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ON THE HEAT AND SALT BALANCE OF THE 
CALIFORNIA CURRENT REGION 1 

BY 

GUNNAR I. RODEN 
Scripps Institution of Oceanography, La Jolla, California 

ABSTRACT 

The average monthly variation of the heat and salt balance of the upper 200 m is 
investigated for eight areas of the Pacific Ocean off California and Baja California. 
Accuracy of the method and of the nonseasonal variations of the balance is estimated. 
It is shown that observed heat changes are princiaplly due to radiation and advec-
tion, the heat exchange with the atmosphere being rather small and constant. Evalua-
tion of the advection term by two independent methods shows only little agreement. 
Observed salt changes seem to be related principally to advection and to a lesser 
degree to the excess of evaporation over precipitation. 

Introduction. In recent years increased effort has been directed 
toward a better understanding and a more accurate evaluation of the 
different terms involved in calculating the heat balance. Aspects of 
radiation were investigated by Anderson (1952), Berliand (1952), 
Black (1956), Burdecki (1958) and Budyko (1956). The heat ex-
change of the atmosphere was dealt with by Budyko (1956), Jacobs 
(1951) and Sverdrup (1951). The monthly heat balance of the earth's 
surface was investigated by Budyko (1955) and of the oceans by 
Pattullo (1957). On a regional scale, Koizumi (1956) and Tabata 
(1958) have studied the heat balance off Japan and off the west coast 
of Canada, respectively. 

In the region of the California Current almost no work has been 
done on the heat balance, mainly because the necessary data were 
lacking. in the past ten years, however, a great amount of informa-
tion has been gathered through regular hydrographic cruises. Thus, 
for the first time it becomes possible to investigate the relative im-
portance of rates of radiation, heat exchange with the atmosphere, 
local heating, and advection. 

Radiation can be considered an important factor of the heat balance 
owing to the small amount of clouds usually found over the Cali~ 
fornia Current region. On the other hand, turbulent heat exchange 
with the atmosphere will probably play only a minor part in the balance 
because of the rather low and constant wind velocities and the stable 

1 Contribution from the Scripps Institution of Oceanography, New Series. 
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stratification of the air. Advection can be expected to be important 
owing to the presence of the California Current and the frequent 
occurrence of upwelling. Since cold water is brought into the region, 
advection represents a loss of heat from the balance point of view. 

The change of salt in the California Current region can be expected 
to be related primarily to advection, because both evaporation and 
precipitation are small. There is not sufficient runoff to alter the salt 
balance. 

Data. Eight areas bounded by five degree squares of latitude and 
longitude were selected for the present investigation (Fig. 1). This 
rather arbitrary selection was necessary because of the limited amount 
of climatological data available. Air temperatures, sea surface tem-
peratures and cloudiness were obtained from publications of the Im-
perial Marine Observatory in Kobe, Japan (1911-1938). -Wind 
velocities were procurecl from the U. S. Hydrographic Office (1956), 
atmospheric pressures from unpublished records of the U. S. Weather 
Bureau (1899-1958). Temperatures and salinities in the upper 200 m 
of the ocean were obtained from cruises made by the Scripps Institu-
tion of Oceanography in collaboration-with the South Pacifie Fishery 
Investigations of the U.S. Fish and Wildlife Service (Oceanic,Observa-
tions of the Pacific, in press). 

The number of observations taken per month in each square is 
shown in Table I. Compared to about 400 to 1200 observations of air 
temperatures, sea surface temperatures, and cloudiness, only 0-250 
are available for the average temperature and salinity of the upper 
200 m. 

Theoretical Considerations 

A) HEAT BALANCE. The heat used locally for changing the temper-
ature of a water column can be expressed, according to the equation of 
the heat balance, as 

(1) 

where QL denotes the rate of local heat change, Q, the rate of effective 
radiation, Qa the rate of exchange of heat with the atmosphere through 
processes of evaporation, condensation and convection, and Q., the 
rate of heat brought into the region by ocean currents and by mixing. 
The first three terms are calculated from oceanograpbical and mete-
orological observations; the advection term is found by difference. 
The units used in this paper are cal cm-2 day-1• 

The method of the heat balance requires knowledge of the trans-
mission of solar energy through the atmosphere, of the processes 
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Figure 1. Stations occupied during CCOFI crui.oea off California and Baja California (dota) and 
areaa uaed in the present inveatigations (lettera). 



TABLE I . TOTAL NUMBER OF OBSERVATIONS IN EACH FIVE DEGREE SQUARE OF L4TITUDE AND LONGITUDE BY MONTHS .... 
co 

""Month I II III IV V VI VII VIII IX X XI XII <:11 

Square""-
Air temperature, sea surface temperature, cloudineBB. 

A 881 952 1046 1056 1127 1246 1216 1340 1097 1136 986 1010 
B 724 728 841 945 978 1015 955 1058 948 884 777 789 
C 498 451 526 491 490 505 464 575 469 495 498 530 
D 696 625 717 711 683 757 678 807 710 665 675 692 
E 514 471 518 530 539 530 543 577 565 454 504 508 
F 419 378 427 434 422 396 399 456 441 358 417 418 C, 

G 546 512 609 562 605 557 590 668 598 499 559 602 Ro 

H 641 568 633 647 625 608 676 714 647 548 609 658 .. 
Average temperature of upper 200 meters. ::i:: 

A 0 13 16 26 28 35 41 31 22 7 7 2 a 
B 11 9 9 44 43 85 61 54 26 26 22 9 [ 
C 60 84 61 181 107 149 106 68 28 60 30 32 

C",J D 75 128 80 171 104 129 102 73 59 109 42 75 
E 99 155 121 240 147 118 119 66 56 110 44 57 

t:t, F 31 42 36 58 39 43 35 25 14 32 21 17 
G 20 56 34 44 6 46 7 11 19 2 36 26 S" 
H 0 21 1 13 0 11 0 11 1 0 1 26 C') 

Average salinity of upper 200 meters. 
A 0 13 16 22 24 25 12 10 20 6 4 0 
B 0 9 9 35 31 80 37 24 19 19 13 0 
C 33 70 43 54 85 127 59 37 18 50 21 25 
D 52 110 56 147 77 103 69 51 37 88 23 56 
E 64 126 88 202 103 105 85 50 44 46 34 49 
F 4 33 26 47 24 30 24 17 10 25 15 15 
G 19 53 31 42 4 15 2 10 1 2 36 25 
H 0 25 1 21 0 11 0 11 0 0 1 25 co 
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occurring at the boundary between the sea and the atmosphere, and 
of the conditions in the sea itself. The processes involved are com-
plicated and one is compelled to use many restrictive assumptions 
when calculating the heat balance. 

The rate of local heat change, which can be calculated from a 
knowledge of the vertical temperature distribution in the sea, is given 
by the expression 

QL = C ·p - d 1. ao 
p at " (2) 

where CP is the specific heat of sea water at constant pressure (0.94 
cal/g), p the mean density of the water column (1.024 g/ cm3) , 8 its 
temperature (°C), t time, and z the depth at which the seasonal varia-
tion of temperature becomes small enough to be neglected. The 
specific heat and density have been assumed constant, i.e., they are 
represented by their mean values, because it is permissible to neglect 
the small variations with temperature and salinity. The depth of no 
seasonal variation is obtainable from an inspection of temperature 
records at different levels in the sea; this depth, in the region concerned, 
lies at about 200 m. 

The rate of effective radiation, i.e. the difference between total 
heat absorbed by the water mass and total back radiation from the 
sea surface per unit time, can be expressed as follows, according to 
Budyko (1956), 

Q, = Qo(I - r)(l - k'C) + Qbo(I - k"C2) + 4so-83(8.ea - 0a1r), (3) 

where Q. is the total incoming short wave radiation with a clear sky, 
r the amount of radiation reflected, C the cloudiness in tenths of the 
sky covered, Qb. the effective back radiation with a clear sky, 0 the 
absolute temperature, s the ratio of the radiation from the sea surface 
to a black body, and o- the Stefan-Bolzmann constant; k' and k" are 
factors depending upon latitude. The first term represents incoming 
radiation, the second term back radiation, and the third term the 
effect of, stability upon back radiation (see below). 

Total (direct + diffuse) incoming radiation is frequently measured 
by pyrheliometers at certain meteorological stations. From time 
series of such measurements, incoming radiation with a clear sky and 
with a sky covered by clouds of various amount, height and thickness 
may be evaluated. Upon combining measurements from many sim-
ilarly located stations, an average picture of incoming radiation at 
different latitudes can be obtained. It has been found by Kimball 
(1928) and Budyko (1956) that the ratio of incoming radiation of a 
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clear to a cloudy day depends linearly upon cloudiness. Kimball 's 
ratio, based upon measurements made in the United States, does not 
depend on latitude; but Budyko, considering all available stations in 
the northern hemisphere, found that this ratio decreases toward the 
poles. In latitudes between 25- 45N, agreement between Budyko's 
and Kimball's ratios is very close. Another attempt to evaluate the 
ratio was made by Black (1956), but recently his methods have been 
questioned by Burdecki (1958). Average monthly values of total 
incoming radiation with a clear sky, as determined by Budyko (1956), 
are given in Table II; the latitudinal dependence of the ratio of radia-
tion with a clear to a cloudy sky is shown in Table III. 

Effective back radiation is the difference between long wave radia-
tion from the sea surface and long wave radiation from the atmosphere. 
It decreases with increasing humidity and stability of the air and, for 
the range ,of humidities commonly observed at sea, it decreases also 
with increasing temperature (Fig. 2). Berliand (1952) has given the 
following semiempirical equation from which effective back radiation 
can be computed: 

Qb = - [sa-04 (0.39 - 0.050 , /e)(l - k"C2) + 4S 03(0..,. - o.1r)l, (4) 

where sis the ratio of the radiation of the sea surface to a black body, 
a- the Stefan-Bolzmann constant, 0 the absolute temperature, e the 
vapor pressure of air (mb), k" a constant, and C the cloudiness in 
tenths. 

The first term, which takes into account the effect of temperature, 
humidity and cloudiness, varies, for the ranges generally found in 
oceanic regions, between 20 and 200 cal cm- 2day- 1

• The constant 
k" has been evaluated by considering also the vertical extent of clouds 
as well as the height of the cloud base from the surface of the earth; 
it was found that k" increased from the equator to the pole (Table 
Ill) because of the decrease in cloud base heights in polar regions. 
The second term considers the effect of stability. Owing to the 
small sea-air temperature differences observed over the oceans, this 
term is rather small and varies for the most part only between - 20 
to + 20 cal cm- 2day-1• 

Compared with early methods for evaluating effective back radia-
tion (Askolf, 1920), Berliand's equation yields results that are about 
50% lower than those found previously. A similar discrepancy with 
early methods was also found by Anderson (1952). An explanation 
for the disagreement between recent and early results can be sought 
in the fact that the constant k" is not the same for all places but varies 
with latitude, depending upon the vertical dimensions of clouds. 
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TABLE II. TOTAL INCOMING RADIATION WITH A CLEAR SKY IN CAL CM-2 DAY-I (AFTER BUDYKO, 1956) I:,,;) 

"'-Month I II Ill IV V VI VII VIII IX X XI XII Yea.r 
Lat"' 
Av. 293 356 486 599 706 733 719 623 508 401 317 269 501 
SON 0 0 80 320 597 677 630 360 120 13 0 0 243 
75N 3 20 133 340 623 693 657 410 177 57 7 0 258 
70N 7 47 193 423 647 713 677 457 233 100 23 3 294 
65N 27 83 253 470 670 730 700 503 297 150 50 13 329 
60N 57 130 320 513 693 743 720 547 350 203 87 40 367 
55N 100 187 350 553 717 757 737 590 410 257 133 77 406 0 

50N 157 250 450 593 733 767 750 627 473 327 193 127 454 
45N 220 313 513 633 753 777 763 670 533 387 257 190 501 a 
40N 290 383 567 667 763 783 773 703 587 447 323 257 545 
35N 360 453 617 700 767 783 777 727 627 503 393 320 586 
30N 423 507 650 720 767 783 777 740 660 550 453 380 618 A 

'i 25N 477 550 677 727 763 780 770 743 683 587 500 433 641 ... 
;:! 

20N 517 583 693 727 753 763 757 740 700 617 543 483 656 "' 
15N 553 610 700 720 733 740 737 727 703 640 577 523 664 :;:t, 

"' ION 580 633 700 710 707 707 707 707 703 653 600 553 663 "' "' A 5N 600 650 693 693 680 660 670 683 693 663 620 577 657 'i 
(") 

0 617 660 680 673 640 600 623 653 680 667 633 600 644 ;:,-

TABLE III. ANNUAL MEAN VALUES OF k' AND k" AT STATED LATITUDES 

Lat. 0 5 IO 15 20 25 30 35 40 45 50 55 60 65 70 75 Stockholm U.S.A. 

k' 0.65 0 .66 0 .66 0 .67 0.67 0.68 0 .68 0.68 0.67 0 .66 0.64 0 .62 0.60 0.55 0.50 0 .42 0 .61 0 .71 
k" 0.50 0 .52 0 .55 0.57 0 .59 0 .61 0 .63 0 .65 0 .68 0.70 0.72 0.74 0.76 0 .78 0.80 0 .82 0.83 
Source Budyko (1956) Asklof Kimball ';:: 

(1920) (1928) ~00 -
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Figure 2. Effective back radiation with a clear sky and neutral stability as a function of sea surface 
temperature (°C) and relative humidity (%). 

The amount of radiation reflected from the sea surface depends on 
the angle of incidence and on the roughness of the surface. Com-
pared to a calm surface, the presence of waves reduces the amount of 
incoming radiation with high solar altitudes and increases it with low 
solar altitudes. The albedo of the sea surface for total (direct and 
diffuse) incoming radiation varies between 0.06 and 0.23 (Table IV), 
according to Budyko (1956) and Zubov (1957). Cox and Munk 
(1955) found that the albedo for a roughened sea surface varied be-
tween 0.02 and 0.15 for direct radiation and between 0.04 and 0.10 for 
diffuse radiation. For the present investigation, a value of 0.06 has 
been adopted. 

The relation between cloud type and incident radiation has been 
studied by Haurwitz (1948), who found that a fully overcast day with 
cirrus lets 83% of a clear sky radiation through. With fog the ratio 
is only 18% (Table V) . 



TAOLE I\'. A LB EDO OF T HE SEA SURFACE FOR TOTA L (D IRECT + DIFFUSE) RADIA TI ON (AFTE R B UDYKO , 

""' Month I II III IV V VI VII VIII IX X XI 
Lat""' 
;o 0.23 0 .16 0 .11 0 .0!) 0.09 0 .0!) 0 .10 0 .13 0 .15 
fi0 0 .20 0.16 0 .11 0 .08 0 .08 0 .07 0.08 0 .09 0 .10 0 .14 0 .19 
50 0. IG 0 .12 0 .09 0.07 0 .07 0 .06 0 .07 0 .07 0 .08 0.11 0 .14 
-10 0.11 0 .09 0 .08 0 .06 0 .06 0 .06 0 .06 0 .06 0.07 0 .08 0 .11 
30 0 .0!) 0.08 0 .07 0 .06 0 .06 0 .06 0 .06 0 .06 0 .06 0 .07 0 .08 
20 0 .07 0 .07 0.06 0.0G 0.06 0.06 0 .06 0 .06 0 .06 0.06 0 .07 
10 0.0G 0.0G 0 .06 0.06 0 .06 0 .06 0.06 0 .06 0 .06 0.06 0 .06 
0 0 .06 0 .06 0.0G 0.0G 0 .06 0 .06 0 .06 0 .06 0 .06 0.06 0 .06 

1956) 

XII 

0 .21 
0 .16 
0.12 
0 .09 
0 .07 
0 .07 
0.06 

Year 

(0 .13) 
0.13 
0 .10 
0 .08 
0 .07 
0 .06 
0 .06 
0 .06 

C, 

'i ;:s 

A 
'i ... .s 
"' 
"' c,, 

"' A 
'i 
<:> 
;::,-

.... 
00 

.... 
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TABLE V. RATIO OF INSOLATION WITH OVERCAST SKY TO INSOLATION Wl1'H 

CLOUDLESS SKY FOR AN OPTICAL AIR MASS m = 2.5 (AFTER HAURWITZ, 1948) 

Cwud type Ci Cs A c A~ Sc St Ns Fog 

Ratio 0 .83 0.74 0.49 0 .41 0 .33 0 .25 0 .21 0 .18 

The rate of heat exchange with the atmosphere through the process 
of evaporation can be expressed by 

Q. = LpE, (5) 

where L is the latent heat of evaporation (cal/gm), p the density of 
water (g/ cm3

), and E evaporation (cm/ day). L decreases somewhat 
with temperature, but not much error is introduced in assuming it 
constant (585 cal/gm). As a first approximation, E can be expressed 
as a vertical flux of water vapor, viz: 

E = - d(pq) 
p dz ' 

(6) 

where pis the density of air, q the specific humidity, z the height, and 
A the coefficient of turbulent heat exchange. A depends on wind 
velocity, height, and stability of the air; with neutral stability, A 
increases approximately linearly with height; with unstable stratifi-
cation the increase is faster, with stable stratification slower. 

The equation cannot be evaluated in the above form because of the 
difficulty in measuring humidity gradients at sea and because of un-
certainties as to the coefficient of turbulent heat exchange. Instead, a 
semiempirical equation of the type 

E = -K· W.le (7) 

is commonly used in climatological research (Jacobs, 1951; Sverdrup, 
1951): Here .le is the vapor pressure difference (mb) between the 
sea surface and the air above it, W the wind velocity (m/sec), and K 
a coafficient of proportionality which can be obtained from the bound-
ary layer theory (Sverdrup, 1951). This coefficient decreases slightly 
with increasing wind velocity and altitude, as shown in Fig. 3. 

The rate of heat exchange through conduction can be computed 
from the rate of evaporation (Q.) and the "Bowen. Ratio" (R) in ac-
cordance with equation 

t:.8 Q. = R ·Q. = 0.66 X 10-ap X - Q. (Bowen, 1926), (8) 
.le 

where pis the sea level atmospheric pressure and (mb) t:.8 the sea-air 
temperature difference (°C); the other symbols have their previous 
meaning. 
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The heat exchange through condensation can be written formally as 

Q,, = L·p·H, (9) 

where L is the latent heat of condensation, p the density of the con-
densed water (g/cm3), and H the height (cm) of the water layer result-
ing from condensation. No direct measurements of H are available 
from the oceans. A rough estimate of the magnitude of heat gained 
by this process may be obtained by considering a dense fog (liquid 
water content 10-6g/cm3) of 100 m thickness laying above the sea 
surface. Even if all the water of the fog were available for condensa-
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m 

Figure 3. E vaporation coeffi cient K aa a function of wind velocity (m /Bee) and height ahove th·, oea 
surface (m). 

tion (which certainly is not the case), the amount of heat gained 
would be only 60 cal/cm2• It is therefore unlikely that the condensa-
tion of water vapor affects the heat balance of the sea to any extent. 

The total amount of sensible heat exchange is the sum of these 
processes, viz. 

(10) 

The evaporation term usually outweighs the other terms by an order of 
magnitude. 

The rate of heat brought into the region through the process of 
advection can be calculated either by taking the difference from the 
other terms of the heat balance, viz. 

(11) 
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or by using an independent expression 

Q., = C,,·p u:;- dz+ v- dz + w- dz , [1. iJ8 1· iJ8 1· iJ8 ] 
o uX o iJy o i)z 

(12) 

where u, v, and w are the velocity components and the other terms are 
as stated before. By using both equations to compute Q., and by 
comparing the results, a check could be made of the accuracy of the 
heat balance method. As a first approximation, the horizontal 
velocity components can be obtained from the geostrophic method, 
the temperature gradients from actual measurements made at sea. 
The vertical velocity component can be avoided by selecting ocean 
areas where there is reason to assume that vertical motion is unim-
portant. Unfortunately several attempts to compare the advection 
terms obtained from the difference method and from the independent 
method have yielded disappointing results. At the present time it is 
not possible to say whether the discrepancy is due to inadequacy of 
the difference method or to evaluation of Q., from eq. (12), or both. 

B) SALT BALANCE. The local change of salt in a given time interval 
can be written as 

(13) 

where SL denotes the local rate of salt change, S,_,, the rate due to 
the excess of evaporation over precipitation, S, the rate due to runoff, 
and S., the rate due to advection. The units used are g cm-2 day-1• 

The local rate of change can be expressed for a water column of 
depth Z: 

1. as• 
SL = 10---3 p at dz, (14) 

where pis the density of the water column (g cm-3) and S* its salinity 
(%o). The integration should be carried out to a depth where the 
seasonal variation of salinity becomes negligible; this depth, in the 
region concerned, lies at 200 m. In order to evaluate eq. (14), the 
salinity must be known accurately to ±0.01%o. 

The rate of change due to excess evaporation over precipitation is 

S,-p = (e - p) 10-3 p S*, (15) 

where e is evaporation (cm/ day), p precipitation (cm/ day); the other 
quantities are as before. 

The rate of change due to runoff is 

S, = -q 10-1 p S*, (16) 
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where D is the discharge (cm3 day- 1), and A the area (cm2
) aff ected 

by the discharge. 
The advection term is generally computed as the difference from the 

other terms of the salt balance, since it is difficult to evaluate it in-
dependently. 

The Region off California and Baja California 

A) RADIATION (TABLES VI, VII). The rate of total (direct + dif-
fuse) short wave radiation received at the sea surface varies with lati-
tude and time, with annual mean values ranging from about 300 cal 
cm-2 day-1 off northern California to about 450 cal cm-2 day- 1 off 
southern Baja California. Seasonal differences between the northern 
and southern part of the region are greatest in winter and smallest in 
summer. The minimum rate of radiation is always found in Decem-
ber, but the maximum rate may occur in spring (Central Baja Califor-
nia), summer (California), or fall (southern Baja California), depending 
on regional differences in the seasonal variation of cloudiness. The 
oceanic areas receive, on the whole, considerably less radiation than 
comparable coastal stations, as can be seen by comparing values in 
Tables VI and VII . The largest differences are found during the 
warmer part of the year when there is a sharp increase in cloudiness 
from the coast toward the ocean. 

Back radiation shows little seasonal or latitudinal variation. About 
120 cal cm- 2 day - 1 are lost to the atmosphere on an annual average, 
but there is an indication that values are somewhat lower in summer 
than in winter. 

The difference between incoming short wave and outgoing long wave 
radiation is the effective radiation, which shows a seasonal and latitu-
dinal variation similar to the incoming radiation. Annual mean 
values range from about 200 cal cm- 2 day-1 off northern California 
to about 350 cal cm- 2 day- 1 off southern Baja California. They are 
in good agreement with Budyko's charts (1955, 1956). 

B) SENSIBLE HEAT EXCHANGE WITH THE ATMOSPHERE (TABLE 
VIII). In the California Current region this is due almost entirely to 
evaporation, the rates due to condensation and convection being very 
small. 

The rate of evaporation is comparatively low and does not show 
appreciable seasonal or latitudinal variation. This can be explained 
partly by the rather low and constant wind velocities. On an annual 
average, between 70 and 130 cal cm-2 day- 1 are lost to the atmosphere; 
these values agree favorably with the findings of Jacobs (1951) and 



TABLE VI. AVERAGE MONTHLY VARIATION OF TOTAL !NCO.MING RADIATION (Q,), BACK RADIATION (Qb) AND EFFECTIVE RADIATION .... 
(Q,) IN CAL cii-2 DAY-I 

co 
c,, 

~onth I II Ill IV V VI VII VIII IX X XI XII Year 
.se. 

Ar Q, 
A 189 226 314 363 428 438 388 379 345 266 204 156 308 
B 205 242 361 410 451 462 427 379 339 285 215 181 330 
C 251 288 386 433 460 470 412 367 347 316 283 243 355 
D 267 307 392 426 430 438 412 388 379 326 296 250 359 
E 306 328 412 427 390 367 387 378 389 369 334 286 364 
F 306 344 452 492 520 515 518 519 483 403 343 290 432 0 

G 343 391 480 516 508 501 534 534 511 452 370 322 455 ('> 

H 333 403 507 538 553 547 504 504 456 452 380 322 458 ?. 
Qb ::i:: 

('> 

A -110 -106 -109 -111 -108 -114 -94 -127 -106 -113 -112 -107 -110 .... 
B -133 -123 -128 -129 -130 -126 -112 -101 -118 -120 -124 -131 -123 
C -136 -136 -134 -120 -128 -114 -98 -104 -127 -124 -132 -137 -124 
D -129 -138 -134 -119 -112 -112 -98 -97 -109 -121 -136 -137 -120 r,.;i 

a E -134 -133 -131 -129 -109 -96 -100 -90 -102 -120 -137 -138 -118 .... 
F -130 -136 -135 -136 -132 -126 -123 -111 -113 -115 -130 -136 -127 0:, 

G -126 -133 -137 -133 -138 -130 -114 -103 -100 -105 -107 -121 -121 r H -116 -132 -132 -130 -126 -115 -91 -84 -84 -93 -95 -107 -109 C'> 
('> 

Q, 

A 79 120 205 252 320 324 294 252 239 153 92 49 198 
B 72 119 233 281 321 336 315 278 221 165 91 50 207 
C 115 152 252 313 332 356 314 263 220 192 151 106 231 
D 138 169 258 307 318 326 314 291 270 205 160 113 239 
E 172 195 281 298 281 271 287 288 287 249 197 150 246 
F 176 208 317 356 388 389 395 408 370 288 213 154 305 
G 217 258 343 383 370 371 420 431 411 347 263 201 334 
H 217 271 375 408 427 432 413 420 372 359 285 215 349 co 



Q 

TOTAL INCOMING RADIATION IN CAL CM-2 DAY-I AT CERTAIN SHORE STATIONS IN CALIFORNIA 
""I 

TABLE VII. 
A ~ 

~ onth I 11 111 IV V VI Vll Vlll IX X XI Xll Year 
Pla 

E ureka 148 196 312 367 420 446 441 387 346 254 171 139 302 A 
""I 

San Francisco 198 253 391 478 536 579 543 486 437 337 243 179 388 
... 

Santa M:i.ria 252 281 376 461 499 564 567 531 464 362 275 198 403 
San Diego 259 307 412 462 491 525 559 543 477 379 313 235 414 r,, 

A 
""I 
c-, 
;.-



TABLE VIII. AVERAGE MONTHLY VARIATION OF THE SENSIBLE HEAT EXCHANGE WITH THE ATMOSPHERE THROUGH EVAPORATION 

(Q,) CONVECTION (Q.) AND TOTAL HEAT EXCHANGE (Q0 ) IN CAL CM-2 DAY- 1 ti:, 
c,, 

"'-Month I II Ill IV V VI VII VIII IX X XI XII Year 
.se 

Area"'- Q, 
A -88 -59 -64 -76 -88 -94 -94 -76 -64 -70 -64 -76 - 76 
B -64 -59 -53 -70 -82 -88 -76 -64 -53 -70 -64 -53 -66 
C -lll -129 -117 -99 -88 -76 -94 -94 -105 -129 -111 -99 -104 
D -64 -76 -82 -76 -70 -64 -88 -88 -82 -88 -76 -59 -76 
E -105 -105 -140 -146 -158 -99 -94 -94 -76 -105 -111 -111 -112 
F -117 -117 -146 -88 -111 -82 -70 -70 -88 -129 -117 -117 -104 0 

G -117 -105 -105 -117 -140 -94 -76 -94 -111 -140 -123 -140 -ll4 R, 

H -146 -117 -140 -140 -152 -146 -123 -99 -94 -117 -135 -140 -129 ;:! .. 
Q. ::x:: 

A -15 -1 5 5 7 15 10 5 ll 0 -6 -5 2 a 
B -4 4 12 8 16 24 17 17 11 6 4 0 10 A 

;:! 

C -2 5 7 11 
,, 

13 8 5 14 3 7 -5 6 R, 
I 

D -3 2 -2 2 -1 1 -2 -2 -2 0 -2 -3 -1 rn 
a 

E -7 0 0 10 5 5 2 6 -2 0 -3 -9 1 ..... 
F -11 -4 1 8 6 8 7 6 3 -10 -4 -7 0 ti:, 

A 
G -ll -5 -3 7 1 10 2 -1 -3 -4 -4 -11 -1 iS" 
H -10 -6 -4 1 2 -1 -4 -5 -5 -1 -4 -10 -4 ;:! 

Qo 
A -103 -60 -59 -71 -81 -79 -84 -71 -53 -70 -70 -81 -74 
B -68 -55 -41 -62 -66 -64 -59 -47 -42 -64 -60 -53 -56 
C -ll3 -124 -llO -88 -81 -63 -86 -89 -91 -126 -104 -104 -98 
D -67 -74 -84 -74 -71 -63 -90 -90 -84 -88 -78 -62 -77 
E -112 -105 -140 -136 -153 -94 -92 -88 -78 -105 -114 -120 -111 
F -128 -121 -145 -80 -105 -74 -63 -64 -85 -139 -123 -124 -104 
G -128 -110 -108 -110 -139 -84 -74 -95 -114 -144 -127 -151 -115 
H -156 -123 -144 -139 -150 -149 -127 -104 -99 -118 -139 -150 -133 

c,, 
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Budyko (1955, 1956). The rate of evaporation is somewhat larger 
in the southern than in the northern part of the region. 

The rate of heat exchange through convection is generally less than 
10% of that through evaporation. During spring and summer 
months the sea gains small amounts of heat from the atmosphere 
whereas during fall and winter months it loses a small amount. The 
amounts exchanged are so small in comparison with evaporation that 
they can be neglected. 

The rate of heat change through condensation can be completely 
neglected. 

The rate of total exchange of sensible heat with the atmosphere 1s 
therefore approximately equal to the rate of evaporation. 

C) LocAL HEATING AND AovECTION (TABLE IX). The average 
monthly variation of the rate of local heat change shows that heat is 
gained principally between July and September and lost mainly be-
tween November and January. These gains and losses are somewhat 
more pronounced in the southern than in the northern part of the re-
gion. The time lag in the occurrence of the maximum rate of heat gain 
and the maximum rate of radiation strongly suggest that advection 
may be an important process in the California Current region. 

The rate of advection, when computed from the other terms of the 
heat balance, varies between about 130 and 230 cal cm-2 day-I on a 
yearly average; this value is in good agreement with figures obtained 
by Budyko (1955, 1956), who gives 200 cal cm-2 day-I for the southern 
part of the California Current region. The loss of heat through advec-
tion of cold water appears to be largest during winter and spring and 
smallest in fall. Only in isolated places, such as that off southern Baja 
California in fall, is there some gain of heat through advection of warm 
water. 

From the other terms of the heat balance, an attempt was made to 
evaluate the rate of advection independently. Area E off central 
Baja California was chosen for this purpose because it is sufficiently 
far away from the coast to be markedly influenced by upwelling. It 
was found that on an annual average the rate of advection amounted 
to 203 cal cm-2 day-I as compared to 135 cal cm-2 day-I obtained by 
the difference method. However, comparison of the average monthly 
variation of the rate of advection (Fig. 4) shows that there is little 
siinilarity between both curves. 

D) SALT BALANCE (TABLE X) . The observed rate of local salt 
change does not show a simple seasonal variation. Off central Califor-
nia there is a salt gain in summer by upwelling and a gain in winter 



TABLE IX . AVERAGE MONTHLY VARIATIO:,/ OF LOCAL HEAT CHANGE (QL) AND ADVECTJON (Qv) IN CAL C~C2 DAY- I 

"'- Month I II Ill IV V VI VII VIII IX X XI XII Year 
Area"'- QL 0 

A. 
B -147 -83 -32 - 32 6 90 \02 'iO 52 90 12 -128 0 
C -83 -51 -46 26 77 83 102 186 198 -121 -256 -115 0 

.. 
D -141 -83 - 32 -70 -26 173 237 166 128 51 -166 -237 0 ::i::: 

"' E -109 -115 -64 -20 58 128 134 90 179 83 -198 -166 0 a 
F -30i -205 -166 - 204 -26 205 256 307 542 173 -294 -281 0 A 

;:i 
G -154 -237 -83 51 90 90 96 230 525 - 58 -467 -83 0 A. 

Q. (by difference) a -B -151 -147 -224 -251 - 249 -182 -154 -161 -127 - 11 -19 -131 -151 b:, 
C - 85 -78 -188 -199 - 174 -210 -126 12 69 - 187 -303 -117 -133 A 

D -212 - 178 - 206 -303 -273 -90 13 -35 - 58 -66 -248 -288 -162 S' 
;:i 

E -169 -205 -205 -182 -70 -49 -61 -110 -30 -61 -281 - 196 -135 
C") 

"' 
F -355 -292 -338 -480 -309 -110 -76 -37 257 24 -384 -311 -201 
G -243 -385 -318 -222 -141 -197 -250 -86 228 -261 -613 -133 -219 
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Figure 4. Average monthly variation of advection of heat (Q,) in area Eoff central Baja California. 
Dotted curve representa Q. found by difference from the other terms of the heat balance; solid line 
shows Q, determined independently . 

through advection from the west. Off southern California the gain 
occurs in spring and is probably related to upwelling. Off Baja Cali-
fornia there is a gain from about May to September and again in 
December. 

The rate of salt change due to excess evaporation over precipitation 
shows a summer maximum off California and a spring maximum off 
Baja California. Generally this represents a gain of salt, except in 
the northern part of the region, during winter. Annual mean values 
range from about 50 g cm-2 day-1 off Baja California to about - 10 g 
cm-2 day-1 off central California. 

The rate of change due to advection shows features similar to the 
local salt change. There is a loss of salt through advection on an 
annual average in all of the areas except in that off central California. 

E) ERRORS OF THE HEAT AND SALT BALAN CE METHOD. The accu-
racy of the heat and salt balance method depends on the soundness of 



I-' 
<:O 
c.n 
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TABLE X. AVERAGE MONTHLY VARIATION OF LOCAL SALT CHANGE (SL), SALT CHANGE DUE TO EXCESS EVAPORATION OVER 

PRECIPITATION (S,-p) AND SALT CHANGE DUE TO ADVECTJON (Sv) ING CM-2 DAY-I 

"'Month I II I ll I V V VI VII VIII IX X X I XII Year 
Area"' 10' X SL 
B 67 0 - 134 -201 134 201 134 134 67 -201 -268 67 0 
C - 335 - 67 - 67 134 268 268 134 -268 -67 201 67 -268 0 
D - 201 0 268 268 134 -67 - 201 - 67 201 0 -134 - 201 0 0 

E 0 - 134 - 67 -134 -134 268 335 201 134 -268 -268 67 0 
A. 
;::! 

F 0 - 201 -268 -201 67 201 67 67 335 67 - 268 134 0 .. 
G 67 - 201 - 67 0 201 134 0 0 67 -335 - 201 335 0 ::i:: 

104 X S,-p 
A ..... 
A 

B - 95 - 75 - 58 -3 27 48 44 37 24 14 - 31 - 88 - 13 ;::! 

C 14 17 24 43 41 43 55 51 58 61 41 0 37 
A. 
ti:) 

D - 14 - 14 3 24 31 37 51 48 44 37 20 - 24 20 
E 34 31 58 75 88 58 51 44 20 51 51 27 49 
F 65 65 85 51 65 48 34 20 7 68 61 48 51 A 

G 65 48 61 68 82 54 37 7 7 71 58 44 50 S' 
;::! 

104 X'S. 
C'> 

B 162 75 -76 -198 -107 153 90 97 43 - 215 - 237 155 13 
C -349 - 84 - 91 91 227 225 79 - 319 - 125 140 26 - 268 - 37 
D - 187 14 265 244 103 - 104 - 252 -115 157 -37 -154 - 177 -20 
E - 34 -1G5 - 125 - 209 - 222 210 284 157 114 -319 - 319 40 - 49 
F - 65 - 266 - 343 -252 2 153 33 47 328 - 1 - 329 86 - 51 
G 2 - 249 - 128 -68 119 80 - 37 -7 60 -406 - 259 291 - 50 

c.n 
c.n 
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the assumptions underlying the theory, on the reliability of the data, 
and on the magnitude of random and systematic errors. 

Accepting the theory as correct, the effect of observational errors 
upon the different terms is shown in Table XI. An error in estimating 
cloudiness by one tenth changes the rate of incoming radiation by 10% 
and of back radiation by 4%, on an average. The effect of an error 
of 0.1 °C in determining the sea-air temperature difference alters the 
rate of back radiation by 1 % and of sensible heat exchange through 
convection by about 3%. An error of 1 m/sec in estimating wind 
velocity changes the rate of evaporation between 10 and ~% for 
wind velocities most commonly observed in the California Current 
region. An error of 1 % in determining humidity changes the rate of 
evaporation by 5% and the rate of back radiation by 1 %. Small 
errors in determining temperature and salinity changes from one 
month to the next lead to appreciable errors in the rates of local heat 
and salt change. 

Summarizing, it may be said that the rate of effective radiation 
calculated from the theory is accurate within 20%, the rate of ex-
change of sensible heat by the atmosphere within 40%, and the rate 
of local heat and salt change within about 20%. The advection term 
calculated by difference from the other terms of the balance is there-
fore accurate only within 80% . The error in calculating the advec-
tion term directly from the horizontal (geostrophic) velocity com-
ponents and temperature gradients is estimated to be roughly 50%. 

F) NONSEASONAL VARIATIONS. The nonseasonal variation of heat 
balance terms may be estimated by taking the difference between 
the monthly mean and the long term mean of the same month for 
various contributing factors and plotting these anomalies against 
time. 

The monthly cloudiness anomalies (tenths) for the period 1921-
1938, shown in Fig. 5, vary mostly between ±0.2 and none are greater 
than ±0.4. These anomalies produce a change in the rate of incoming 
radiation on the order of ±20% and of back radiation on the order of 
±10%. 

Anomalies in the northerly wind component at Lat. 30N between 
Long. 110W-130W and at Lat. 40N between Long. 120W-130W for 
the period 1920-1958 are shown in Fig. 6. The velocities, obtained 
from pressure differences, must be multiplied by a factor of 0.6 in 
order to make them applicable near the sea surface. It is seen that, 
near sea level, the wind anomalies are on the order of ±2 m/sec at 
Lat. 30N and ±3 m/sec at Lat. 40N. The change in the rate of 
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TABLE XI. PERCENTAGE ERROR OF HEAT BALANCE A...'1O SALT BALANCE TERMS 

Error in Error in 
Sea-air sea-air 

Clow.ii- clow.ii- incoming back temp. temp. back 
ness ness radiation radiation dijf. dijf. radiatian convection 

t:,.Q, t:,.Qb t:,.Qb t:,.Q. 

C t:,.C Q, Qb 8, - 80 t:,.(8, - 80) Qb Q. 
tenths tenths % % oc oc % % 
0 .0 ±0.1 =i= 7 =i= 0 1.0 ±0.1 ±1 ±10 
0.2 ±0.1 =i= 8 =F l 2 .0 ±0.1 ±1 ±5 
0.4 ±0.1 =i= 9 =i= 3 3.0 ±0.1 ±1 ±3 
0 .6 ±0.1 =F12 =i= 5 4 .0 ±0.1 ±1 ±3 
0 .8 ±0.1 =F15 =i= 8 5.0 ±0.1 ±1 ±2 
1.0 ±0.1 =F21 =F17 6.0 ±0.1 ±1 ±2 

~Error in~ Error in 
Wind wind evap- Humid- humid- evap- back 

velocity vel. oration ity it11 oratian radiation 
t:,.Q, t:,.Q, t:,.Qb 

w t:,.W Q. t:,. Q. Qb 

m/sec m/sec % % % % % 
2 ±1 ±50 60 ±1 =i= 2 =Fl 
4 ±1 ±25 65 ±1 =i= 3 =Fl 
6 ±1 ±17 70 ±1 =i= 3 =Fl 
8 ±1 ±13 75 ±1 =i= 4 =Fl 

10 ±1 ±10 80 ±1 =i= 5 =Fl 
12 ±1 ±8 85 ±1 =i= 7 =Fl 
14 ±1 ±7 90 ±1 =FlO =Fl 

16 ±1 ±6 95 ±1 =F20 =Fl 

-Error in- --Error in--

Temp. temp. local Salinity sal. local 
dijf. dijf. heat dijf. dijf. salt 

per mo. per mo. change per mo. per mo. change 
t:,.QL t:,.SL 

8 M QL s t:,.S SL 
oc oc % %o %o % 

0.2 ±0.1 ±50 0.02 ±0.01 ±50 

0 .4 ±0.1 ±25 0.04 ±0.01 ±25 

0 .6 ±0.1 ±17 0.06 ±0.01 ±17 

0 .8 ±0.1 ±13 0.08 ±0.01 ±13 

1.0 ±0.1 ±10 0 .10 ±0.01 ±10 

1.2 ±0.1 ±8 0 .15 ±0.01 ± 7 

1.4 ±0.1 ± 7 0.20 ±0.01 ±5 

1.6 ±0.1 ± 6 0 .25 ±0.01 ±4 
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Figure 5. Monthly cloudinesa anomaly in tenths. 
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evaporation and convection produced by these anomalies is on the 
order of ±50% at Lat. 30N and ±75% at Lat. 40N. 

Nonseasonal variations in temperature change from one month to 
the next are generally within ±0.3°C/ mo. The change in the rate of 
local heating produced by these anomalies is within ±60%. 

Anomalies in salinity change per month fall mostly within ±0.02%o/ 
mo and produce changes in the local salt content by about ±50%. 

It might seem that changes produced by nonseasonal variations are 
not much larger than changes that could be produced by errors in 
observation; however, the errors discussed in the previous section 
apply to individual observations; by taking monthly averages of 
many stations, we may expect that random errors will be reduced to a 

1920 · ""' . 1930 19l5 .,,o ... , 1950 

Figure 6. Monthly anomaly of northerly (geostrophic) wind component, expressed in millibars of 
preee11re differ ence. 

minimum and that nonseasonal changes are therefore larger than 
errors due to observation. 

Conclusions. Investigations of the heat and salt balance in the 
California Current region show that the rate of local heat change is 
primarily related to the rate of effective radiation and the rate of ad-
vection. The rate of turbulent heat exchange with the atmosph".'re is 
rather small and constant. The rate of local salt change is influenced 
principally by the rate of advection and less so by the rate of excess 
evaporation over precipitation. The rates of radiation and local 
heating are accurate within 20%, and the rate of turbulent heat ex-
change is accurate within 40%. An attempt to evaluate the advec-
tion term independently and to compare it to the advection term 
obtained by difference showed disappointing results. 
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