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RECENT OCEANOGRAPHIC INVESTIGATIONS IN 
THE GULF OF CALIFORNIA 

G. I. RODEN AND G. W. GROVES 
Scripps Institution of Oceanography, 

La Jolla, California 

ABSTRACT 

Results of seven hydrographic cruises into the Gulf of California during 1956 and 
1957 show that the water mass there is characteristic of Equatorial Paci.fie water 
though modified by intensive evaporation in surface layers. The combination of 
wind regime and complicated topographical features plays a predominant role in cir-
culation, upwelling, distribution of temperature, and other hydrographic factors. 
Seasonal changes are large. An estimate of the water budget indicates that exchange 
between the Gulf and the Pacific Ocean is of the order of 106 m3/ sec. Evaporation 
in the Gulf is about 5 x 103 m3/sec. Runoff and precipitation are negligible. Sea-
level records were !Studied and interpreted in terms of geostrophic surface flow. 
Strong tidal currents in many parts of the Gulf are influencial in mixing the water. 

Introduction. The oceanographic aspects of the Gulf of California, 
one of the least known marginal seas of the North Pacific, are both 
interesting and complex. Yet little oceanographic research has been 
done until recently. The Gulf is unique in that it is the only large 
evaporation basin in the Pacific Ocean. It is characterized by a large 
annual temperature range and by relatively high salinities. The tidal 
range at its inner end is impressive and so is the tidal bore that reaches 
far into the Rio Colorado. 

Prior to 1956, when the Scripps Institution of Oceanography in 
collaboration with the South Pacific Fisheries Investigations of the 
U. S. Fish and Wildlife Service decided to make a series of oceanog-
raphic cruises into the Gulf as part of the research conducted under the 
California Cooperative Oceanic Fisheries Investigations, only two 
hydrographic expeditions had been undertaken into this region. The 
first took place in 1889 with the ALBATROSS (Tanner, 1888) and the 
second, almost 50 years later, with the E. W. SCRIPPS (Sverdrup, 1941). 
Results from these two cruises and the meteorological aspects of the 
Gulf region were discussed recently (Roden, 1958). 

The aims of the recent cruises into the Gulf from an oceanographic 
standpoint were twofold: to investigate the seasonal variation of 

1 Contribution from the Scripps Institution of Oceanography, New Series. 
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temperature, salinity and oxygen in the upper layers and to determine 
whether or not any changes in the distribution of properties had taken 
place in the deeper part of the sea since the last survey in 1939. In 
addition there were biological investigations which will not be con-
sidered here. 

Tides and sea level variations in the Gulf have not been studied in 
detail, but since they are important in understanding the circulation, 
a brief description of them will be found at the end of this paper. 

Data. The stations occupied and the areas covered on the seven 
recent cruises into the Gulf are shown in Fig. 1 and Table I, respec-
tively. On each hydrographic station, bottle casts were made and 
temperatures, salinities and oxygens were determined. Bathythermo-
graphs were lowered on each station and between stations. The data 
were processed by the Data Collection and Processing Group of the 
Scripps Institution of Oceanography; the tabulated data will be pub-
lished in OCEANIC OBSERVATIONS OF THE PACIFIC, 1956 AND 1957. 
Sea surface temperatures at coastal stations were obtained from the 
U.S. Coast and Geodetic Survey (1956) and meteorological informa-
tion was obtained from Servicio Meteorol6gico Mexicano (1937, 1938). 

Seasonal Variation of Temperature, Salinity and Oxygen at the Sur-
face. One of the outstanding features of the Gulf of California is the 
large annual range of sea surface temperatures; at Puerto Penasco in 
the north the range is about 16 C; at Caho San Lucas in the south it is 
about 9 C (Table II). The pronounced seasonal temperature varia-
tion is not confined to coastal areas but occurs in offshore regions as 
well (Fig. 2); agreement between coastal and offshore temperatures is 
reasonably good. An interesting feature is an area of low temperatures 
around Isla Angel de la Guarda which is found throughout the year. 
Along the coast, temperatures are somewhat dependent upon up-
welling; in winter low temperatures are generally found along the east 
coast and in summer along the west coast. There is little information 
on the year-to-year variation of temperature except that in 1957 
temperatures appeared to be somewhat higher than in 1956. The 
seasonal variation of temperature extends downward from the surface 
to about 200 m, the average temperature in this depth range ranging 
between 14 C in winter to 18 C in summer over most of the Gulf. 

The seasonal variation of salinity (Fig. 3) is surprisingly small and, 
except for the southernmost part, the annual range does not exceed 
0.2%o. This contrasts sharply with results obtained from shore sta-
tions, where the seasonal range is of the order of 1%0 (U. S. Coast and 
Geodetic Survey, 1954; thus observations along the shore are not 
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Figuro 1. StatioDB occupied during recent Gulf cruise&. Circles represent hydrographic station•. 
dote net-tow stations. Numbers refer to bydrograpbic stations. 



TABLE I. CHRONOLOGICAL LIST OF HYDROGRAPHIC CRUISES INTO THE GULF OF CALIFORNIA. 

Time Ship Hydrogrophic casts Properties observed Area covered 
Number to depth 

11 :i\lar.-7 Apr. 1889 ALBATROSS 28 bottom temperature, salinity Caho San Lucas northward 
to Rfo Colorado. 

13 Feh.-19 1\far. 1939 E. w. SCRIPPS 53 bottom temperature, salinity, Caho San Lucas northward 
oxygen, calcium to Rfo Colorado. 

6 Feb.-17 Feb. 1956 BLACK DOUGLAS 22 1200m temperature, salinity, Cabo San Lucas northward 
oxygen to Isla Tihur6n. 

7 Apr.-23 Apr. 1956 BLACK DOUGLAS 40 GOOm temperature, salinity, Cabo San Lucas northward 
oxygen to Rio Colorado. 

26 Nov.-16 Dec. 1956 HORIZON 59 bottom temperature, salinity, Cabo San Lucas southward 
oxygen to Isla Socorro and Cabo 

Corrientes. 
8 Feb.-23 Feb. 1957 SPENCER F. BAIRD 67 bottom temperature, salinity, Cabo San Lucas northward 

oxygen to Isla Tibur6n. 
7 Apr.-23 Apr. 1957 BLACK DOUGLAS 37 600m temperature, salinity, Cabo San Lucas northward 

oxygen to Rfo Colorado. 
7 June-23 June 1957 STRANGER 57 600m temperature, salinity, Caho San Lucas northward 

oxyge.n to Rio Colorado. 
9 Aug.-26 Aug. 1957 STRANGER 57 600m temperature, salinity, Cabo San Lucas northward 

oxygen to Rio Colorado. 
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TABLE II . flE A SURFACE TEMPERATURES (c) AT SHORE STATIONS 

May July Aug. Sept. Oct. Nov. Dec. Year Range " Jan. Feb. Mar. Apr. June c:, 
;::! 

Puerto Peiiasco, Son. 15.8 17.8 20.6 23.8 26.3 29.7 31. 2 31.0 28.4 22.0 17.1 23.2 16.3 
"i 

14.9 ;;:! 

(1952-1955) USCGS 

Guaymas, Son. 17.7 18.7 18.8 21. 5 25.0 29.3 31.4 31. 5 31. 3 28.9 24.1 18.7 24.7 13.8 
(1950-1953, 1957) USCGS i;::, 

"i 
Mazatlan, Sin. 21. 4 20.1 20.5 21.6 24. 1 28.2 29.5 30.0 29.9 28.5 25.1 22.0 25.1 9 .9 .... 

;;:! 
(1953-1957) USCGS "' 

Caho San Lucas, B.C. 20.8 20.5 20.6 23.1 23.6 25.9 28.2 29.0 26.2 24.4 24.2 (8 . 5) "' "" (1957) SIO "' i;::, 
"i 

La Paz, B.C. 19.8 19.9 21.3 22.2 24.0 24.9 27.4 29.1 28.3 28. 1 25. 1 21. 3 24.3 9.3 ;;:,-

(1950-1957) USCGS 



1959] Roden and Groves: Oceanographic Investi gations 15 

FEB 1956 APR 1955 FEB 1957 APR 1957 JUN 1957 AUG 1!!57 

Figure 2. Horizontal distribution of temperature (°C) at 10 m. 

Figure 3. Horizontal distribution of salinity (%0) at 10 m. 

FEB 1956 APR 1956 FEB 1957 

Figure 4. Horizontal distribution of oxygen (ml/I) at 10 m. 
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characteristic of conditions offshore. The salinity increases from the 
Gulf entrance to the mouth of Rio Colorado. The latter has no 
influence upon salinity since runoff is negligible. The lowest salinities 
are found off river mouths in the southeastern part of the Gulf during 
the rainy season (July-October) whereas the highest salinities occur in 
shallow protected bays where evaporation is strong; such areas are 
Bahia Concepcion, Bahia San Felipe and Bahia Adair. The average 
salinity of the upper 200 m shows almost no seasonal variation. 

~A 

~B 

CJ C 

115•w 

PENASCO 

tSLA ANGEL DE LA GUARDA 

110°w 105•w 

Figure 5. Upwelling areas: a) with northwesterly windB. b) with southeasterly winds. Area c is 
characterized by strong tidal mixing . 

There is some variation of dissolved oxygen with season (Fig. 4). 
From the solubility of oxygen in sea water one would expect to find 
the highest concentrations in winter and the lowest in summer, but 
actually the highest concentrations occur in spring, indicating that 
biological activity is also important. The surface waters are generally 
saturated with respect to oxygen, deviations of more than 15% from 
the saturation value occurring only rarely. A notable exception is 
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found in the vicinity of Isla Tiburon and Isla Angel de la Guarda 
where undersaturation frequently occurs. Production of oxygen by 
phytoplankton during the "blooming" season occasionally leads to 
strong oversaturation. 

Upwelling plays an important role. With northwesterly winds up-
welling occurs along the east coast and with southeasterly winds along 
the west coast (Fig. 5). The upwelling areas are mostly found in 
wind lee of capes, points and islands. The upwelled water is of low 
temperature, and it is usually of low salinity except along the west 
coast. Here upwelling frequently leads to higher salinities due to the 
presence of an intermediate salinity maximum at a depth of about 50 m 
originating at the northern end of the Gulf. There is no obvious 
relation between oxygen concentration and upwelling. 

150,---~::._ _______ __;=----------=------

50__:~~~~;:::~c-c::;;;,"'----""-.... 

100----'i:' 

T (°C) 

Figure 6. 'Distribution of temperature, salinity and oxygen in vertical section across the northern 
part of tbe Gulf for April , June, and August 1957 in descending order. 

Northern Part of Gulf. This region, between Rio Colorado and Isla 
Tiburon, lies in an arid environment which is characterized by large 
annual temperature ranges and strong evaporation. There is little 
precipi~ation (less than 100 mm/year) and runoff is negligible. Winds 
are predominantly northerly in winter and southerly in summer. The 
average depth is quite shallow, being about 200 m. An exception is 
the 1000 m deep trench between Baja California and the islands of 
Angel de la Guarda and San Lorenzo which is isolated from the rest 
of the Gulf below 250 m. 
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Figure 7. Distribution of temperature, saliwty and oxygen in a vertical section along Ballena• 
Trench. 
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The distribution of temperature, salinity and oxygen with depth is 
shown in Fig. 6. Strong temperature gradients between surface and 
bottom are found during summer months owing to intense solar heating 
and lack of mixing. Winter conditions have not been thoroughly 
investigated, but records made at Puerto Pefiasco seem to indicate 
that the water may be almost isothermal (14 C). Salinities, except 
near the coast, vary between rather narrow limits and are mostly 
35.2-35.5%o. 

Unusual conditions prevail in the deep trench. Surface tempera-
tures are generally lower here than elsewhere. At depths, tempera-
ture, salinity and oxygen (Fig. 7) are much higher than in any other 
place at that depth. At 1000 m the temperature difference inside and 
outside the trench is 6°C, the salinity difference 0.4%o, and the oxygen 
difference 1 ml/L. These features are indicative of intensive mixing 
which can be attributed to strong tidal currents found there. 

Central Part of Gulf. This region between Topolobampo and Isla 
Tiburon is in a less arid environment than that to the north. Precipi-
tation occurs during late summer months, with the east coast receiving 
about twice as much as the west coast. Runoff is very slight. The 
depths are large and there is open communication with the ocean. 
Winds blow predominantly from the north during winter and from the 
south during summer. 

The distribution of temperature, salinity and oxygen in a vertical 
cross-section from Santa Rosalia to Cuaymas is shown in Figs. 8 and 
9. Below the thermocline the water is the same as in the Equatorial 
Pacific (Sverdrup, 1941). It is characterized by a salinity minimum 
(34.50--34.55%o) between 600 and 1000 m and an oxygen minimum 
(0.1-0.2 ml/L) between 400 and 800 m. The depth at which these 
minima occur in the gulf is somewhat less than that in the Equatorial 
Pacific. 

Above the Equatorial Pacific water lies a water mass which is dis-
tinguished by its higher salinities and which may be called "Gulf 
water"; this can be looked upon as equatorial water which has been 
transformed at the surface by evaporation. The salinity and oxygen 
distributions in the upper layers are very complicated and dependent 
upon season. Warm temperatures in winter are slightly colder along 
the east than along the west coast; in summer the opposite occurs 
This phenomenon can be ascribed to upwelling. In late summer there 
appears to be, from consideration of continuity and the presence of 
salinity tongues, a northward flow of low salinity water along the east 
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coast and a southward flow of high salinity water along the west coast, 
both occurring at subsurface depths of about 50 m. 
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Figure 8. Distribution of temperature, salinity and oxygen in a vertical section across tne central 
part of tne Gulf for February 1957. 

Souihern Part of Gulf. The region between Topolobampo and Caho 
Corrientes lies in a moderatley humid environment. Annual pre-
cipitation, occurring mostly in late summer and fall, varies between 
500 and 1000 mm/ year, with less rainfall in the northern part of this 
region than in the south. During the rainy season there is consider-
able runoff. Winds are predominantly northerly in winter and 
southerly in summer. The southern boundary of the Gulf is not well 
defined, but for oceanographic considerations it can be taken from 
Caho San Lucas to Caho Corrientes. The depths in this part of the 
Gulf are great, frequently exceeding 3000 m. 
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Figure 9. Distribution of t emperature, salinity and oxygen in a vertical section across the central 
part of the Gulf. 
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Compared to the deep water in the central Gulf (Figs. 8, 9), the deep-
water salinity and oxygen minima in this region are more pronounced. 
Oxygen concentrations in the southern Gulf fall below 0.1 ml/L, which 
has not been observed further to the north. At great depths conditions 
are rather uniform, so that no differences are observed between the 
central and southern parts. No important changes between the 1939 
cruise (Sverdrup, 1941) and the 1957 cruise haye been found in the 
deep water of the Gulf. 

LINE 151G 
40 55 70 85 100 115 llO 40 55 70 8 5 100 115 130 o10 55. 70 15 100 115 l lO 

Om 

600 

800 

1000 

1400 

1.0 

1800 

--1.s-

2200 

T ("C) 02 (ml/Ll 
Figure 10. Distribution of temperature, salinity and oxygen in a vertical oection acroea tbe oouthem 

part of the Gulf for February 1957. 

In the upper 200 m the distribution of salinity and oxygen is com-
plicated (Figs. 10, 11, 12) because of three distinct water masses: Gulf 
water, California Current water, and water from the eastern Tropical 
Pacific. Tlr'e fir st is characterized by relatively high temperature and 
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part of the Gulf for April, .June and August 1957 in descending order. 
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salinity, the second by low temperature and salinity, and the latter by 
high temperature and relatively low salinity. Where these water 
masses meet, very sharp gradients are found. This is nearly always 
the case in the vicinity of Caho San Lucas and frequently near Caho 
Corrientes. The salinity distribution indicates that outflow of Gulf 
water seems to occur along the Baja California coast, often at depths 
around 50 m, and that inflow occurs mostly along the east coast and is 
concentrated around 100 m. 

Water Ba"lance in the Gulf. The rate of exchange of water between 
the Gulf and the Pacifi c Ocean can be estimated either by applying the 
geostrophic law io a hydrographic section across the mouth of the Gulf 
or by salt budget considerations. 

The first method was applied along section 151G for the four 1957 
cruises, utilizing the 500 m dynamics between adjacent stations. The 
region of inflowing water was computed separately from the region of 
outflowing water, and the totals for each, Q; and Q., are tabulated in 
the first two lines in Table III. Exchange of water other than through 
the mouth of the Gulf is negligible; therefore, inflow should almost 
exactly balance outflow (for geostrophic flow, which represents a time 
average over a period of the order of a pendulum day). Otherwise, 
ridiculous changes in sea level would soon occur in the Gulf. The 
discrepancy hetween inflow and outflow can be ascribed to four prin-
cipal defects: (1) any flow below 500 m is not accounted for; (2) 
dynamics based on a 500 m reference surface are in error if there is 
motion below; (3) there may be transients in the density field that are 
not geostrophically balanced; (4) the Gulf's mouth is not completely 
spanned by the end stations. With regard to (1) and (2), the density 
variation needed between 500 and 1000 m to completely balance 
inflow and outflow is small and could likely occur. The average 
salinity of the inflowing and outflowing water is defined by the relation 

f pvSdx dz 

f p11dx dz 
s (1) 

where t• is the geostrophic velocity component normal to the section; 
the integration over the area of the section is confined to the region of 
inflowing (or outflowing) water. In making the computation, sal~nity 
and dynamic height values were interpolated linearly between stations. 
For three of the cruises, the outflowing water was more saline than the 
inflowing, but the opposite is indicated for the June cruise. Of course, 
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this computation is subject to all the uncertainties present in the geo-
strophic computation. 

To apply salt budget considerations, let Q;, Qo, E, P and R represent 
inflow, outflow, evaporation, precipitation and runoff, respectively, 
each expressed as mass of water per unit time. Then conservation of 
water and salt can be expressed as follows: 

Q, = (E - p - R)So/(So - S,), 
Qo = (E - p - R)S;/(So - S,), 

(2) 

where S; and So are the mean salinities of the inflowing and outflowing 
water, defined by (1). These relationships need not be fulfilled at any 
given instant of time since there may be short-term variations in the 
total quantity of water and salt within the Gulf. The pertinent ques-
tion to consider in such statements of conservation is "For how long a 
time can the substance under consideration accumulate (or be lost) at a 
reasonable rate until the concentration reaches an absurd value?" 
For conservation of water mass, this time is of the order of a seiche 
period of the gravest mode, or about a day. For salt, however, a time 
of the order of six months is needed for the average salinity in the upper 
200 m to change measurably due to uncompensated evaporation. 
Therefore, all quantities in equations (2) must represent time averages 
of approximately six months, and we shall apply (2) not to each of the 
four 1957 cruises but only to their average. 

Evaporation, E, can be estimated from the relationship 

E = KApW.1e, (3) 

where A is the surface area of the Gulf (cm2
), p the density of fresh 

water (g/ cm3), .1e the vapor pressure difference (mb) between the sea 
surface and the air above it, W the wind velocity (m/ sec), and K a 
factor of proportionality, here taken as 0.011 (for details, see Sverdrup, 
1951). The estimates of E, P, R in Tahle III are based on data col-
lected during the cruises and on past weather data at the corresponding 
time of year (Servicio Meteorol6gico Mexicano, 1937). 

These values can now be used to estimate the water exchange rate 
according to (2), provided that a suitable estimate of the average 
salinities S, and So can be made. An objective way is to use the values 
from lines 3 and 4, derived from the geostrophic estimate. The 
resultant estimate of in- and out-fl.ow is given in the last two lines of 
Table III for the average of the four 1957 cruises. This estimate, of 
course, depends rather critically on the salinity difference between the 
in- and out-flowing water, which, according to the geostrophic estimate, 
is 0.04%0 . Actual examination of the salinity profiles across line 151G 



(101! g/sec) 
(1011 g/sec) 
(%a) 
(%o) 
(109 g/sec) 
(109 g/sec) 
(109 g/sec) 
(1011 g/sec) 
(1011 g/sec) 

February 

0 .9 
1.2 

34.75 
34.82 
3.6 
0 .4 
0 .2 

TABLE III. 

April 

1.6 
1. 5 

34.78 
34.91 
1. 7 
0 . 1 
0 .2 

June 

2.2 
1. 2 

34.84 
34.76 
7.7 
0 .2 
0 .3 

August 

2.8 
1.6 

34.75 
34.78 
7.2 
2.2 
0 .6 

Average 

1.0 
1.4 

34.78 
34.82 
5.0 
0 .7 
0 .3 
3.5 
3.5 
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suggests that a salinity difference 10 times greater might be more 
likely, and this would lead to a water exchange rate only 1/10 as great 
(Roden, 1958). 

It is seen that evaporation exceeds precipitation and runoff in all 
months examined. Precipitation amounts to less than 10% of evap-
oration during the first half of the year, but during the rainy season, 
which lasts from July to October, precipitation increases in importance. 
There is little runoff from the Rio Colorado (Valenzuela, personal 
communication) and the other rivers do not discharge much water into 
the Gulf except during the rainy season. 

HWI (hrs) LWI (hrs) MN (ml SG (ml NP (ml 

Figure 13. Tide• in the Gull of Calilornia: HWl-high water interval. LWI-low water inter~al. 
Mn mean range. Sg-epring range. Np-neap range. Tim e in hours: ro.nge.s in meters. 

Tides. Tide observations have been recorded from very few loca-
tions in the Gulf. Generally the tide appears to be of the mixed type, 
with large diurnal inequalities which may predominate in some parts 
of the central Gulf. The composite tidal range increases gradually 
from the Gulf entrance to Isla Tiburon, and then rapidly toward the 
mouth of the Rio Colorado. In this vicinity it is very large, exceeding 
10 m during the spring tides. The tidal wave continues into the Rio 
Colorado in the form of a bore. Fig. 13 (after U. S. Coast and Geo-
detic Survey, 1915) shows the observed tidal ranges and high and low 
water intervals. 

Whether the tidal oscillation within the Gulf behaves predominantly 
like a standing wave or like a progressive wave travelling northward 
depends on the amount of tidal power that is dissipated inside the Gulf. 
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With relatively little dissipation, most of the incoming energy would 
be reflected from the head of the Gulf, so that the result would appear 
as a standing wave. The high water interval would change rather 
abruptly at a node by half a tidal period. On the other hand, with 
relatively high dissipation, the tidal wave behaves more like a pro-
gressive wave, and we would expect the high water interval to vary 
smoothly with distance from the mouth of the Gulf. Evidence indi-
cates that the time of high water gets progressively later with distance 
up the Gulf, with high water occurring about 5.5 hours later at its 
head than at its mouth; this is about the time needed for a free progres-
sive shallow-water wave to traverse the entire length of the Gulf. 
But 5.5 hours is also approximately half a semidiurnal tidal period, 
which is the lag that would occur if the tidal wave were a pure standing 
oscillation. Evidence is hardly good enough to distinguish between 
the two alternatives. 

If we neglect the small input of tidal energy by the direct action of 
sun and moon on the body of water in the Gulf, then the total amount 
of tidal power entering through the mouth is 

P = pg f hv11 dx, (4) 

where his mean water depth, 7/ the surface elevation, v the component 
of orbital velocity northward along the Gulf axis, p the water density, 
and x the distance across the Gulf entrance. To get an estimate of the 
tidal power dissipated within the Gulf, let us assume that an ingoing 
progressive tidal wave is entirely, dissipated. Then 7/ and v will be in 
phase, and (4) gives P = 0.4 X 1018 ergs/ sec, averaged over a tidal 
cycle.2 

Let us now see if it is at all likely that such a large amount of power 
could be dissipated by friction of tidal currents along the bottom. The 
stress exerted by a tidal stream on the bottom is proportional to the 
square of the speed, the velocity being roughly constant from top to 
bottom (Taylor, 1919). The power dissipated per unit area of bottom 
is then proportional to the cube of the current speed, according to 

PJA = K V3, (5) 

where K is a numerical constant having a value near 0.0018. In 
Ballenas Trench (between Isla Angel de la Guarda and Baja Cali-

' If the tidal oscillation consists of two progressive waves, one entering and one 
leaving, it is possible that an even greater dissipation occurs for a given tide range at 
the entrance provided the phase relations are such that some cancell ation between 
the two wii.ves or.r.ur~ (Taylor, 1919). 
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fornia) and off the mouth of the Rio Colorado, speeds of more than 3 
m/sec (6 knots) have been reported (U. S. Hydrographic Office, 1951). 
If currents of such magnitude occurred continuously throughout a 
1000 km2 area, then it would dissipate the same amount of power, 0.4 X 
1018 ergs/sec. The area required does not seem excessively large, and 
so the computed amount of tidal power dissipated seems reasonable. 
If true, the Gulf of California would supply 3% of the tidal dissipation 
needed to account for the observed secular acceleration of the moon. 

From the free standing-wave viewpoint (no dissipation), the semi-
diurnal tide has a node in the central region of the Gulf, where obser-
vations show the diurnal contribution to be relatively important. 
The high range observed off the mouth of the Rio Colorado is due to 
narrowing and shoaling of the Gulf. 

As a result of the high tidal range and the complicated bottom 
topography, tidal currents are strong, especially in narrow channels 
and in the vicinity of Rio Colorado. The mixing effected by these 
strong tidal currents may have important biological consequences. 

Variations of Surf ace Slope Across the Gulf Entrance. These varia-
tions have been studied from sea level and atmospheric pressure 
records made in Mazatlan, Sin., and La Paz, B.C. Monthly average 
values of sea level for these two stations (from 1953 into 1957) are 
shown in Fig. 14 (A and B); a mean annual cycle, determined from 
three years of record, is shown in Fig. 15. It is seen that there is a 
prominent seasonal cycle reaching its maximum in summer and its 
minimum in winter, with Mazatlan leading slightly in phase over La 
Paz. The range of the seasonal oscillation is from 20 to 40 cm and is 
noticably larger in Mazatlan than in La Paz. The double maxima 
which are seen in three out of four annual cycles at Mazatlan may be 
a characteristic local phenomenon. 

In the sea, the pressure gradient at the surface is composed of two 
parts: (1) that arising from the gradient of the surface elevation, and 
(2) the atmospheric pressure gradient. Note that one millibar is 
equivalent to approximately one centimeter of sea water pressure. 
The sum of the sea-surface elevation and the atmospheric pressure, ex-
pressed as equivalent height of a column of sea water, has been referred 
to as corrected sea level (Groves, 1957). The corrected sea level for 
Mazatlan and La Paz was computed from the monthly mean pressures 
at these two places (corrected to sea level) and the monthly sea level 
means. The difference of corrected sea level, Mazatlan minus La Paz, 
is shown in Figs. 14 (C) and 15 (C). This plot can be interpreted to 
mean the horizontal pressure difference in centimeters of sea water 
between the two stations. The time variations of it are proportional 
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to variations in the inflowing geostrophic current. The datum is 
arbitrary, since the height of mean sea level at La Paz is unknown 
relative to mean sea level at Mazatlan because the two places have 
never been levelled in together. Consequently, the method gives only 
variations of the mean inflowing surface current and not the surface 
current itself. 
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Figure 14. A-monthly mean aea level at Mazatl.An; B-monthly mean sea level at La Paz; C-
monthly mean difference in corrected mean sea level, Mazatl.An minus La Paz; D-monthly mean 
difference in atmospheric pressure corrected to sea level, Mazatlan minus La Paz; E and F-steric 
height at stations 1510.115 and 1510.55, respectively; G-difference in steric height, station 1510.115 
minus station 1510.55. Curves A, B, C, E, F, 0, are plotted relative to arbitrary datum. 

Mean monthly differences in atmospheric pressure (corrected to sea 
level), Mazatlan minus La Paz, are illustrated in Figs. 14 (D) and 15 
(D) . The difference is proportional to the southerly component of 
geostrophic wind across the entrance to the Gulf. The similarity 
between curves C and D in Figs. 14 and 15 might be interpreted to 
mean that a southerly ,vind across the Gulf entrance is conducive to 
inflow of surface waters. If it is assumed that the inflowing surface 
current is proportional to the surface wind from the south, the constant 
of proportionality can he determined by the least square method. 
The result is that the ratio between inflowing current and southerly 
wind at the sea surf ace is 0.0054. This value does not disagree 
radically with the 2% value used by navigators. The discrepancy 
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Figure 15. Curves A, B, C, D, represent an average annual cycle of tbe corresponding curves in 
figure 14. Curve9 E, F, G repr esent single obsenrations only . 

should not be taken too seriously in view of the fact that water is 
blown into or out of a confined basin in contrast to open ocean 
conditions. 

Variations in steric height (Pattullo et al., 1955) or dynamic height 
reflect variations in the sea surface elevation due exclusively to changeJ 
in density of sea water in a vertical column. Steric height variations 
across the Gulf entrance, as obtained from CCOFI stations 151G.115 
(close to Mazatlan) and 151G.55 (close to La Paz), are shown in Figs. 
14 (E, F) and 15 (E, F) . The difference in steric height, Mazatlan 
minus La Paz, is shown in Figs. 14 (G) and 15 (G). Note: data for 
curves E, F and G represent monthly isolated instantaneous measure-
ments, not monthly averages, and in Fig. 5 these curves are compared 
with other curves based on a mean annual cycle from three years of 
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continuous data. Consequently curves A through D deserve much 
more confidence than do E, F, and G. In comparing curve E with 
A, F with B, G with C, one can say that there is no contradiction in 
the supposition that the observed sea level variations at Mazatlan and 
La Paz are related primarily to changes in density of sea water. 
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F igure 16. H ori zontally averaged geostrophic current as function of depth. The plots for February 
and August are averaged between stations 151G.55 and 151G.115. while the plots for April and June 
are averaged between sta t ions 15 1G.40 and l .5JG.115. 

The horizontally averaged inflow, plotted against depth, is shown in 
Fig. 16. For April and June the inflow was determined from CCOFI 
stations 151G.115 and 151G.40 and for February and August from 
stations 151G.115 and 151G.55, since station 151G.40 was not occupied 
during the last mentioned months. It is seen that, during June and 
August, surface inflow is quite large and that a compensating current 
below 200 mis evident. February and April indicate just the opposite, 
with surface outflow and subsurface inflow; however, the exchange is 
much weaker than in summer. Exact compensation (a mean value of 
precisely zero, if averaged vertically) is not obtained for reasons 
discussed in the section on Water Balance. 

In conclusion the following points seem to be borne out from ob-
servations of sea level, atmospheric pressure and density of sea water 
at the entrance to the Gulf of California: 

(1) A southerly surface ,vind generates an inflowing surface current. 
(2) The velocity ratio between the inflowing surface current and the 

southerly wind is about 0.005. 
(3) Geostrophic flow at the surface is compensated by a reverse 

flow at depths. 
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Conclusions. Recent oceanographic investigations have shown that 
the water mass encountered in the Gulf is characteristic of Equatorial 
Pacific water. At the surface thia water is slightly modified by ex-
tensive evaporation which increases its salinity. Seasonal temperature 
variations observed in the upper layers are large in the central and 
northern parts and moderately large in the southern part. Seasonal 
salinity variations are quite small. The seasonal variation of oxygen 
shows a maximum in spring, indicating that biological activity is of 
importance. The rather unusual hydrographic conditions in Ballenas 
Trench, between Isla Angel de la Guarda and Baja California, were 
attributed to isolation of the Trench and to mixing by strong tidal 
currents. No changes in the distribution of properties were observed 
in the deeper part of the Gulf since the last survey in 1939. An esti-
mate of the water budget shows that exchange of water with the Pacific 
Ocean is of the order of 106 m3/ sec, and evaporation is about 5 X 
103 m3/sec. Runoff and precipitation are negligible. Comparison of 
sea level and atmospheric pressure records at La Paz, B.C. and 
Mazatlan, Sin. with hydrographic observations suggests that varia-
tions in sea level are primarily steric. At the surface the currents 
follow the winds, while at depths a compensating current opposite to 
the wind direction is generally indicated. The tide in the Gulf is of 
the mixed type with large diurnal inequalities. A large part of the 
tidal energy may be dissipated in the northern part of the Gulf, the 
tide appearing essentially as a progressive wave. The high tidal 
ranges in the northern part are due to narrowing and shoaling of the 
Gulf. 
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