat. Different
results might have been obtained if the radiative and turbulent fluxes
had been calculated from monthly mean atmospheric properties or if
the transfer coefficients for the turbulent fluxes had varied with wind-
speed or atmospheric stability. These aspects are discussed below.

Exchange Processes Computed from
Monthly Mean Atmospheric Properties

Previous summaries of large-scale heat exchange processes have
used mean monthly values of atmospheric and oceanic properties in
the empirical formulae, primarily due to the lack of sufficient data
to perform the calculations on shorter time scales. Malkus (1962)
has shown that the use of mean monthly values can lead to underes-
timates of the turbulent heat fluxes. For the sake of comparability.
we have assembled long-term monthly mean atmospheric proper-
ties (Appendix IIT) and used these values to recompute the heat
exchange components.

Figure 5 shows a scatter diagram of all monthly gridpoint values of
net heat exchange computed using mean monthly properties, Q,(M ),
versus the mean monthly net heat exchange computed from the individ-
ual synoptic weather reports, Q,(/). The slope of the least-squares
regression of Q(M ) on Q,(/) is 1.02 and the coefficient of determina-
tion (R?) between the two data sets is 0.99. Because the correlation for
this regression may be artificially inflated by the seasonal cycle in both
data sets, linear regressions were computed by month for each of the
heat exchange components. Table 1 lists the coefficients of determina-
tion, significant above the 99% level, and slopes of the regression
lines, each of which is based on 300 pairs of observations.

The mean heat transfers computed from the individual surface
weather reports show a high degree of correlation with those computed
from mean monthly atmospheric and oceanic properties. The highest
correlations are found for Q, and Q; (R?>0.99). The regressions for
O, show the lowest correlations and the greatest degree of seasonal var-
iability (0.88 <R*<0.96).

The slopes of the regression lines provide an estimate of the average
differences between values of the radiative and turbulent fluxes com-
puted by the two methods. The largest deviations occur for incident
solar radiation. The monthly values, Qy(M), are from 1 to 18% larger
than corresponding estimates, Qy(/), based on synoptic reports. A simi-
lar relationship between Qy(M) and Q(/) has been demonstrated by

Seckel (1970) and Husby and Seckel (1975). The correlations for latent
and sensible heat exchange show that computations which use monthly
mean properties consistently underestimate the turbulent fluxes by 1 to
8% for Q; and 3 to 13% for Q. although in August, September. and
October, the Q,(M) values are approximately 1% larger than Q.(/).
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Figure 5.—Linear regression of monthly net heat exchange values computed
from mean monthly meteorological properties, Qy(M), versus monthly net
heat exchange computed from individual reports, Qy(I). Units are W/m2. The
correlation coefficient is R = 0.997 and the coefficient of determination is R2 =
0.994. The dashed diagonal line represents the regression equation
Qn(M) =2.598 +1.023 Q\(I).

These differences are comparable with values of about 7% discussed
by Malkus (1962) and are within the uncertainties of the determina-
tions discussed earlier.

Estimates of net heat exchange computed by the two methods are
well correlated (0.95 <R <0.98). Slopes > 1.0 indicate that the values
based on monthly parameters, Q,(M), are consistently more positive
than the monthly averages of individual estimates, Q,(/), although this
generalization is not valid for all areas in all months. Distributions of
the ratio Q,(M)/Q\(]) are shown in Figures 6 and 7 for July and
December. respectively. In July the values for Q,(M) are approximately
3% greater than those for Q,(/), except near the coast of southern Baja
California, between Point Conception and Cape Blanco, and off Van-
couver Island. The use of long-term monthly mean atmospheric prop-
erties results in 5 to 10% higher oceanic heat gain in these regions
compared with the monthly means of synoptic estimates. During
December;, the ocean loses heat over the entire California Current
region (Chart 60). Values of Q,(M)/Q,(I)< 1.0 occur over approxi-

Table 1.—Monthly values of coefficient of determination (R?) and slope (B) of regression line for linear regres-
sions between heat exchange components (Qs, Qp, Of, Oy Q) estimated from monthly mean atmospheric
properties, (M) and those computed from individual reports, Q(/).

Jan. Feb. Mar. Apr. May June July  Aug. Sept Oct Nov. Dec

0 R? 0.998 0.997 0.993 0.991 0.991 0991 0994 0989 0990 0.995 0.998 0.999
5 1.016 1.028 1.05! 1.079 1.164 1.181 1.156 1.096 1.056 1.036 1.021 1.009
0 R? 997 998 998 997 998 998 999 998 996 995 997 997
5B 1.003 1.000 1.003 1.003 .995 993 992 989 987 1.010 1.004 996
0 R2 954 968 975 986 986 980 974 .962 971 972 970 963
E B .929 923 961 988 987 985 988 1.022 1.007 1.012 961 926
R 934 881 .927 924 945 955 963 955 948 931 941 909

Qc g 953 865 939 946 966 953 .944 966 926 943 960  .926
0 R? 970 957 058 952 956 963 979 958 962 974 980 965
V'B 1.018 1.029 1.048 1.086 1.049 1.085 1.121 1.091 1.067 1.022 1.025 1.017
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mately 60% of the data grid (Fig. 7) and imply less oceanic heat loss
for the flux estimates computed from monthly mean variables. Higher
heat loss would be expected over a large area adjacent to the Pacific
Northwest. The high linear correlations between heat exchange com-
ponents estimated from monthly mean atmospheric properties and
those computed from synoptic reports imply that the principal spatial
and temporal patterns evident in the charts in Appendix I are indepen-
dent of the averaging methods used to compute the monthly mean
fluxes.

Effects of Variable Exchange Coefficients

The empirical formulae which have been applied to studies of
large-scale turbulent latent and sensible heat transfer vary primarily
in the form of the exchange coefficients which have been used. In
the derivations of the bulk aerodynamic formulae, it is usually
assumed that the coefficients C, and C, are constants, approxi-
mately equal to the drag coefficient, Cp, for momentum transfer
(Roll 1965). For example, Kraus (1972) suggested the value
C,=C,=C,=0.0013. In recent years, however, a great deal ol
effort has gone into the determination of these bulk exchange coef-
ficients and their dependence on windspeed, atmospheric stability,
and the aerodynamic roughness of the sea surface as a function of
the spectral shape of the ocean wave field (Davidson 1974). Until
these coefficients have been accurately determined for all combina-
tions of stability, windspeed, and sea conditions, the bulk exchange
formulae are best regarded as dimensionally correct parameteriza-
tions which need further experimental verification (Pond 1975).

Busch (1977) discussed the results of recent research and described
the work of Frieche and Schmitt (1976), who compiled data from sev-
eral sources, including their own, and found that the exchange coeffi-
cient for the turbulent flux of latent heat was well described by
C.=1.32 x10° +0.07x10°. The coefficient for sensible heat transfer
could be approximated by C,=1.41x10°+0.02x 10" over wider
ranges of windspeed and sea-air temperature differences. Their analy-
ses suggested that the coefficient, C,, was constant and larger than that
for sensible heat transfer, C,,, for equivalent windspeeds, and demon-
strated a dependence of C,; on atmospheric stability and windspeed. An
extensive review of comparable data for momentum transfer (Garratt
1977) substantiates the windspeed dependence for the drag coefficient,
C,. The dependence of the transfer coefficients on atmospheric stabil-
ity has been predicted by Deardorff (1968). Based on theoretical con-
siderations and a review of experimental data, Coantic (footnote 3)
recommended the values, C.= C,;=1.3x10" for windspeeds < 10 m/s
and C,=C,=(1.0 + 0.05U,,) x10* for the range, 0< U,,; <20 m/s.
Eddy flux measurements discussed by Anderson and Smith (1981)
indicated a positive windspeed dependence for the neutral evaporation
coefficient, C,=(0.55+0.083 U,,) x 107, for windspeeds of 5 to 11
m/s. No dependence of C, on atmospheric stability was observed,
although this result may have been influenced by the lack of numerous
direct measurements in stable conditions. The corresponding tempera-
ture flux data showed a 40 % increase in the coefficient for sensible heat
transfer from C,=0.82x10" in a stable boundary layer to
C,,=1.12x10 for unstable conditions. Because there is large scatter in
open ocean determinations of C, and C,,, lack of agreement among
individual observers, and a tendency for uncertainties in the flux esti-
mates introduced by errors in the observed atmospheric properties to be
larger than errors caused by variations in the exchange coefficients, we
assumed identical and constant values for C; and C,, in this study.

To investigate the possible effects of variable exchange coeffi-
cients on the turbulent transfer processes, the monthly mean fields
of latent and sensible heat flux have been recomputed, and the con-
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stant values C, and C,, in Equations (4) and (5) were replaced by
coefficients which varied with windspeed and atmospheric stabil-
ity. The linear relationship proposed by Coantic (footnote 3) was
used to define the windspeed dependence of C; and Cy,, and Dear-
dorff’s (1968) empirical expressions, which are functions of the
bulk Richardson number (Ri),, were adopted to parameterize the
dependence of the exchange coefficients on stability. Neutral stabil-
ity was assumed when the absolute value of the air-sea temperature
difference was < 1°C and the available data were further reduced
by restricting the calculations to the range -0.2 <(Ri),<0.1. In the
following discussion we consider only the calculations for latent
heat flux. Complete details will be reported elsewhere.

The combined effect of windspeed and atmospheric stability was
computed as a percentage increase (decrease) in the magnitude of
the monthly mean latent heat flux above (below) the corresponding
value computed with a constant coefficient. Values corresponding
to the percentage differences for June and December, respectively,
are displayed in Figures 8 and 9. In June, the average percentage
increase is between 10 and 15 %, although in the region of the wind
stress maximum between Point Conception and Cape Blanco (Nel-
son 1977), the computed increase may be larger than 25% . The cor-
responding evaporative heat loss increases from approximately 45
to 56 W/m’. The winter distribution (Fig. 9) shows an alongshore
gradient. South of Point Conception the average percentage
increase is approximately 15%. while in the region adjacent to the
Pacific Northwest differences >40% might be expected.

The principal difference between estimates of latent heat flux
computed with a variable as opposed to a constant exchange coeffi-
cient, C,. is caused by the windspeed dependence of C,. Additional
analyses were performed to identify the relative effects of atmo-
spheric stability and windspeed. The results for June suggesta 10 to
20% increase in latent heat transfer due to the dependence of C, on
windspeed. Stability effects account for <5% of the overall
change. Higher windspeeds and unstable conditions associated
with transient winter storms produce larger differences. Stability
effects account for a 10 to 15% increase in latent heat flux during
winter, and the windspeed dependence of C, contributes between 5
and 25% of the difference. The relative differences between esti-
mates of latent heat flux computed with a constant exchange coeffi-
cient as opposed to a coefficient which depends on windspeed and
stability, are larger than values of <5% reported by Dorman et al.
(1974) at OWS-N, but more consistent with increases of 6 to 15%
discussed by Husby and Seckel (1975) for OSW-V and with results
for the North Pacific trade wind zone described by Seckel (1970).

SEA LEVEL OCEAN-ATMOSPHERE
PROPERTIES AND THEIR
SEASONAL VARIABILITY

The predominant factors influencing the seasonal variations in the
airsea interaction processes of the California Current region are the
seasonal movements and changes in intensity of the subtropical high
pressure system and the continental low pressure system and variations
in the properties of the waters of the California Current. The variations
in the atmospheric pressure centers modify the surface wind field and
the distribution of cloud cover, and, through the action of the surface
wind stress, induce upwelling at the coast during summer. Upwelling
has a marked effect on the climate along the west coast of North Amer-
ica (Smith 1968).

Figure 10 shows the average monthly sea level atmospheric pressure
distributions over the eastern North Pacific Ocean and the west coast of
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Figure 8.—The effect of a variable exchange coefficient (C;) on computations of latent heat flux (Qy) for June. Plotted values are the percentage increase (decrease) in
latent heat flux above (below) that computed with a constant exchange coefficient. The contour interval is 10.0. Negative values are shaded.
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Figure 10.—Mean monthly atmospheric sea level pressure (mbar) over the eastern North
Pacific and the west coast of North America during February, May, August, and November.
The contour interval is 2.5 mbar (after Reid et al. 1958).

North America during 4 mo of the year (adapted from Reid et al.
1958). During spring and summer (May and August) the subtropical
high reaches its maximum northward position and maximum pressure,
and at the same time a thermal low pressure system develops over Cali-
fornia and Arizona. The large high pressure area shunts migratory
cyclones, which pass across the coasts of Washington and Oregon in
the fall and winter, well to the north. For winds in geostrophic balance,
the surface wind blows parallel to isobars as indicated by the arrow
barbs on the isobars. Frictional effects in the planetary boundary layer
deflect the surface winds toward low pressure. The composite monthly
mean windspeed distributions for June and December, respectively
(Figs. 11, 12) illustrate the character of seasonal changes in the surface
wind field. During summer (Fig. 11), the region north of lat. 40°N
shows relatively low windspeeds of 6 to 7 m/s over almost the entire
area. Maximum windspeeds in excess of 9 m/s are found off Cape
Mendocino. This offshore maximum is aligned parallel to the coast and
maxima can be traced to the south as far as Punta Eugenia, at a distance
of about 200 to 300 km from the coast. In contrast, during winter strong
onshore winds north of lat. 40°N (Nelson 1977) blow at speeds of 9 to
11 m/s, while the area to the south experiences speeds of 5 to 8 m/s,
with a somewhat disorganized pattern (Fig. 12).

During the summer, relatively strong alongshore equatorward
winds induce an offshore transport of surface water due to the rota-
tion of the earth acting upon the oceanic response to equatorward
wind stress. Conservation of mass requires replacement by conver-
gence in the equatorward surface flow or compensation from
below. giving rise to an upwelling of water from intermediate
depths along the coast. This upwelling forms a large area of rela-
tively cold water along the coasts of Oregon and California. Fig-
ures 13 and 14 show the long-term composite sea surface
temperature fields for the months of June and December, respec-
tively, which have been computed from historical surface marine
data. The California Current brings relatively cold, freshwater
along the west coast of the United States as a branch of the North

17

Pacific Current, which is deflected to the south by the North
American continent. In December (Fig. 14) the coldest water is
found at the northernmost latitudes, but as the current is deflected
to the south the isotherms bend to the south and colder water is
found along the coast relative to the water farther offshore. As the
water continues south it is warmed by mixing with warmer water
offshore and an increase in solar radiation. In June (Fig. 13) cold
water is evident at the northerly latitudes, but a large area of cold
water (11°-13°C) exists along the coasts of Oregon and northern
California. Another region of relatively cool water is found near the
coast of Baja California, north of Punta Eugenia. Such conditions
persist off Oregon and northern California through September.
During the summer. the only possible source for this cold water is
from below, because warmer sea surface temperatures occur to the
north.

Nelson (1977) described the seasonal vanation of the alongshore
component of wind stress and discussed the northward progression of
the maximum alongshore wind stress from Apnl and May off the coast
of Baja California to July and August off Cape Mendocino and Cape
Blanco. The movement of this alongshore wind stress maximum,
which is an indicator of conditions favorable for upwelling, is the result
of the northward shift and strengthening of the subtropical high pres-
sure center and the coincident development of the continental thermal
low. An important characteristic of this dome of high pressure is that
the atmospheric circulation around the eastern edge of the system is
divergent and large-scale subsidence occurs. The combination of the
large-scale subsidence of warm air from aloft and the upwelling of cold
water along the coast results in the formation of a strong low-level
inversion in the marine atmospheric boundary layer This inversion
suppresses deep cloud formation and greatly inhibits precipitation. The
effect of the large-scale subsidence is noted in the true desert climate of
Baja California, particularly south of Punta Eugenia. and in the almost
complete lack of rainfall along the coasts of California and Oregon dur-
ing summer. Within 10 to 20 km of the coast, upwelling influences the
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Figure 14.—Long-term composite monthly mean sea surface temperature (°C) distribution for December. The contour interval is 1.0°C.
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Jocal climate by contributing to the formation of low stratus clouds and
fog below the boundary layer inversion, which lies between 300 and
500 m above the surface. Farther seaward the cloud deck breaks up into
cumulus clouds (Neiburger 1960).

DISTRIBUTION OF COASTAL STRATUS
IN RELATION TO COASTAL UPWELLING

From May to September the coasts of California and Baja California
are influenced by an extensive deck of low-level stratus and stratocu-
mulus clouds. These clouds have a profound effect on the short-wave
and net long-wave radiation reaching the sea surface. Figure 15 dis-
plays a schematic pattern of this stratus region which was derived from
analysis of early satellite photographs by Gerst (1969). Typical surface
isobar and sea surface temperature patterns are included in the figure.
The wedge-shaped area of stratus clouds has its northern terminus near
lat. 40°N; Gerst found that it was most frequently located between lat.
35°N and 41°N. The boundaries of this stratus cloud deck appear to be
controlled by the direction of the air flow, the sea surface temperature
gradients, and the divergence of the wind field. The coastal boundary
of the stratus deck is known to undergo diurnal shifts in the onshore-
offshore direction due to the land-sea thermal contrast, which results in

et

_ isobar |

BOUNDARY

isobar

130° 120°

Figure 15.—Schematic diagram of the typical summer pattern of low stratus
clouds and the corresponding surface pressure and sea surface temperature
patterns (after Gerst 1969). The region of the stratiform cloud mass is shaded.
Typical summer values of sea surface temperature (°C) and surface pressure
(mbar) are indicated on the chart. The contour intervals are 1.0°C for temper-
ature and 2.5 mbar for pressure.
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the afternoon dissipation of clouds in a narrow zone adjacent to the,
coast. The diurnal variation of the stratus cloud cover along the coast
appears to be strongest in the Southern California Bight south of lat.

34.5°N.
Neiburger et al. (1945) distinguished between stratus formation

processes in southern California and those in central and northern
California. Abrupt turning of the coastline at Point Conception, the
presence of the Channel Islands, and the extensive area of shallow
water influencing the sea temperatures along the coast all contrib-
ute to the different nature of the stratus south of lat. 34.5°N. In
northern and central California, the formation and dissipation of
the stratus was thought to be an advective phenomenon. Frequently
the subtropical high pressure center extends into the Pacific
Northwest and the winds along the coasts of Oregon and northern
California become northeasterly (Lane 1965). This is the situation
depicted by the surface isobar pattern in Figure 15. The resulting
offshore flow of dry, warm air is not favorable for stratus forma-
ton.

The presence of cool, upwelled water in a narrow zone, of the order
of 50 km, adjacent to the coasts of Oregon and California, particularly
in the vicinity of prominent capes and headlands, is thought to enhance
the low level cloudiness and often promotes the formation of fog when
the prevailing air flow brings relatively warm, moist air over the cold
water. Tont (1975) described a relationship between low values of per-
cent possible sunshine measured at San Diego airport (lat. 32° 44'N,
long. 117°10"W) and high values of an upwelling index (Bakun 1973)
computed for a location 2° of longitude offshore. He attributed the low
values of percentage sunshine during May and June to relatively heavy
cloud cover along the coast. Relatively high surface salinity values
measured at the Scripps Institution pier during these months were
assumed to indicate strong upwelling.

To investigate the relationship between coastal upwelling and low
level cloudiness we compared the annual cycles of monthly anomalies
of low level cloud amount at several locations known to be influenced
by coastal upwelling with the anomalies in 1° squares situated 10° of
longitude offshore (Fig. 16). In this figure the deviations of the mean
monthly low cloud amounts from the annual mean are plotted for the
1° coastal squares at lat. 40°N, 37°N, 33°N, 30°N, and 27°N and for
the offshore squares at the same latitudes. The offshore squares all
show positive anomalies during some or all of the months from May to
September, with seasonal changes of up to 0.2. At the coastal squares
between lat. 30°N and 37°N, the summer increase in low cloud
amount is the greatest and the amplitude of the seasonal change is as
large as 0.3. The larger amplitude of the seasonal change in low cloud
cover between Punta Baja, lat. 30°N, and near Monterey Bay, lat.
37°N, may be attributed to the effects of coastal upwelling. However,
the region near Cape Mendocino, lat. 40°N, does not show any signifi-
cant changes in low cloud amount during summer, although this area
expeniences the coldest sea surface temperatures during this season
(Fig. 13). This lack of an increase in the mean stratus cloud cover may
be due to the frequent offshore flow of air (Lane 1965). The monthly
statistics of low cloud cover at lat. 40°N showed that approximately
40% of the reports during May through September were coded as clear
(i.e., no clouds visible). A large number of clearsky reports could
result from a predominance of reports taken in the afternoon if there
were strong diurnal variation in the cloud cover. However, the long-
term composite low cloud amounts for the 1° square at lat. 40°N did
not show statistically significant differences between the morning
(1000 PST) and afternoon (1600 PST) synoptic observation times. The

SLee, T. E 1979, Diurnal vanations of coastal stratus.
Center, TP-80-02, Point Mugu, Calif., 51 p.

Pacific Missile Test

e



OFFSHORE COASTAL
IFMAHI!ISGNP IFMAMI!A§0ND
21 2
. m=68 40N m=46
/
A} | Y
2 2
m=64 37N | /—’\ m=.44
0 /\ /\ 0
2 2
2 2
/\m=_63 33N m=43
-2 2l
2
m=68 30N = 51
e, ’
2 _2J.
i 66 27N | 26
m=. Q7 m=.
0 //’\ 0 ————\
T ShE
) =2

Figure 16.—Monthly anomalies of low cloud amount (tenths) for lat. 40°N,
37°N, 33°N, 30°N, and 27°N in the 1° squares near the coast and 10° offshore.
The mean annual low cloud amount from which the anomalies were computed
is indicated in each plot by the value (m).

coastal cloud cover near Punta Eugenia at lat. 27°N shows very little
seasonal change, reflecting the coastal desert climate of southern Baja
California, with cloud cover <0.3 throughout the year.

Although the annual cycles of low cloud cover show local maxima at
locations corresponding to the sites of upwelling along the central and
southern California coasts, the long-term composite monthly total
cloud cover distributions reveal spatial minima in cloud cover at the
coast, coincident with areas of cold upwelled water. Figure 17 displays
the composite monthly mean total cloud cover for July. Cloud cover
values of about 0.5 of sky obscured are found in the Cape Blanco-Cape
Mendocino area and south of Point Conception. Beyond 200 to 300 km
from the coast, cloud cover varies from 0.7 to 0.8 of sky covered. The
low cloud cover south of Punta Eugenia, <0.4, is a permanent feature
associated with the persistent offshore flow of dry continental air. The
pattern of cloud minima at the coast during summer is substantiated in a
number of recent climatological atlases, e.g., U.S. Naval Weather
Service Detachment (1977) and U.S. Department of Commerce and
US. Air Force (1971). Figure 18 displays the composite mean cloud
cover over the North Pacific on a 2.5° latitude-longitude grid for July
denved from a compilation of satellite images during the period 1965 to

1972." Isopleths are labeled in units equivalent to oktas of sky covered.
Values of 3 to 3.5 oktas along the coasts of Oregon and California and
Off the coast of Baja California are equal to cloud cover of 0.4 to 0.45

—_—
“Sadler, J. C., L. Oda, and B. ). Kilonsky. 1976. Pacific ocean cloudiness from
satellite observations. UHMET 76-01, Dep. Meteorol., Univ. Hawaii, 137 p.
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of sky covered. These estimates are independent of the surface marine
data.

Simon (1977) analyzed mean cloudiness in an area off California
from May to September 1975 using 6-hourly photographs from the
geostationary satellite SMS-2. He found a minimum cloudiness zone
off the coasts of northern and central California, which was closely
associated with a region of maximum divergence in the surface winds,
particularly during July. The seasonal variation of the minimum cloudi-
ness line appeared to follow the vanations of the summer “monsoon”
circulation along the California coast. The minimum mean cloudiness
values near 0.5 may reflect the tendency for cloudiness in the 1°
squares to be either clear or completely overcast, as noted by Simon in
his analysis.

A relative minimum in cloud cover and cool sea surface tempera-
tures at the coast during summer increase the short-wave radiation and
decrease the net long-wave radiation reaching the sea surface, cause
sensible heat flux to the ocean, and reduce the loss of heat from evapo-
ration. In July, cloud cover increases from 0.5 of sky covered near the
coast, between lat. 39°N and 44°N, to 0.8 of sky covered offshore
(Fig. 17). This change in cloud cover results in a 25% decrease in
short-wave radiation, from approximately 275 W/m? near the coast to
205 W/m® offshore (Appendix I, Chart 7). In this same region, vapor
pressure and sea surface temperature increase in the offshore direction
as well. The observed zonal gradients in cloud cover, vapor pressure,
and sea surface temperature lead to a 55% reduction in computed back
radiation, from 40 W/m? between Cape Mendocino and Cape Blanco
to 18 W/m?, 10° of longitude offshore (Chart 19). The net effect of the
onshore-offshore gradients in cloud cover is to produce a relatively
large net radiative flux to the ocean near the coast in comparison with
the areas farther offshore.

SEASONAL VARIATION OF THE OCEAN-
ATMOSPHERE HEAT EXCHANGE PROCESSES

The mean annual cycles of the various components of surface
heat flux presented in Appendix I are shown in Figure 19 for the
eight 1° squares indicated in Figure 1. Four of the locations along
the coast were chosen to illustrate the effects of coastal upwelling
on the heat fluxes and to show the range of conditions from necar
Vancouver Island (lat. S0°N, long. 127°W) to Punta Eugenia (lat
27°N, long. 114°W). The other four locations are 10°
offshore from the coastal squares, and were selected to show the
contrast of open ocean conditions.

Radiation from sun and sky is a function of the seasonal vanation
in the declination and altitude of the sun and the cloud cover at a
particular location. In the range from lat. 20°N to 50°N, the incom

of longitude

ing radiation from a cloudless sky reaches maximum values at all
latitudes in mid-June and minimum values in December. The
effects of the larger mean total cloud cover in the offshore squares
during nearly all months is evident in the smaller Q. values (curve
1) at the offshore locations, except at lat. SO°N where the coastal
square experiences greater cloud cover during winter. Duning sum
mer (Appendix I, Charts 6-8) the gradient in cloud cover from
about 0.8 of sky obscured in the offshore region to about 0.5 at the
coast amounts to a 15 to 20% increase in incident solar radiation at
the coast. The onshore-offshore difference 1s even greater at lat
27°N where the coastal desert climate results in a persistent low
mean cloud cover of <0.4. The effects of an alongshore gradient in
cloud cover near Punta Eugenia are particularly evident in June and
July (Fig. 17; Charts 6, 7). A 30% increase in incident solar radia-
tion is realized, and Q; varies from 220 W/m’ north of lat. 29°N 10
290 W/m" just south of Punta Eugenia. A relatively constant cloud
cover throughout the year is evident in the smooth sinusoidal vana
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Figure 19.—Mean annual cycles of heat exchange processes for the 17 squares at lat. 50 N, 40°N, 34°N, and 27°N near the coast and 107 offshore. The upper row
displays 1° square values at the coast and the lower row displays the offshore exchange processes. 1 denotes values of Qy: 2 denotes Qg — Qp: 3 denotes Qs — Qg — O, and
the heavy line denotes On=05- Qﬁ -0 (—_)(‘. The hatched regions between 1 and 2 denote the magnitude of O, and the stippled regions between 2 and 3 indicate the
magnitude of (:), . The annual mean net heat exchange (é\) is indicated for each location. Units are W/m?2,

tion of solar radiation at the coastal square at lat. 27°N with the
minimum value of 131 W/m? in December and the maximum value
of 290 W/m’ in June.

The annual range of monthly Q, values is larger in the coastal
upwelling areas off northern California and Oregon than in the cor-
responding squares offshore, which primarily reflects the effect of
relatively low cloud cover in summer when the input of solar radia-
tion is the highest. The range is largest near the coast at lat. 40°N
and 50°N where values range from <50 W/m? in winter (Chart 12)
to more than 200 W/m? in summer (Chart 6). The lack of well-
defined maximum in solar radiation in the offshore squares at lat.
27°N and 34°N is indicative of the extensive area of low-level stra-
tocumulus clouds previously discussed.

The hatched areas between the two topmost curves for each loca-
tion in Figure 19 indicate the annual cycles of heat loss due to effec-
tive back radiation, Q,. This term shows little seasonal or
Jatitudinal variation over the entire California Current region.
However, there is a tendency for lower values in summer (Chart 18)
than in winter (Chart 24), except near the coast between San Fran-
cisco (lat. 38°N) and Vancouver Island (lat. S0°N). The principal
gradients in the distributions of Q, are zonal and reflect the sharp
increase in mean cloudiness from the coast toward midocean. The
higher mean cloud cover offshore reduces the magnitude of the net
long-wave flux emitted from the sea surface to approximately 20
W/m?. Near the coast the estimated heat loss exceeds 50 W/m?. The
effects of horizontal variations in cloud cover on Q, are enhanced,
but to a lesser extent, by corresponding increases in atmospheric
vapor pressure in the offshore direction, and moderated by warmer
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sea surface temperatures offshore with respect to conditions near
the coast.

The annual cycles of latent heat flux from ocean to atmosphere
are shown in Figure 19 by the stippled regions between curves 2
and 3. Variations in the latent heat flux are related to fluctuations in
windspeed and sea-air vapor pressure differences. The principal
seasonal variations in Q, occur in the nearshore areas particularly
between Cape Mendocino and the Columbia River. In this region,
the presence of cold upwelled water at the sea surface in summer
cools the air, lowers the vapor pressure of the air close to the satura-
tion vapor pressure at the sea surface temperature, and effectively
suppresses latent heat flux. This effect is noted by minimum values
of latent heat flux in a narrow coastal zone from Cape Mendocino
to Vancouver Island during June, July, August, and September
(Charts 30-33). In this region the latent heat flux is lowered to val-
ues of <5 to 20 W/m?. In certain locations the turbulent flux may
actually be from atmosphere to ocean (i.e., condensation). The
nearshore areas south of lat. 40°N are characterized by relatively
constant values of Q. about 50 to 70 W/m?, except in the upwelling
regions south of Punta Baja (lat. 30°N) and south of Punta Eugenia
(lat. 27°N) in spring and summer. Latent heat flux decreases to val-
ues of 30 to 40 W/m? at these locations due to the depression of the
sea-air vapor pressure difference.

Seasonal variations in Q; are less pronounced in the offshore
regions. Higher mean windspeeds and larger sea-air vapor pressure
differences contribute to evaporative fluxes which are 30 to 100%
greater in winter (Chart 36) than in summer (Chart 30). Horizontal
gradients of Q; lie in a southwest-northeast direction and values of




latent heat flux are approximately 20 to 40 W/m? larger in southern
and offshore sections of the grid than in the northern and inshore
regions. Values range from about 30 to 60 W/m? north of lat. 40°N
to about 60 to 100 W/m? south of lat. 30°N. The observed spatial
distributions of Q, primarily result from systematic variations in
sea-air vapor pressure differences and to a lesser extent from hori-
zontal gradients in windspeed. Monthly mean winds are, at most,
only twice as large off the Pacific Northwest compared with values
off Baja California. However, mean sea-air vapor pressure differ-
ences are 2 to 4 times greater in the southern region than in the
northern section and 2 to 3 times larger offshore than near the coast.
The north-south contrast is particularly evident in winter (Charts
25-27) when the atmospheric circulation off the coast of southern
Baja California contributes to relatively large mean sea-air vapor
pressure differences (e, —e,> 10 mbars). During summer (Charts
30-32), east-west gradients in Q, are enhanced by the reduction in
latent heat flux near the coast due to the local effects of upwelling.

Sensible heat flux between ocean and atmosphere is depicted in
Figure 19 by the difference between curve 3 and the heavy line
denoting Q. The magnitude of Q. is virtually negligible over much
of the California Current region due to the small sea-air tempera-
ture differences (T, — 7, < 1.0°C) over the area during most of year.
The sensible heat flux from ocean to atmosphere ranges from near 0
to 20 W/m* over most of the grid with the higher heat losses
(Q.>30 W/m?) during winter in the northern latitudes (Charts 37,
38, 47, 48).

The largest Q. values occur during summer in the area adjacent
to Cape Mendocino and Cape Blanco, when upwelling of cold
water causes mean air-sea temperature differences to exceed
1.5°C; the ocean receives a sensible heat gain of up to 30 W/m?
(Charts 42-45). Sensible heat gains are <5 W/m’ during late spring
and summer along the coast of Baja California and values of 5 to 10
W/m? extend over broad regions from Point Conception to Vancou-
ver Island during May, June, July, and August. In a region off the
coast of Washington, high vertical stability associated with the
Columbia River freshwater plume (Barnes et al. 1972) may con-
tribute to relatively warm sea surface temperatures and. conse-
quently, to sensible heat loss in this area (Charts 41-43).

The net heat gain or loss across the sea surface, Q,, is indicated
by the heavy lines in Figure 19. The annual mean net heat exchange
is characterized by heat transfer to the ocean over the entire region,
a feature previously described by Wyrtki (1965). The annual net
heat gain is much larger near the coast than offshore as a result of
small heat losses by turbulent heat fluxes and the greater input of
solar radiation due to the lower relative cloud cover during summer.
The ocean loses heat to the atmosphere over the entire area only in
December (Chart 60).

Over most of the California Current region the net heat exchange
is determined by a balance between the incident solar radiation and
the heat losses due to effective back radiation and latent heat flux.
In the offshore regions the largest heat loss term is the latent heat
flux, Q.. while along the coast the effective back radiation, Q. is
the largest heat loss term. Seasonal variations in the components
contributing to oceanic heat loss are largest in the coastal upwelling
regions off northern California and Oregon and to a lesser extent
off the coasts of Baja California and Vancouver Island where the
presence of cold upwelled water in late spring and summer reduces
the turbulent flux of latent heat and causes sensible heat gain to the
ocean, thereby increasing the heat input to the ocean.

The coastal upwelling zones along the west coast of the United
States and Baja California experience the largest net annual heat
gain as a result of the combined effects of the increase in incident

solar radiation in regions of minimum cloudiness and the decrease
in heat losses by turbulent fluxes. The net annual heat gain is largest
off Cape Mendocino with a mean value of 124 W/m’. Seasonal var-
iations in the net heat exchange within the 1° squares adjacent to the
coast are graphically portrayed in the time series isogram displayed
in Figure 20. The coastal zone north of lat. 47°N is charactenized
by net heat losses of more than 100 W/m? during December and
January and net heat gains of 200 W/m* during July. The coastal
upwelling zone between lat. 38°N and 44°N shows net heat gains
of 200 to 250 W/m? during July and relatively small heat losses of
20 to 40 W/m? during winter. The coastal square at lat. 34°N,
southeast of Point Conception, experiences net heat gain during
nearly the entire year with maximum heat gain > 180 W/m’ during
May. June, and July.

There are considerable latitudinal differences in the annual
cycles of net heat exchange along the coast of Baja California. The
region near Punta Baja (lat. 30°N) is characterized by a relatively
small maximum net heat gain during summer of about 150 W/m*
due to high cloud cover (0.8) during June and July. The area south
of Punta Eugenia (lat. 27°N) is influenced by a less extensive cloud
deck and shows much higher net heat gain, >200 W/m’, during
spring and summer (Charts 53-56), which may mask the effects of
coastal upwelling on sea surface temperatures in this area (Bakun
and Nelson 1977).

Spectral Characteristics of Heat Exchange Processes

The monthly mean data described in this report resolve the
annual cycle. However, marine biological communities must
respond to a wider spectrum of atmosphere-ocean variations on
time scales ranging from a few days to several years. Relatively
rapid diurnal and “event scale” fluctuations (i.e., periods of 1-10
d) contribute to turbulent mixing and dispersion of biological
microstructure. Lower frequency “climatic™ which
appear as long-term trends or periodicities, or as interyear differ
ences, affect fisheries over much broader space and time scales
Year-to-year fluctuations in the timing, amplitude, and spread of
the seasonal production cycle in major spawning regions may

variations,

induce significant changes in recruitment of year classes to the fish
eries (Cushing 1975). Annual differences in the character of the
production cycle are environmentally controlled and related to
changes in the stability of the upper water column which is
enhanced by an increase in solar radiation and a decrease in wind
strength.

Available ship reports are unevenly distributed in space and time
Therefore, it is generally not possible to construct consistent time
series of air-sea interaction processes for large regions and preserve
fine spatial resolution, by applying the simple space and time aver-
aging methods which were used to assemble the long-term monthly
means. Where the density of reports is large, e.g., within 300 km of
the coast south of Point Conception, statistically significant
monthly mean values might be computed over fairly long periods
A few time series of air-sea interaction processes have been pro-
duced, either by compositing ship reports in 5°
(Clark et al. 1974) or by making use of objectively analyzed mete
orological products (Bakun 1973) which have a spatial resolution of
approximately 3°. Analyses of these data show wide vanations in
space and time. However, the errors associated with the low fre
quency, nonseasonal fluctuations are generally unknown, and there

square blocks

is little coherence or persistence in the monthly anomaly patterns of
the heat exchange processes (Clark et al. 1974)

Seasonal and nonseasonal fluctuations in net heat exchange, ¢,
were investigated at a few selected locations in the Southern Cali
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fornia Bight (lat. 32°N, long. 117°W; lat. 32°N, long. 118°W; lat.
32°N, long. 119°W) and near Punta Eugenia (lat. 27°N, long.
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114°W; lat. 27°N, long. 115°W). A 23-yr time series (1950-72) of
monthly values was computed for each 1° square. For these partic-
ular grid points, the computed values were based on an average of
10 to 30 observations/mo. Spectrum analysis was used to demon-
strate the predominance of the annual cycle and to possibly identify
other frequency bands accounting for substantial variance.

Power spectra of Q,, at each location (Fig. 21A, B) show strong
peaks at frequencies representing the annual cycle and suggest
lesser peaks corresponding to a semiannual component. Referring
to the 95% confidence limits for 10 degrees of freedom, it is clear
that the variance associated with the annual cycle is at least an
order of magnitude larger than the average level of variance at
lower or higher frequencies. Within the Southern California Bight
(Fig. 21A), no significant long period fluctuations are apparent.
Near Punta Eugenia (Fig. 21B), there is a general increase in spec-
tral energy density at low frequencies, from a relative minimum at a
frequency corresponding to a 2-yr cycle to a relative maximum for
periods exceeding 8 yr. This feature is also evident in power spectra
of monthly anomalies of O, (Fig. 21C), for which the seasonal var-
iation in the time series has been removed by subtracting out the
long-term (1950-72) monthly mean values. The increase in vari-
ance at low frequencies reflects the general 2- to 6-yr persistence in
the sign of the annual Q, anomalies at these locations.

Time series of net heat exchange may be characterized by large
interannual differences, persistence, and long-term trends. However,
these features may not be spatially coherent. Coherence functions were
computed to test the significance of correlations between time series of
Q, in adjacent 1° squares. In the Southern California Bight (Fig. 21A),
coherency squared consistently exceeds the 95% significance level for
10 degrees ot freedom only in the frequency band from 0.06 to 0.11/
mo (0.7 to 1.3/yr). The spread over several frequency bands reflects
the nonsinusoidal shape of seasonal fluctuations which tend to have a
faster rate of change in spring and fall than in summer or winter. Near
Punta Eugenia (Fig. 21B), coherency squared is significant (95%
level) at frequencies corresponding to semiannual and annual periodic-
ities and at frequencies <0.03/mo (0.4/yr). Low frequency coherence
remains significant at the 95 % level after seasonal variations have been
removed (Fig. 21C). The lack of significant coherence between adja-
cent squares in the Southern California Bight probably reflects the
large uncertainty in net heat exchange calculations based on surface
observations archived in the TDF-11 file, but also may be reiated to
significant spatial variations over distances <200 km in this region.

These data demonstrate the relatively large amplitude of the
annual cycle in midlatitude atmospheric properties, which suggests
that the long-term monthly mean heat exchange fields (Appendix I)
represent the expected seasonal variability. More extensive time
series calculations have been published by Clark et al. (1974).
However, the wide variations and lack of persistence in patterns of
net heat exchange anomalies computed from their data, in addition
to our own results, support the conclusion that merchant vessel data
may not always be sufficiently reliable to compute statistically sig-
nificant indices of the month-to-month or interannual variations in
air-sea interaction processes (Husby 1980).

Heat Budget of a Coastal Upwelling Region

The principal processes affecting the seasonal variation of air-sea
heat transfer over the California Current are related to seasonal
changes in the atmospheric circulation patterns which modify the
cloud cover and the oceanic circulation. Coastal upwelling has a
marked effect on the turbulent fluxes of heat, particularly off north-
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ern California and Oregon. On an annual time scale the entire
region experiences net heat gain to the ocean. Previous summaries
have shown that the North Pacific Ocean gains heat primarily on
the eastern side (Wyrtki 1965), and we have shown that the net heat
gain reaches a maximum in the coastal upwelling region off north-
ern California as a consequence of relatively low cloudiness and a
change in sign of the turbulent heat fluxes at the sea surface due to
the presence of cold water during summer. In the absence of a cli-
matic increase in the mean sea surface temperature along the coast
(i.e., in a steady state balance), this net annual heat gain must be
balanced by mixing and cold advection, i.e., the influx of cold
water into the region, either by horizontal or vertical motions.

In the region of maximum offshore Ekman transport between
Cape Mendocino and Cape Blanco, the amplitude of the annual
cycle of sea surface temperature is suppressed (Bakun et al. 1974).
Near the coast, the difference between minimum and maximum
temperatures is <3°C. From May to September, 7' increases at a
mean rate of 0.5°C/mo. In the offshore areas, the seasonal range of
sea surface temperature exceeds 6°C and 7, increases at a rate
>1.5°C/mo during summer. In the California Current, maximum
sea surface temperatures occur in September. well after the period
of maximum net oceanic heat gain in June and July. However, the
maximum in the annual cycle of Q, corresponds directly to the
maximum rate of change in surface temperature.

The equation of conservation of heat for an incompressible fluid,
expressed in terms of mean temperature, 7', is given by:

Vo WT w20 4,9/ T A,

BTZ Oy

T an
o peCpz z

a 2

where /0t is the local time rate of change with time scales large
compared with the averaging time; Q, is the mean net heat
exchange across the sea surface which heats a column of water extend-
ing from the surface to a depth z; p, is density; c, is the spe-
cific heat of water at constant pressure; V= @i+ \‘f is the mean
horizontal velocity; w is the mean vertical velocity component
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(positive upward); v, and v, are the horizontal gradient and Laplac-
1an, respectively; and A, and A, are the horizontal and vertical coeffi-
cients of eddy thermal conductivity. Assuming a constant mixed layer
depth, the terms in Equation (11) express a balance between the local
change of temperature (heat content) and those changes resulting from
radiative and turbulent heat fluxes across the air-sea interface and hori-
zontal and vertical advection and diffusion (i.e., mixing).

To test the general validity of our heat exchange calculations we
applied Equation (11) to the upper 30 m of the water column ina 3°
square adjacent to Cape Mendocino and centered at lat. 40°N,
long. 125°W. The terms were evaluated by month and averaged
over the “upwelling season” from May to September to obtain a
mean seasonal heat budget appropriate for this region. We used cli-
matological surface and subsurface temperature data (Robinson
1976) to estimate the local change, the horizontal and vertical gra-
dients, and the second derivatives of temperature. Mean east and
north components of velocity were obtained from seasonal distribu-
tions of surface currents based on ship drift observations (Stidd
1974).

During summer, the mean net heat flux, Q,, across the air-sea
interface is 180 W/m®. To calculate the equivalent rate of change in
temperature, we used the constant values p,=1.0x10" kg
m?,c,=4.180X 10’ J/kg per °C, and z = 30 m. This mean surface
flux equals a temperature increase at the rate of 3.7°C/mo. How-
ever, the local change of temperature in the upper 30 m is only
0.6°C/mo. The excess heat input at the surface must be balanced by
horizontal and vertical advection and diffusion.

We estimated mean zonal and meridional temperature gradients of
-7.4x 10° and -3.6 X 10° °C/km, respectively. The corresponding sec-
ond derivatives were 4.7 % 10° °C/km?’ in the east-west direction and
2.0x10° °C/km? in the north-south direction. Combining these values
with mean east and north velocity components of -2.0 and -10.0 cm/s
and assuming a horizontal eddy diffusion coefficient of 100 m/s
(Bathen 1971) gives a mean horizontal advection (-V,® v,T) of
— 1.3°C/mo and mean horizontal diffusion (4,, v 2, 7) of 0.02 °C/mo.
The sign of the advection term implies cold advection which is consist-



ent with a surface temperature gradient from southwest to northeast
(Fig. 13) and an equatorward surface current with an offshore compo-
nent (Pattullo et al. 1969). At a depth of 30 m the vertical second deriv-
ative of temperature is -8.0 x 10+ °C/m?. The approximate scale for the
vertical eddy diffusion coefficient is A,/4A, = 1.0x10* (Pond and
Pickard 1978); consequently 4, = 1.0x 10*m?/s. Therefore, vertical
mixing, as parameterized in Equation (11), leads to a loss of heat at the
base of the water column at the rate of 0.2°C/mo. From the balance of
terms in Equation (11), we inferred mean vertical temperature advec-
tion (—waT/dz) of -1.6°C/mo. In this region, the mean vertical tem-
perature gradient in the upper 30 m is approximately 0.05°C/m. These
values imply a mean (upward) vertical velocity of 32 m/mo, which lies
within the range of estimates for coastal upwelling regions (Wooster
and Reid 1963). Similar heat budget calculations for an upwelling
region off Cabo Bojador (Bowden 1977) yielded substantially larger
10-d mean vertical velocities (e.g., 4-10 m/d). The magnitudes of the
terms in Equation (11) imply that the primary balance in coastal
upwelling regions is between surface heat flux and horizontal and verti-
cal advection.

The vertical velocity computed from the heat budget equation is
considerably larger than the mean open ocean vertical velocity
associated with horizontal divergence in the surface Ekman layer
(Yoshida and Mao 1957). We used the approximate relationship,

12)

where k ®( v ® 7) is the vertical component of wind stress curl, and fis
the Coriolis parameter, and distributions of wind stress curl (Nelson
1977) to independently compute a mean upwelling velocity of 5 m/mo.
The heat budget calculations would be consistent with this estimate of w
if the surface heat flux, Q,, were distributed from the surface to a depth
of 50 m.

The uncertainty in each of the terms in Equation (11) may be as
large as the error in Q,, which we estimated to be 15 to 70%. Roden
(1959) estimated an error of 50% in calculating the horizontal
advection term from observed velocity components and tempera-
ture gradients. In addition, the physical basis for parameterizing
vertical mixing as a function of a constant eddy coefficient, 4,, and
the vertical second derivative of temperature, 3°7/8z2,is not well
founded. Therefore, the computed vertical eddy diffusion may
grossly underestimate the effects of mixing at the base of the mixed
layer (Niiler and Kraus 1977). In our heat budget calculations, an
order of magnitude increase in A, would have resulted in an approx-
imate balance between heat gain at the surface and heat loss by hori-
zontal advection and vertical mixing, without the requirement for
vertical advection. Because of the uncertainties associated with
heat budget calculations, the “balance™ which we computed may
have been fortuitous. However, these calculations demonstrate that
our values of net surface heat exchange are not inconsistent with
independent estimates of temperature advection and diffusion.

SUMMARY AND CONCLUSIONS

Distributions of long-term composite monthly atmosphere-
ocean heat exchange processes have been presented for the Califor-
nia Current region over a 1 latitude-longitude grid. The monthly
fields represent summarizations of the radiative and turbulent heat
fluxes computed from individual surface marine weather reports
archived in the National Climatic Center’s TDF-11 data file. This
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report complements the eatlier work of Nelson (1977) who summa-
rized wind stress and wind stress curl over the California Current
region.

The climatological fields of surface heat fluxes provide insight to the
important areas of heat gain and loss in the California Current. The
region off the west coast of the United States and Baja California is
characterized by net annual heat transfer from atmosphere to ocean.
Maximum net oceanic heat gain occurs in the coastal upwelling zone
off northern California as a consequence of relatively low cloud cover
compared with offshore distributions, suppression of latent heat flux,
and a reversal of the sensible heat transfer due to the presence of cold
water during summer. These same features (i.e., maximum net oceanic
heat gain, low cloudiness, and small turbulent fluxes in coastal upwell-
ing regions) are evident in all major eastern boundary current systems
(Hastenrath and Lamb 1978). Maximum heat loss occurs during winter
off the Pacific Northwest. Simplified heat budget calculations demon-
strate that our values of surface heat flux are not inconsistent with inde-
pendent estimates of horizontal and vertical temperature advection and
show the important contribution of advective processes in determining
the seasonal heat balance in coastal upwelling regions.

Because of the heterogeneous character of the surface marine
weather observations, relatively large errors are associated with empiri-
cal estimates of the radiative and turbulent heat fluxes. Nonrandom dis-
tributions of reports, sampling errors, fair-weather bias, and methods of
computation introduce uncertainties which cast doubt on the validity of
heat exchange estimates derived from merchant vessel data. Reason-
able estimates of the error in each heat exchange component (e.g.,
10%) lead to errors in the long-term mean net heat exchange, Oy, rang-
ing from 10 to 70%. Our analyses indicate that the principal spatial and
temporal features of surface heat flux over the California Current
region (e.g., maximum oceanic heat gain near the coast during sum-
mer) are independent of computational methods which use monthly
mean properties and variable exchange coefficients in the empirical
formulae as opposed to individual observations and constant coeffi-
cients. Spectrum analyses of representative time series of Q, show a
general absence of variance at low frequencies and demonstrate the
large signal-to-noise ratio of the annual cycle in midlatitude regions.
The lack of coherence between time series in adjacent 1° squares is
partially explained by the errors in monthly heat flux estimates, even in
densely sampled areas.

The results of this study will be useful in modeling mean sea-
sonal variations in the thermal structure of the California Current.
For the purpose of indicating anomalies from the long-term means,
however, further research in marine boundary layer processes is
needed to place narrower confidence limits on the derived
atmosphere-ocean exchanges. Because the largest relative errors
are associated with heat exchange components which also have the
largest absolute magnitudes (i.e., Qs and Q,), more extensive
experimental studies in the open ocean and in the coastal boundary
zone must be conducted 1) to improve the empirical formulae for
short-wave radiation by using more objectively measured parame-
ters (e.g., satellite observations of cloud cover), and 2) to evaluate
the moisture flux parameterization for wider ranges of atmospheric
stability and windspeed. With the increased application of air-sea
interaction research to global climatic and fisheries problems, there
is also an urgent requirement for consensus on the empirical formu-
lae and methods of computation to be used. Although the absolute
magnitudes of the long-term monthly mean values cannot be pre-
cisely fixed, the spatial and temporal consistency of independent
estimates of surface heat exchange indicate that the geographical
patterns (Appendix I) are realistic and significant.
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APPENDIX I
Monthly Surface Heat Flux Distributions

Long-term composite monthly mean surface heat flux distributions are displayed in Charts 1-60. Charts 1-12 are the monthly values of
incident solar radiation corrected for cloud cover and reflection, Charts 13-24 the monthly effective back radiation, Charts 25-36 the monthly
latent heat flux. Charts 37-48 the monthly sensible heat flux, and Charts 49-60 the monthly net heat exchange across the sea surface. Values
are plotted in units of watts per square meter. The distributions are contoured with a contour interval of 25 W/m?, except in Charts 13-24 and
Charts 37-48 where a contour interval of 10 W/m?® has been used. Positive values denote oceanic heat gain in Charts 1-12 and Charts 49-60
and oceanic heat loss in Charts 13-48. Negative values are shaded and indicate heat transfer from atmosphere to ocean in Charts 37-48 and
heat loss from ocean to atmosphere in Charts 49-60.

The month is indicated in the figure legend in the upper right corner of the charts. The long-term mean monthly values were computed for
the approximate time period 1921 to 1972. Scattered reports were available between 1921 and 1940 but the bulk of the data was collected after
1945. The coastline configuration is superimposed on the grid as a visual aid and does not represent a conformal mapping.
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Chart 4.—Composite monthly mean incident solar radiation for April.
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Chart 5.—Composite monthly mean incident solar radiation for May.
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Chart 6.—Composite monthly mean incident solar radiation for June.
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Chart 7.—Composite monthly mean incident solar radiation for July.
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Chart 8.—Composite monthly mean incident solar radiation for August.
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Chart 9.—Composite monthly mean incident solar radiation for September.
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Chart 10.—Composite monthly mean incident solar radiation for October.
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Chart 11.—Composite monthly mean incident solar radiation for November.
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Chart 12.—Composite monthly mean incident solar radiation for December.
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Chart 13.—Composite monthly mean effective back radiation for January.
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Chart 14.—Composite monthly mean effective back radiation for February.
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Chart 15.—Composite monthly mean effective back radiation for March.
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Chart 16.—Composite monthly mean effective
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Chart 17.—Composite monthly mean effective back radiation for May.

50



B S eSS AR SEE SNSRI 2R 27 0 26 125 124 1230122 121 120" 119" 118 117 116115 114 113 112 111
S0 15. 1515.33115. 72117.92118. 71 271.94;2. 1aj i B by ANCOLYETISCNG S0)
Ve I ]5..-17.8318.6118. 12 NOAR 49

NATIONAL MARINE FISHERIES SERVICE
g PACIFIC ENVIRONMENTAL GROUP 19

MONTEREY. CALIFDRNIA
47] | | l 47

EFFECTIVE
46) ] : i COLUMBIA RIVER BRCK RHD I HT I ON 16
i SRS S ( WATTS/Mse2 ) 49
I EN ST

LONG TERM MEAN |
45 ; : ; PR CAPE BLANCO FOR 43
42) : ; ; 19. ¥522. uze.zszn.vsa 6425.8326 saea,eéag mas\ua JUNE 474

7‘7--‘!7.A>JY>--_JI---- = J,,..),_AAJ_AA_JA..AJ_.. _J,A,,7,A..'_,,

41 | i : .sezz 3724. 7723 5827 5227 9527 36. 99.38. 5843, 38 41

S e S ke RS SIS J """"""""""" NS D T il CAPE MENDOC INO
40) | i 24.u21 4224 7519<=r322 7927 zaza. 336. 44':-;4 5438.51) 40)

3 J 3 . Cs
: : 39
E 38
1 5
39 ; i i : .ﬂsgs.zsea.ues.stzs.mzs.1 3. szel mal 7435 B2 FOINT CONCEPTION 39
b
=
o | S R P
. 7
e i e v me e R R B e Sy 0
2 e o oo S W B R A RS ST i R
21 ; : ' : ' : 5 : : f i ; I i : 19:9518. 7515 9023.1024 2031’7729 34 9734 19121
137 136 135 134 133 132 131 130 123 128 127 126 125 124 123 122 121 119 118 117 116 115 114 113 112 111

Chart 18.—Composite monthly mean effective back radiation for June.

51



137 136 135 134 133 132 131 130 129 126 127 126 125 124 123 122 121 12
S0y 13.aila.aarmin.sllxa.al: 721. : u
Tz N ns.mis.sus.sns. 515. °1.0823.7428. NORR
s P é NATIONAL MARINE FISHERIES SERVICE
§ PACIFIC ENVIRONMENTAL CROUP
I a4sx7.ms.32 522, 3222.3423.1029.
[ K._ HONTEREY, CALIFORNIA
47 16.4917.8516.9917, ‘0 25 9928, EFFEUIVE
4E 17.2116.8617.8817. 232129.1524 sza.na. , COUMBLA RIVER BACK RADIATION
45 P1.9R17.7117.3318. 71 22.7222. 1024. 67 301827, 'N ( WATTS/Hew? )
’_/ ’ <. ’
44 h8.5916.8219. 2819,8424. 3929, 8724, 2327. |[s 1248.75
>,
' / LONG TERM MEAN
43 18,3918, 6518, 5322, 7824. 4226. | B7.)248.4% e Bech FOR
42 p1.69J8. 3616.9)81. 2925, 9422. 613\ 8428, B2 4).. 1548, 53 JuLy
g /
19.3219.15;15224.8521.513.525. . 2134, 2836, 89
U adl, & L8l
4k 18,34 ssza 31 19CEE20. 3422, 7823, 3594, 8237, 5048, 82
& [18. 7624, 8318,47 22. W23, 3928, 6928. 89 1433.1343& Fg
/
x.a(m. 1.2924. 4821, 8325, 94298736, 5837, u:u bf
> -
7
P, 3323.686 1 24.8223.7828. 11 Lssauazsx:s.ts o
P3. 7820 22.3123, 1926, 5826, 5429, 794, 5538, 4 |
5929.84 4923, 9928, 9523. 6828.5
9)8424.821 . 4525, 1825.521
4524, “}‘ —é.
oal 9J18.8417.7431. 3824,
h4.7616.1716.6319. 2919971
17.5318,6615,7419.1717. 1
[17.7116.5818.3118.2216. 7214,
5.8317 “lz.lb@lﬂ. 22,121
27) 8.8316.1917.2918.2118,
26 :s,zé}u.sna.ala.
25 :4.1:7.&15.7315. an.saas.ozr
24 N6.5817.
23 16.2415.51
22 : 16.7311.
2 -l . 2 ps.m:z.zna.zz 22.88: 3
137 136 135 134 133 132 131 138 129 128 127 126 125 124 123 122 121 120 119 118 117 116 llS 114 na 112 111

Chart 19.—Composite monthly mean effective back radiation for July.

52




1370186 RISS 34 18382 31 13@ 149 IEBREEPEINPET TR N IZ3 227 1290 12@F 1197118 117 16115 114 113 112 111

T \ 1 1 0 [
\ ' \ | | ! '
' ' ' | i
' | ' ' \ ' '
T 0 " v 1 \

50 15.1515.3315.72'17.92‘18.71, .392a.9422 185 s.?fi HANCOUYERT ST 50

49 : 15.8347.8345.6118. 12 .4421 3123. 9227 18; NORA 49
S LR SN R NRTIONAL MARINE FISHERIES SERVICE

Vi O T Fla.zain.?s}ls.m{]s. 22. 1623, 1823. 2624 75.26. 3529. 4 PACIFIC ENVIRONMENTAL GROUP 48
S e A i e WE S R IS E N T TR, T MONTEREY. CALIFORNIR

47] B 16. 2818, 1618, 5421. 7524, 4321. 1721. 4722. 7227 sszs.sn EFFECTIVE 47]

46} TR / 4823.3824 mzs ?5 EUE e BRI BACK RADIATION 46}

R ( WATTS/Msex2 ) 45

44 i | | 44
LONG TERM MEAN

HETT Rl PR FOR 43

42 pe 19, 22.1120.2529.7624 5425.9325.5425,#39 mas za JUNE 4z

23 ‘ ‘ p2.1121.
- [V R N R O R R R R R ) g g
: : s : 7;”‘ 20 ‘ ”‘Er : N ' i 19. 53]8 4@15 5715
o RS
g TP e P R R e N zrm}p AAAAAA éaié'éais 3m§ """"""""
ST R T T Ty safsééé@f}alaaaxazaxszvs%msaluas7z;»r
21 ““““ L ww;s—sslé;elésaea 1924.73 znan*r'ééums{éﬂslw
137 135 135 134 133 132 131 13@ 129 128 127 126 125 124 123 122 121 120 119 118 117 S 18 2 L)

Chart 18.—Composite monthly mean effective back radiation for June.

51



137 136 135 134 133 132 131 130 120 128 127 126 125 124 123 122 121 120 119 118 117 1is 1I5 114 103 ViZ il
50 13.2714 Sl?!rlallﬂla.ﬂla_‘il 3430 ' 96, 45 VANCQUVER 13050
e 15.0716.9216.6019. 4618, 4 .an:a 7429 3. ua'i. : NORR
) e ks . NATIONAL MARINE FISHERIES SERVICE
I B.4517. uns.ae 22. 3222.34?3.]829. 31.l134. PACIFIC ENVIRONMENTAL GROUP
i kf MONTEREY, CALIFORNIA
47] | 16.4817 515.9917 w zs.mza. 32 84 :nlo. 7
, 0 WS EFFECTIVE
46 17, zus.ssn ean 28 2428.1524 szaa 'nzs. al. COLUMNBIA RIVER BACK RADIATION
45 Tqm 7117.3318. 22 7222.1|24 8730$1827. :s.lzs ( WATTS/Hem2 ) e
o
44 18.5918.8219. 2919,6424 2020.8724.2327. 1/&.)245.75 14
t‘ LONG TERM MERN
13 18.3918. 6518 5422. 7024. 4226. 18, 2948737, Y2 46.43 (e mimcn FOR 43
42 E& 3513. 1.2925.9422.613 .s)'za. .1548,53 JULY 42
41 18.3218. 15;{5224 66215428, 3526. 8433, 21 34, 2836, 89 "3l
CRPE MENDDT [ND
40 18,34 .wza.ans@;u.aazz.nza.s .8237.5840.82 |
18, 7624.931 22.0823.3926. 6928, @33\ 1433, 1343. 9
/ o= <= cal?
x.a(xs 1.2924. 48218325, 942987 36. 5037. 4834, £
213323 asa 24.8223.7828. 11 33.8932.5136.46 37
3 P3. 7020, 1 22.3123. 1926.5826.5429. €3
.191 .9929 84 £
34 9 B424.821 34
53
e
17.68
14.7616. 1716.6319, 2019, 9719;
0 17.5318.6615.7418.,1717. 1
17.7116.5818.3118.2216.7214.
xs.salv.wnz.wz@pxs.
27 16.8316. 1817.2918.21 18.
26 Fs.%n.m;m.a-:a.
i e e e ¢ A
24

m:z.axa. mma.-zs. s?aa.

137 13

127 126 125 124

1280 118 118 117 116 115 114 113 112 111

Chart 19.—Composite monthly mean effective back radiation for July.

52



137 136 135 134 133 132 131 l.-sD 129 128 127

126 125.124 123 122 121 128 119 118

122

50

49

44
43
42)
41
40
39

36|

36
39
34
33
32

31

30)

il '

I
|
i
'
0

?c,;\‘

15.6717.9929 21.8322. saba u:a nseu as.F&s. VBHECIYERCASL R
- ...J-____l- ,J..i.JIA.. e e . 2 __t..\.,l
| e.sizes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>