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Abstract

The hydrography of the shallow ((30 m) Upper Gulf of California was mapped during a rare
Colorado River fresh water discharge, which occurred during March and April, 1993. This
provided (a) an opportunity to observe what may have been the hydrographic conditions before
the damming of the river, and (b) a data base that can be used to calibrate numerical models
with a view to simulating those conditions for ecological applications. In opposition to the now
normal inverse estuarine situation, salinity and density decreased toward the head. Dilution
was detectable in a coastal band #owing to the right-hand side of the river discharge, up to some
70 km from the river mouth. Tidal mixing maintained vertical homogeneity during spring tides,
but strati"cation was established during neap tides, in an estuarine salt-wedge structure.
( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Colorado River no longer discharges regularly into the Gulf of California; its
fresh water is retained in dams or diverted for urban consumption and for irrigation
(Fig. 1). The construction of the major dams in the Colorado River, Hoover Dam and
Glen Canyon Dam, had the most drastic impact upon the amount and timing of the
fresh water that reached the Gulf of California. The record of the #ow of Colorado
River water across the Mexico}US border (Fig. 2) shows that before 1935, when the
"lling of the Hoover Dam began, the large amounts of fresh water that were
discharged into the Gulf of California had a seasonal modulation. The largest #ows,
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Fig. 1. Colorado River Basin, showing dams and aqueducts.

associated to snow melting and rains in the Colorado River basin, used to occur from
May to July, with a peak in June (Fig. 3). After the Hoover dam was completed, the
seasonal cycle was damped and man-controlled anomalies were introduced (Fig. 2).
The large amount of water released in the period 1941}1960 ceased during the "lling
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Fig. 2. Flux of water of the Colorado River across the U.S.}Mexico border. Data for 1904}1949 from Yuma
(Arizona), and for 1950}1998 from Morelos Dam (Sources: Yuma, USGS; Morelos Dam, CILA-CON-
AGUA).

of Glen Canyon Dam, and the seasonal signal was eliminated. In the period
1980}1986, water release became necessary due to the dams reaching their capacity
and to abnormal snow melts in the Upper Basin of the Colorado. Much of the
released water reached the sea (Morrison et al., 1996), and hydraulic control works
had to be built in Mexico (Trava, 1986).

The area where the Colorado River used to discharge is called the Upper Gulf of
California (henceforth UGC, Fig. 4(a)). It is a tidal shallow sea ((30 m deep) that at
present behaves like an inverse estuary (LavmHn et al., 1998), with salinity increasing
from its entrance (&35.4) to the head (39.0 in summer, 37.0 in winter). It is likely that
estuarine conditions were present in the UGC before the dams were built, as suggested
by the 35.2}35.7 salinity found in the area by the US Fish Commission steamer
`Albatrossa in 1889 (Townsend, 1901; Roden, 1958). When the "rst speci"c investiga-
tion of the hydrography of the UGC was made in 1972}1973, fresh water input from
the Colorado River was null, and inverse-estuarine conditions were reported through-
out the year (Alvarez-Borrego and Galindo-Bect, 1974; Alvarez-Borrego et al., 1975).

The scant knowledge about the hydrography of the UGC in the undisturbed state
of the Colorado River has made impossible an assessment of the impact that the
damming had on its physics and biology. It is generally acknowledged that the impact
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Fig. 3. Average of the monthly values of Colorado River #ow at Yuma (Arizona) for 1904}1934, before the
construction of Hoover Dam (Source: USGS). The bars are one standard deviation.

on the ecology was detrimental, and it has been reported that shrimp and "sh catches
improved during the releases of fresh water, apparent in Fig. 2 (Morrison et al., 1996).
Galindo-Bect et al. (1999) "nd a correlation between shrimp catch and the river
discharge of the previous year, and between high river #ow and El Nin8 o events.

The reconstruction of the former environmental conditions has to rely on numerical
modeling (e.g., Carbajal et al., 1997), and on the data collected during sporadic
fresh-water discharges. One such event occurred in March and April of 1993 (Fig. 2),
and hydrographic data collected at that time are used here to give the "rst description
of the hydrography of the Upper Gulf of California under the e!ect of fresh water
discharge from the Colorado River.

2. Observations

The distribution of CTD stations is shown in Fig. 4(b), and the names of the cross
sections described in the text are shown in Fig. 4(a). The CTD stations were made
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Fig. 4. The Upper Gulf of California (UGC): (a) bathymetry and lines of CTD stations dicussed in the text;
(b) sequential number of CTD stations: #indicates stations made during spring tides, and those marked
z were made during neaps.

from the vessel BIP-XI, between April 4 and 13, 1993, as an addition to a "sheries
survey, so the grid was not covered in a consecutive series of cross sections, which is
obvious from the station numbers in Fig. 4(b). A total of 143 CTD stations were
occupied, the "rst 90 during spring tides (marked#in Fig. 4(b)) and the rest during
neap tides (marked z in Fig. 4(b)). A Neil-Brown Smart CTD was used, whose "eld and
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Fig. 4. (Continued.)

laboratory calibrations can be found in GodmHnez et al. (1995). Calm winds prevailed
for most of the survey.

The surface salinity (Fig. 5(a)) shows the important diluting e!ect that the Colorado
River had upon most of the UGC. Salinity decreases from the usual value of 35.4 at
the entrance to as low as 32.0 to the SW of Montague island. Normally, the salinity
increases over the same distance from 35.4 to about 37.00 at this time of the year
(LavmHn et al., 1998), therefore salinity to the SW of the island fell by at least 5 psu. This
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Fig. 5. Horizontal distribution of the hydrographic variables, in April 1993. (a) Surface salinity, (b) Surface
temperature, (c) Surface p

5
.

M.F. Lavn&n, S. Sa& nchez / Continental Shelf Research 19 (1999) 1545}1560 1551



Fig. 6. Horizontal distribution of the surface-to-bottom di!erences of the hydrographic variables, in April
1993. (a) Salinity, (b) Temperature, (c) p

5
.
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reversal of the salinity gradient suggests that the surface layer of the entire UGC was
a!ected in some measure by the fresh water. The e!ect is more pronounced on the
western side, where the most diluted water is found, almost reaching San Felipe,
&70 km from the river mouth. Although the extreme NE was not sampled because of
its shallowness, the trend of the isohalines clearly suggests that the dilution occurred
mostly along the western side. The surface temperature (Fig. 5(b)) is normal for the
time of year; the freshest water was also the warmest (&22.53C vs. &20.03C o!shore),
and a thermal front meandered approximately N}S parallel to the western coast,
bordering the freshest water. The surface density distribution (Fig. 5(c)), which at this
time of the year normally increases from &25.4 at the entrance to &26.2 at the head
(LavmHn et al., 1998), now decreases from 25.0 to 22.4.

The surface-to-bottom di!erences (Fig. 6) show that the coastal water a!ected by
dilution was found in a coastal band about 10}20 km wide adjacent to the western
shore. This water was vertically well mixed in all the variables. Outside this region,
slight strati"cation in all the variables is apparent (*S+!0.1}0.3; *¹+0.53C,
*p+!0.3), with values similar to those of the inverse-estuarine conditions; the
di!erence is that in the estuarine conditions the surface water is less salty due to the
fresh water, while in the normal conditions the bottom water is more salty due to
water-mass formation in the coastal zone and its subsequent movement o!shore as
a bottom gravity current (LavmHn et al., 1998).

Also apparent in Fig. 6 are the two elongated nuclei of high strati"cation
(*S+!1.1; *¹+1.13C, *p+!1.0), close to the western coast. These are caused
by the data collected during neap tides along the western side of Section 3 and along
Section W (see positions in Fig. 4(a)), which are described below.

Since Sections 1 and 2 were made during spring tides and were vertically well
mixed, the vertical sections are not shown. Their more relevant features, which can
be seen in the surface distributions (Fig. 5), are: (a) the contrast between the fresher
western side (minimum salinity 32.0) and the eastern side that has a salinity (35.4)
typical of the surface mixed layer just outside the UGC, and (b) the thermohaline
fronts delimiting the water a!ected by the fresh water. More importantly, it is clear
that in this area, tidal mixing during spring tides was capable of overcoming the
stratifying in#uence of the river buoyancy input.

The western side of Section 3 (Fig. 7) was made during neap tides, while the eastern
one was made during springs. The minimum salinity on the west had increased to 34.2,
while the eastern side showed no sign of dilution. The western side has a wedge
structure with linear gradients in all the variables. This wedge was not found in this
area when Section 3(b) (see position in Fig. 1(a); data not shown) was made during
spring tides; well mixed water of 35.3 salinity was found in a 25 km-wide coastal zone,
to a bottom depth of 25 m.

The last line of stations of the survey, Section W (see position in Fig. 4(a)), which
was made in neap tides but in the along-gulf direction (Fig. 8) shows even more
strikingly that the three distributions are dominated by a typical estuarine wedge
structure, with tilted surface-to-bottom haline, thermal and density fronts separating
o!shore water (¹+19.53C, S+35.5, p

5
+25.2) from very diluted coastal water

(¹+213C, S+32.5, p
5
+22.5).
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Fig. 7. Vertical distributions at Section 3: (a) Salinity, (b) Temperature, (c) p
5
.

Section 4 (Fig. 9), made during springs, is at the entrance to the UGC, and shows
only a little in#uence of the fresh water: there is a salinity minimum (35.2) at Station 11
(Fig. 9(a)), with salinity increasing to 35.3 toward the western coast; some salinity over
35.5 is found to the east of Station 11 and on the eastern side of the section. Most of
the water in this section had a salinity of 35.4. Temperature and density strati"cation
were present on the deeper (&30 m) eastern side (Figs. 9(b) and (c)), but this strati"ca-
tion is outside the regime of the UGC.

The two hydrographic regimes in the region are apparent in the along-gulf Section
E (see position in Fig. 4(a)), which was made during spring tides (Fig. 10). Inshore of
the 30 m isobath is the UGC regime, which is separated from the Wagner Basin
regime by a bottom thermal front. This tidal mixing front is at a bottom depth of
35}40 m (Fig. 10(b); Stns. 56, 93 and 94), which agrees with the depth range predicted
for the front by the h/;3 criterion (Argote et al., 1995). As is normal, salinity of 35.4
occupies the upper layers of the o!shore regime. In the UGC regime, slightly diluted
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Fig. 8. Vertical distributions at Section E: (a) Salinity, (b) Temperature, (c) p
5
.

water of salinity &35.1 overlies water from the o!shore regime (salinity&35.4) that is
found close to the bottom (Fig. 10(a); Stations 77 and 78). The distribution of density
(Fig. 10(c)) re#ects the main features of the distributions of temperature and salinity,
especially the fronts.

3. Discussion and conclusions

The evidence presented here establishes that the Colorado River a!ected in some
measure the hydrography of the entire UGC. In our observations, the most diluted
water was found in a shallow vertically mixed, 10}20 km wide coastal band on the
western side of the UGC. The springs-neaps modulation of tidal mixing had a
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Fig. 9. Vertical distributions at Section 4: (a) Salinity, (b) Temperature, (c) p
5
.

pronounced e!ect, with strati"cation and classical estuarine salt wedges occurring
during neap tides. It seems that tidal mixing was capable of keeping well-mixed
conditions in the presence of fresh water in#ow from the river only during spring tides,
while in neap tides the stratifying tendency due to the buoyancy input by the river
imposed an advective regime: the fresh surface layer #ows over the denser lower layer,
like a surface gravity current. This fortnightly modulation of tidal mixing a!ects in
a similar way the formation of bottom gravity currents when the UGC is in the
inverse-estuarine mode (LavmHn et al., 1998).

A zero-order criterion for the formation of strati"cation in the presence of estuarine
circulation and tidal mixing is given by (Simpson et al., 1990)

q"

g2h4(Lo/Lx)2

320oN
z

4ek
)
o;3/3ph

'1,

where g"9.81 m s~1 is the gravitational acceleration, h is the bottom depth, o is the
density, e"0.004 is the #ux Richardson number for tidal mixing, k

"
"0.0025 is the
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Fig. 10. Vertical distributions at Section W: (a) Salinity, (b) Temperature, (c) p
5
.
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bottom drag coe$cient, ; is the amplitude of the major axis of the tidal ellipse, and
N

z
is the vertical eddy di!usivity, which can be parameterized as (Bowden and

Hamilton, 1975)

N
z
"3.3]10~3;h.

Using the horizontal density gradient from the data presented here (&0.5 kg m~3/
5 km),

q"2.054]10~10 (h/;)4.

Estimates of ; from observations (Argote et al., 1995; Marinone and LavmHn, 1997;
LavmHn et al., 1998) and numerical models (Argote et al., 1995; Carbajal et al., 1997) are
&0.6 m s~1 in springs and &0.1 m s~1 in neaps. The criterion predicts vertical
mixing for depths typical of the UGC during spring tides. During neaps, it predicts
that strati"cation would occur for h'26 m. But the currents in the very shallow area
are not known, and they are almost certainly smaller than 0.1 m s~1 in neaps. If
;"0.05 m s~1 at neaps in that area, strati"cation would occur at h'13 m. Carbajal
et al. (1997) reached similar conclusions using their numerical predictions. How-
ever, as Figs. 7 and 8 show, strati"cation occurred at depths shallower than
those predicted by the criterion; this suggests that the bulk criterion is too simple for
the UGC scenario, and that more elaborate considerations and more complete
observations are necessary. As a next step, one-dimensional turbulent closure models
can be tried, as suggested by Nunes-Vaz and Simpson (1994), before resorting to 3D
models. And of course, it is necessary to obtain current measurements close to the
river mouth.

The horizontal and vertical distributions of the isohalines are similar to those of the
numerical predictions of the e!ect of the Colorado River made by Carbajal et al.
(1997), taking into account that they used a constant river #ux of 2000 m3 s~1, which
is typical of the historical spring peak, but larger than in March}April 1993 (see
Figs. 2 and 3). With the data presented here it is now possible to "ne-tune a three-
dimensional numerical model and use it to re-create the conditions in the past, using
as inputs the historical records of Colorado River discharges (Fig. 2) and predicted
tides.

In addition to the numerical investigation of the seasonal and spring-neaps cycles,
which were not included by Carbajal et al. (1997), it will be interesting to investigate
the e!ect of the fresh water on the formation of the gravity currents of high-salinity
bottom water, which has been observed to occur throughout the year (LavmHn et al.,
1998), and has been modeled numerically only for winter in the present conditions
(LoH pez, 1997). Although the unperturbed fresh water input (Fig. 3) was not maximum
at the time when the most important gravity currents occur (late winter and early
spring), some water #owed into the UGC even in those months. The summer bottom
gravity currents almost certainly were eliminated.

The amount of fresh water that reached the UGC in March and April of 1993 was
much less than that during 1983}1987 (Fig. 2). Therefore, it can be assumed that the
UGC had estuarine conditions all year round in those years. No research was
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conducted at those periods, but as Fig. 2 shows, water-release events like the one
studied here have occurred recently and are likely to occur in the future. Most of
these events are controlled and advanced warning given, so they can be used for
a more complete investigation.
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