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INTRODUCTION
Pescadero Basin is located at the mouth of the 

Gulf of California and is about 180 km wide and 
3 km deep so waters are easily exchanged with 
the Pacific Ocean. This exchange is needed to ba-
lance both water and heat budgets.  Evaporation 

removes about one tonne of water per square 
meter per year from the Gulf which  requires an 
inflow of Pacific water at a rate of 4.7 kt s-1 (1kt = 
1 × 106 kg). The annual cycle of heat in the Gulf 
of California requires a mean annual heat loss of 
40 x 1012 J s-1  to the Pacific. The heat loss occurs 
from mid-July to mid-March and the maximum, 
56 x 1012 J s-1, is in mid-November (Castro et al., 
1994). Heat gain occurs during the rest of the year 
and is largest in mid-May, 19 x 1012 J s-1 (ibid).

© 2022 The authors. This is an open access article distributed under 
the terms of the Creative Commons license.

Ocean 
and Coastal
Research

Kinematics of seasonal exchanges of mass and heat between the Pacific Ocean and the Gulf of California are 
described.  Results are based on 18 occupations between 1992 and 2013 of a hydrographic section across  
Pescadero Basin at the mouth of the Gulf and two and a half years (November 2003 to May 2006) of moored 
velocity and CTD measurements in 130 m of water on either side of the Pescadero Basin. Cyclonic conditions 
dominated in mid-winter and summer with inflow along Sinaloa and outflow along Baja California Sur (BCS). 
Advection of warm Gulf waters into the Pacific along BCS in late fall extended the warming along BCS by almost 
two months compared to Sinaloa; as a consequence, steric heights at BCS were higher, and resulted in near 
surface transport out of the Gulf of ~ 0.01 m s-1. During warming periods from May through November, coastal 
trapped waves transported heat into the Gulf along Sinaloa; the trapped wave motions along BCS were about a 
tenth of the amplitude of those at Sinaloa and contributed little to transport into the Pacific. Poleward monsoon 
winds were in phase with near-surface geostrophic flows into the Gulf which were about the same magnitude as 
out flow associated with much stronger equatorward wind. Next to BCS, higher salinity Gulf waters extended to 180 
m depth (~26.2 kg m-3) and flow into the Pacific; these waters can be traced to subduction in the mid-Gulf region 
and, when they reach the Pacific, flow poleward in the undercurrent. If global warming intensifies the overturning 
Gulf circulation, lower oxygen and higher salinity waters may be advected northward along the continental shelf of 
North America.
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To better understand these exchanges, a 
program of measurements was undertaken at 
the Gulf entrance. Between 1990 and 2013, re-
search vessels sampled a hydrographic section 
across Pescadero Basin at the mouth of the Gulf 
of California with high spatial resolution (~10 km, 
see Fig. 1) a total of 18 times.  During 2004 to 
2006, moorings were maintained for 30 months 
in waters 130 m deep near the edge of the conti-
nental shelves on either side of Pescadero Basin. 
Both methods observed temperature, salinity, and 
either direct current measurements from moorings 
or geostrophic flow for cruises.

The Gulf consists of a series of basins which 
increase in depth from 400 m in Wagner Basin 
at the head of the Gulf to 3000 m for Pescadero 
Basin (PB) at the mouth (Lavín and Marinone, 
2003). The exchange of water from the north to 
south is constrained by a series of mid-Gulf is-
lands. Mid-Gulf, southern waters are observed to 
flow northward through straits and over sills near 
bottom.  Strong tidal currents mix bottom waters 
in the mid-Gulf area, displacing bottom waters 

of mid-Gulf basins upward and modifying water 
properties (increasing salinity, decreasing dissol-
ved oxygen) of Subtropical Subsurface Waters 
(StSsW) flowing southward (Paden et al., 1991; 
Simpson et al., 1994; Rosas-Villegas et al., 2018; 
López et al., 2008, 2021).

Geographical features in Pescadero Basin in-
clude Alarcon seamount which rises to within 500 
m of the ocean surface and complex continental 
margins with steep escarpments especially along 
Sinaloa. The continental shelf is narrow along 
Baja California Sur (BCS) but wide off Sinaloa 
(Fig. 1). Winds typically blow along the Gulf, po-
leward from June through August (the North 
American monsoon) and equatorward the rest of 
the year (Bordoni et al., 2004; Marinone et al., 
2004). Cyclonic circulation, common at subtropi-
cal latitudes along the Eastern Boundary of the 
Pacific (Munk, 1950), usually occurs year-round 
in Pescadero Basin (Mascarenhas et al., 2004) 
with inflow along Sinaloa and outflow along BCS. 
Strong buoyancy driven exchanges between the 
Gulf and Pacific Ocean occur in Pescadero Basin 

Figure 1. Chart showing the bathymetry and measurement locations in Pescadero Basin (PB) at the 
entrance to the Gulf of California. Black dots are locations of hydrographic measurements and white 
square (triangle) show the location of moorings at Cabo Pulmo (El Dorado). The color bar at the top 
indicates water depth and the continental shelf is delimited by a white line, the 200 m isobath.
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in May (November) when Pacific waters warm 
(cool) the lower Gulf (Castro et al., 1994; Beron-
Vera and Ripa, 2000).  Coastal trapped waves, 
generated by tropical storms off southern Mexico 
and in the Eastern Tropical Pacific, are observed 
to propagate into the Gulf along the Sinaloa shelf 
(Christensen et al., 1983; Merrifield and Winant, 
1989; Martinez and Allen, 2004; Zamudio et al., 
2008; Gutiérrez et al., 2014). Strong cyclonic flow 
has been observed at the Gulf entrance (Roden, 
1972; Collins et al., 1997; Mascarenhas et al. 
2004; Zamudio et al., 2008; Collins et al., 2015).

Two saline water masses are formed within the 
Gulf, warm summer surface waters referred to as 
Gulf of California Water (GCW) and a Subtropical 
Subsurface Water (SSW) which is formed in the 
mid-Gulf region (referred to as Central Gulf Water 
by Bray, 1988). These are exchanged with a variety 
of Pacific waters:  Tropical Surface Water (TSW), 
Subtropical Subsurface Water (StSsW), and 
California Current water (CCW) (Stevenson,1970; 
Torres-Orozco, 1993; Castro et al., 2000, 2017; 
Lavín et al., 2009; Collins et al. 2015; Portela et 
al., 2016). Here observations are used to describe 
these exchanges of mass and heat.

METHODS
The goal of our measurements was to ob-

serve the spatial and temporal structure of the 
exchange of water between the Gulf of California 
and the Pacific Ocean. Accordingly, observa-
tions were made at the mouth of the Gulf of 
California (Figure 1). The first measurements 
were hydrographic sections across Pescadero 
Basin (PB) in 1992 (Collins et al., 1997); this 
section was resampled a total of 18 times, end-
ing in 2013 (Castro et al., 2017; Larios-Muñiz et 
al., 2022). During a 2.5-year period from 2003 
to 2006, single moorings were deployed on the 
continental shelf on either side of the Pescadero 
Basin section (Figure 1). Water properties in 
this study use TEOS-10 (IOC et al., 2010) and 
include Conservative Temperature (Θ, °C), 
Absolute Salinity (SA, g kg-1), Preformed Salinity 
(S*), pressure (p, dbar) and in situ density ρ(SA, 
Θ, p) and density anomaly (σ(SA, Θ, p), kg m-3). 
Additional details are given below.

Pescadero basin section
A mean flux of mass and heat for a hydrogra-

phic section that spans the entrance to the Gulf 
is estimated below. The location of the section is 
shown in Figure 1 and consisted of 20 hydrogra-
phic stations spaced about 10 km apart. At these 
stations, CTD casts measured continuous vertical 
profiles of temperature, salinity, and pressure. The 
section was occupied eighteen times and are lis-
ted chronologically in Table 1. Maximum sampling 
depth is also noted Table 1. Data for U.S. research 
vessels is available from both U.S. and Mexican 
data centers and observations by Mexican vessels 
are available from the Mexican data center.

The hydrographic data for individual cruises 
were objectively mapped (see Castro et al., 2000) 
onto an 80 (5 dbar pressures) x 18 grid that span-
ned PB and extended from the surface to 400 
dbar. The first section was in May 1992 and the 
last in April 2013. Upper ocean temperature and 
density were dominated by an annual cycle which 
varied from year to year and these cruises did not 
resolve year to year variations of the annual cycle. 
To construct the annual mean field, a biharmonic 
(annual and semiannual cycles) least squares fit 
was made to the time series of Θ and S* at ea-
ch grid point (Chelton, 1984). The mean field was 
smoothed horizontally with a fourth order low pass 
Butterworth filter with a cut off at 67 km, about twi-
ce the 35 km Rossby internal radius of deforma-
tion (Chelton et al., 1998). Note that S* was used 
for individual cruises but the mean S* was conver-
ted to SA for the figures below (IOC, SCOR and 
IAPSO, 2010).

Moored time series
Intermediate moorings were deployed on both 

sides of the Gulf in water 130 m deep. The moor-
ings were 105 m long and included upward look-
ing acoustic Doppler current profilers (ADCP) 
a few meters above the anchor as well as three 
microcats (measuring temperature, conductivity 
and pressure) at nominal depths of 40, 80, and 
120 m. The sampling rate for the ADCP was every 
15 minutes while the microcats sampled every 5 
minutes (microcat data and processed ADCP data 
are available from the authors). One mooring was 



Gulf of California - Pacific exchange 

Ocean and Coastal Research 2022, v70(suppl 1):e22040 4

Collins and Castro

Table 1. List of the cruises across Pescadero basin. The cruises are ordered by month and day.
Month Day Year Cruise Depth (m) Ship
Feb 8-9 1994 P04 bottom F. de Ulloa
Feb 28-29 2013 P13 bottom F. de Ulloa
Mar 14-15 2002 P14 700 Río Suchiate
Apr 14-15 2013 P24 bottom Point Sur
May 2-4 1992 P01 bottom DeSteiger
May 18-19 2004 P17 1700 F. de Ulloa
May 28-30 1998 P11 bottom F. de Ulloa
Jun 7-8 2004 NAME1 1500 F. de Ulloa
Aug 2-4 1998 P12 bottom F. de Ulloa
Aug  10-11 2004 NAME2 1000 F. de Ulloa
Aug  13-15 1995 P07 bottom El Puma
Oct  15-16 2002 P15 700 Río Suchiate
Oct/Nov 31-1 1994 P05 1200 A. Humboldt
Nov 5-6 2003 P16 1500 Point Sur
Nov 16-17 2004 P18 bottom Point Sur
Nov 19-20 1997 P10 bottom F. de Ulloa
Nov 26-27 2005 P20 1000 F. de Ulloa
Dec/Jan 29-1 1992 P02 bottom Point Sur

located off Cabo Pulmo (CP), Baja California Sur, 
at 23° 28.66’N, 109° 22.94’W, in a marine conser-
vation area where fishing was not permitted. The 
second mooring was located on the Sinaloa shelf 
to the west of El Dorado (ED) at 24° 02.150’N, 
107° 51.402’W (see Fig. 1). While the water depth 
was similar, the bathymetry was not: the shelf off 
BC was quite narrow while that off Sinaloa was 
broad, possibly isolating nearshore flows from 
those over the outer shelf and slope.

The moorings were first deployed on 4 
November 2003 and after five successive six-
month deployments, were retrieved on 6 May 
2006. Data were collected successfully for each 
ED deployment. But the ADCP at CP failed for the 
first setting and no microcats were available for the 
fourth setting (mid-May through November 2005); 
the only observed temperatures during the fourth 
setting were collected by the ADCP at a depth of 
126.1 ± 0.3 m. The upward-looking ADCPs col-
lected velocity profiles slightly longer than 100 m 
with 4 m resolution. Instruments were calibrated 
and serviced before deployment and checked us-
ing in-situ shipboard CTD casts before or after 
mooring retrieval.

The moored data were assembled into a con-
tinuous time series. A principal component analy-
sis was used to identify the alongshore component 
of flow: a mathematical rotation of -65.3° (-21.2°) 
for CP (ED). The alongshore velocity observations 
were chosen to span depths from 20 to 120 m. For 
flux estimates, microcat data were linearly inter-
polated to the same depths, 20 to 120 m.  Gaps 
between moorings were filled by interpolation for 
temperature, salinity and velocity. Valverde-Kalish 
(2016)  also analyzed the mooring data and in-
clude additional details and statistics including 
empirical orthogonal function analysis.

To fill the gap in microcat data for mid-May to 
mid-November 2005, models for daily tempera-
ture and geopotential at 40 and 80 m were con-
structed using observations for the same period in 
2004. Multivariable, y=a0 + a1x1 + a2x2, and single 
variable, y=a0 + a1x1, models were derived using 
a least squares fit; for the 80 m model, variables 
were y = 80 m temperature/geopotential, x1 = 120 
m temperature/geopotential, and x2 = time (days).  
Both models yielded similar results; the RSME was 
0.25 °C for both 40 and 80 m, so the single vari-
able model was used. Salinity was not correlated 
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with 120 m temperatures, so the mean salinity for 
the summer/fall 2004 was used to estimate geopo-
tential for the same period in 2005.

Satellite measurements of geostrophic sur-
face circulation in PB were derived from daily 
Absolute Dynamic Topography (ADT) estimates 
for a 0.25° × 0.25° spatial resolution (Copernicus 
Marine Services, http://marine.copernicus.eu) and 
are based upon along track data that have a re-
peat period of nearly ten days (Valle-Rodríguez 
and Transviña-Castro, 2017). Hourly atmospheric 
sea level pressure data were obtained from ERA5 
reanalysis (https://cds.climate.copernicus.eu/; ac-
cessed 15 January 2021) for a 0.25° × 0.25° grid, 
while wind data were obtained from the reanaly-
sis Cross-Calibrated Multi-Platform Wind Vector 
Analysis Product (CCMP) which provided wind 
vectors at 10 m above the sea surface every six 
hours for a 0.25° × 0.25° grid (Atlas et al., 2011). 
The wind stress was computed following Trenberth 
et al. (1990).

RESULTS

Pescadero basin sections
The relationship between observations of Θ 

and SA collected by hydrographic casts are shown 
in Figure 2 and illustrate the variability of water 
mass properties observed in Pescadero Basin. 
Waters less dense than 23 kg m-3 were a mixture 
of Tropical Surface (TSW) and Gulf of California 
Waters (GCW). Between 24 kg m-3 and 25 kg m-3, 
waters included some California Current water 
(CCW), more GCW and largely a mixture of the 
two waters between 34.6 and 35.1 g kg-1. Between 
25 kg m-3 and 26.7 kg m-3, Subtropical Subsurface 
Waters (StSsW) were dominant although a small 
number of CCW observations and some GCW 
were observed between these density surfaces; 
note that mixing of CCW and GCW would create 
waters with T/S similar to StSsW (Castro et al., 
2000).

Deeper waters, Pacific Intermediate (PIW) 
and Deep Water (PDW), were not included in 
this study in part because Gulf of California pro-
cesses have little effect on these deeper waters 
but also because these waters were not sampled 
on all cruises (Table 1). Roden (1972) observed 

that deeper waters were warmer in this region 
(waters were cooler below 2500 m to the west of 
18°N, 111°W, about 500 km from PB). A number 
of active geothermal vents have been recently ob-
served in Pescadero Basin (Paduan et al., 2018) 
which could contribute to the warming of deeper 
waters in PB.

Mean water properties are shown for sections 
across Pescadero Basin in Figure 3. Isotherms 
(Fig 3a) and isopycnals (Fig 3c) were similar at 
a given depth. For the upper 50 dbar, isotherms 
and isopycnals sloped upward at each coast but 
at greater depths, they sloped downward at each 
coast. The former pattern is anticyclonic, caused 
by coastal upwelling or coastal flow directed out 
of (into) the Gulf off Sinaloa (Baja California Sur). 
The deeper pattern corresponds to cyclonic flow.

Salinity identifies the source of the water and 
generally the direction of its along Gulf motion. 
Higher (lower) salinity waters form in the Gulf (Pacific 
Ocean) and subsequently flow through Pescadero 
Basin into the Pacific Ocean (Gulf).  Salinity mean 
field has a small range across Pescadero Basin 
(Fig. 3b) which is maximum,  0.2 g kg-1, between 
15°C and 19°C so horizontal pressure differences 
are mostly due to temperature changes. The salin-
ity distribution shows four well defined layers. On 
the western or Baja California Sur (BCS) side of 
the section, salinity maxima are seen at the sur-
face and about 150 dbar, representing more saline 
Gulf of California waters. These two salinity maxi-
ma are separated at 50 dbar where an intrusion of 
fresher waters extended westward from the Sinaloa 
coast. These fresher waters are characteristic of 
the Pacific, either Subarctic waters carried south-
ward by the California Current (Castro et al., 2017; 
Larios-Muñiz et al., 2022) or Tropical Pacific waters 
carried northward by the Mexican Coastal Current 
(Lavín et al. 2006; Portela et al., 2016). The deep-
est layer begins about 250 dbar where the salinity 
(<34.85 g kg-1) is nearly uniform across the section 
and decreases as pressure increases to the core 
of Pacific Intermediate Water at about 500-600 m 
(Spearman, 1993; Portela et al., 2016). The salinity 
distribution (Fig. 3b) suggested that higher salinity 
Gulf and Subtropical Subsurface Water extended 
from the surface to a pressure of <200 dbar along 
the Baja coast.

http://marine.copernicus.eu
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Figure 2. Conservative Temperature and Absolute Salinity diagram. Grey dots are observations 
collected at 2 dbar intervals from the surface to the bottom for CTD casts from 18 cruises listed in Table 
1. Green and magenta dots are the annual mean of data which have been objectively mapped for the 
cross-Gulf section (Fig. 1) with a 5 m vertical resolution to a maximum depth of 400 m. Green dots 
represent geostrophic inflow water and red dots are waters which are flowing out of the Gulf. The closed 
blue (red) circles are annual means for moored measurements at 40, 80, and 120 m for ED (CP). Black 
lines represent density anomalies (kg m-3). Water mass characteristics are enclosed by dashed lines 
(Portela et al. 2016): Tropical Surface water (TSW), Gulf of California water (GCW), California Current 
Water (CCW), Subtropical Subsurface Water (SSW), Pacific Intermediate (PIW) and Pacific Deep Water 
(PDW).

Geostrophic currents are shown along isobaric 
surfaces in fig. 3d. The zero isotach at 108.72°W 
was nearly vertical and lies above the summit of 
Alcaron seamount (see Fig. 1), separating inflow 
to the east of the seamount from the outflow to the 
west (Mascarenhas et al., 2004). A similar zero iso-
tach was observed on three cruises where direct 
measurements of velocity were made for the en-
tire water column (April 1992, May 1992, January 
1993, Collins et al., 1997). At BCS, geostrophic 
outflow (Fig. 3d) was found at the coast below 10 

m and was greatest at 80 m, >7 cm s-1. The maxi-
mum velocity off Sinaloa, >5 cm s-1, occurred in a 
10 km wide band, which extended from the sea 
surface at 108.4°W downward and eastward, in-
tersecting the Sinaloa shelf between 50 dbar and 
140 dbar. Also note a wedge of weak inflow next to 
the upper Sinaloa margin below 320 dbar; this is 
located near an unnamed subsurface ridge which 
extends upward from the seafloor to 450 m depth.  
Similar outflows along the upper continental mar-
gin of Sinaloa were observed on April 1992, May 
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Figure 3. Isobaric views of mean water properties for the Pescadero Basin transection. (a) Conservative 
Temperature, contour interval is 1°C. (b) Absolute Salinity, contour interval is 0.05 g kg-1. (c) In situ 
density, contour interval is 0.25 kg m-3. (d) Geostrophic velocity referenced to 400 dbar. The contour 
interval is 1 cm s-1.

1992, and January 1993 cruises (Collins et al., 
1997; Mascarenhas et al., 2004). Finally, at the 
sea surface next to Sinaloa, a 10-dbar thick lens 
of 34 g kg-1 salinity occurred, imbedded in a weak 
outflow over the inner shelf.

Geostrophic velocities (Fig. 3d) were used to 
calculate heat and mass fluxes across the PB sec-
tion following Bacon and Fofonoff (1996). A mass 
transport of 4.7 kt s-1 (1 kt= 106 kg) is needed to 
balance the mean rate of evaporation (E) minus 
the sum of precipitation (P) and river outflow (R) 
for the Gulf. The vertical profile for mass transport 
using the geostrophic velocity field (Fig. 3d) indi-
cated inflow above 257.5 m and outflow below (the 
red profile in Fig. 4a). When summed vertically, it 
yielded a mass transport of 179.6 kt s-1,  much 
greater than the 4.5 kt s-1 required to balance the 
freshwater budget of the Gulf. Geostrophic veloci-
ties can be adjusted using a level of known motion 
or adding barotropic flow. Using the velocity data 
at the sea surface observed by satellite altimeter 

as a level of known motion yielded an unrealistic 
net mass transport of -189 kt s-1. This was unex-
pected given the good agreement for sea level 
slope for satellite and moored measurements re-
ported below.

Barotropic corrections to the geostrophic ve-
locities were necessary to achieve a net mass 
flux of 4.5 kt s-1. Several were suggested by 
previous observations of deeper PB sections 
(Sverdrup, 1939; Roden, 1959; Warsh and 
Warsh, 1971) and velocity observations (Collins 
et al., 1997). These included 1) maximum out-
flow near the western boundary at the Baja 
coast, 2) maintaining the position of the transi-
tion between outflow and inflow near 108.7°W, 
and 3) keeping the inflow to the east of 108.7°W 
at 400 dbar ≥ 0.  The simplest correction, an 
addition of a constant velocity of -0.28 cm s-1 at 
the level of no motion (400 dbar) across the en-
tire section, balanced the mass transport but re-
sulted in outflows at depth to the east 108.7°W.  
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Figure 4. Pescadero Basin section properties. (a) Geostrophic observed (red line) and corrected 
profiles (blue line) for mass transport; the corrected profiles have a net mass transport of 4.5 kt s-1 

for the upper 400 dbar. (b) Differences of salinity (outflow minus inflow) along isopycnals. Data were 
calculated every 0.05 kg m-3. (c) Mean salinity distribution on isopycnals. The color bar shows salinity 
values and the contour interval is 0.05 g kg-1. (d) Corrected geostrophic velocity for waters shallower 
than 400 dbar across the Pescadero Basin section. The thicker black line is the zero isotach. Velocity 
contours are 1 cm s-1.

As noted above, the outflow was greatest on 
the Baja shelf and upper slope (Fig 3d), so adding 
the greatest negative correction there and taper-
ing it to zero at the inflection between the negative 
and positive flow would preserve the location of 
the mid-Gulf zero isotach as well as increase the 
outflow on the BCS shelf to a velocity similar to the 
that shown for CP in Figure 5a. Using Gaussian 
weights 1, 0.8226, 0.4578, 0.1724, and 0.0439 for 
geostrophic estimates for stations 2 to 6, respec-
tively, required a corresponding barotropic velocity 
correction of -1.14, -0.96, -0.59, -0.31, -0.18 cm s-1. 
The corrected vertical profile for this mass trans-
port is shown as the blue line in Figure 4a; the in-
flow has shoaled to 150 m and 7 kt s-1 are required 
to balance inflow and outflow. Other weights (e.g., 
triangular, Hann, Blackman, Hamming) were ap-
plied as barotropic velocity corrections to the out-
flow and yielded similar results.  Net heat flux was 
5.3 × 1012 J s-1.

Salinity and corrected geostrophic velocities 
for the Pescadero Basin section are shown on iso-
pycnals in Figures 4c-d. These figures show the 
symmetry of both the velocity field (inflow to the 
east, outflow to the west) and salinity (lower salin-
ity to the east, higher salinity to the west). Water 
properties for inflow (green) and outflow (red) are 
also shown in Figure 2; waters with density greater 
than 26.2 kg m3 had similar temperature and sa-
linity but outflowing waters with densities between 
23 and 26.4 kg m3 had greater salinity than inflow 
(fig 2). In Figure 4c the halocline appears as dis-
tinct layers and, except at the western boundary, 
features were aligned along isopycnals. Near sur-
face, high salinity (35 g kg-1) waters spread from 
west to east at densities 23.1 to 23.4 kg m-3 but 
extended deeper to 24.0 kg m-3 at the Baja coast.  
Below the upper layer, lower salinity waters, 34.8 
g kg-1, with density 24.8 kg m-3 extended westward 
from Sinaloa to 108.7°W but the salinity minimum 
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Figure 5. Mean conditions at mooring locations. Mean velocity profiles for the period 18 May 2004 to 5 
May 2006 are shown for (a) Cabo Pulmo and (b) El Dorado. The mean velocity is shown by the black 
line and the standard error of the mean is indicated by the shaded area. Conditional samples for  periods 
of seasonal equatorward (sward) and poleward (nward) wind stress are indicated by dashed and dotted 
lines, respectively.  (c) Yearly mean Conservative Temperature and (d) Absolute Salinity at Cabo Pulmo 
(red) and El Dorado (blue); moored measurements are indicated by circles and the solid lines represent 
mean values for shipboard CTD casts at mooring locations.

continued to the BCS coast, separating the upper 
and deeper layers. The third layer was centered on 
the 26.0 kg m-3 isopycnal with salinities of 34.95-
34.9 g kg-1 decreasing toward Sinaloa. 

Salinity was averaged separately for inflow 
and outflow along isopycnals and the difference, 
outflow minus inflow, is shown in Figure 4b and 
was positive for isopycnals that spanned the PB 
section. The maximum difference, 0.12 g kg-1, was 
associated with lower salinity waters along the 
25 kg m-3 isopycnal. These values are consistent 
with salinity differences reported by Roden and 
Groves (1959) and Collins et al. (1997). Note that 
the higher salinity along isopycnals meant that 
temperature was greater in the outflow. The profile 
for temperature difference (not shown) is similar to 
that shown for salinity in Figure 4b with the largest 

temperature change, ∆Θ = 0.36°C on the 25 kg 
m-3 isopycnal.

Moored time series
Discussion of moored time series focuses on 

lower frequency events. Mean and seasonal con-
ditions are described as are intraseasonal coastal 
trapped waves and the variability of the surface 
and 20 m geostrophic flow between the moorings. 
Tides and inertial period currents were well resol-
ved by moored measurements but had little effect 
on net flux at weekly time scales.

Mean conditions
Mean profiles of inflow for a common obser-

vation period (18 May 2004 to 5 May 2006, 13 
days short of 2 years) are shown in Figure 5. The 
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means of the two velocity profiles, -6.74 cm s-1 
at Cabo Pulmo (CP) (fig. 5a) and 6.80 cm s-1 at 
El Dorado (ED) (fig. 5b), were indicative of mean 
cyclonic flow at the Gulf entrance, a pattern dis-
cussed in Mascarenhas et al. (2004). The abso-
lute value of the averages was statistically indis-
tinguishable from one another, indicating small net 
transport between the two shelves. But the trans-
ports were only balanced at 18 and 83 m, between 
these depths CP outflow exceeded ED inflow and 
at other depths, ED inflow was greater. The CP 
profile (fig. 5a) indicated a subsurface jet with a 
minimum speed of -10.9 cm s-1 at 56 m and a weak 
reversal of flow below 100 m. The mean velocities 
at ED (fig. 5b) encompassed a smaller range than 
those at CP, from a minimum of 3.9 cm s-1 at 16 m 
to 7.8 cm s-1 at 64 m.

Estimates of the standard error of the mean 
currents are also shown in Figures 5a-5b. The 
number of independent samples at each depth 
was determined by dividing the length of the time 
series by the lag of the first zero crossing of the ve-
locity autocorrelation. It was clear that above 86 m, 
velocity perturbations were greater at CP (Figure 
5a) than ED (Figure 5b) but near the bottom CP 
variability was less than ED.

Mean profiles for Conservative Temperature 
and Absolute Salinity are shown in Figures 5c-5d. 
Here moored values are compared with average 
vertical profiles derived for stations 1 and 16 along 
the Pescadero Basin section Figures 3a-3b.  Both 
data sets show the mean temperature of water 
above (below) about 60 m to be slightly warmer 
(cooler) at ED than CP (Figure 5c). The variability 
of the mean salinity values (Figure 5d) was quite 
small, ranging from 34.86 g kg-1 to 35.02 g kg-1. 
For ED (CP) the difference in mean CTD and mo-
ored temperature measurements was about 1°C 
(0.5°C) and for salinity was 0 g kg-1 (-0.15 g kg-1) at 
80 m and 120 m and 0.06 g kg-1 (0.05 g kg-1) at 60 
m. The vertical temperature gradients at ED (CP) 
were similar, 0.085 °C m-1 (0.077 °C m-1).

Seasonal variability
The variability of the moored time series is sho-

wn in Figure 6 for vertically averaged Conservative 
Temperature, Absolute Salinity and inflow as well 
as perturbations of bottom pressure for El Dorado 

and Cabo Pulmo. The time series of averaged da-
ta have been smoothed so as to remove fluctua-
tions with frequencies greater than one cycle per 
three weeks. The biharmonic (annual + semiannu-
al) least squares fit to the temperature, salinity and 
inflow time series are also shown.  The vertical so-
lid (dashed) lines in Figure 6 indicate mid-Novem-
ber and mid-May when the maximum exchanges 
of heat between the Pacific Ocean and Gulf are 
expected to occur (Castro et al., 1994).

The temperature time series (Figure 6a) had 
a well-defined annual cycle: the biharmonic fit 
accounted for 73% (64%) of the variance at CP 
(ED).  The seasons were extended at CP as Gulf 
waters flow into the Pacific.  As a result, the ED 
temperatures lead those at CP by 51 days. During 
warming periods from May to October, ED was 
slightly warmer than CP. Temperature differences 
between CP and ED were greatest in November/
December when temperatures cooled at ED; sub-
sequently there was a period of one to six months 
before temperatures at ED were similar to those at 
CP. The warmest CP (ED) temperature, 21.64°C 
(20.18 °C) was observed on 24 November 2003 
(24 October 2004).  During the common 2-year 
measurement period, the CP mean temperature 
was 17.16°C  compared to 16.53°C at ED.

The initiation of fall cooling at ED was due to 
advection of Pacific waters into the Gulf. The leng-
th of this cooling varied from year to year and the 
best example of late fall cooling at ED occurred in 
October and November 2005. At ED, the tempera-
tures shown in Figure 6a decreased from 18°C to 
13.69°C (the coldest ED temperature in the time 
series) in a month; the temperatures at CP follo-
wed this temperature drop, reaching 15.3°C on 12 
November and subsequently warmed to 20.14°C 
on 6 December while the temperature at ED war-
med to 14.73°C.  The cooling in 2003 and 2004 
took place in smaller steps but was preceded by 
two small warming fluctuations of less than 1°C a 
month apart followed by a temperature decrease 
of 4-5°C. 

In the middle of winter (January/February), the 
temperatures at ED also behaved in a non-seaso-
nal manner, increasing ~2°C, matching tempera-
tures at CP, and subsequently cooling at the same 
rate as CP until both time series reach minimum 
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Figure 6. Moored time series of vertically averaged Conservative Temperature (a), Absolute Salinity (b),  
inflow (c) and pressure anomalies (d) for Cabo Pulmo (CP, red) and El Dorado (ED, blue). The pressure 
anomalies at CP were multiplied by ten so that they could easily be compared to other time series.  
Dashed lines in the upper three panels are biharmonic fits of the annual and semiannual frequencies.  
Vertical black solid (dashed) lines mark 15 November (15 May) when cold (warm) Pacific waters usually 
enter the Gulf.

yearly values in March. Like the early fall cooling, 
the mid-winter temperature increase at ED should 
also be the consequence of a change in the cha-
racter of inflowing

A seasonal cycle for the vertically averaged ab-
solute salinity time series (Figure 6b) was less pro-
nounced, accounting for only 43% of the variability 
of the time series at both mooring sites. At CP the 
biharmonic fit had a semiannual fluctuation with 
greatest  (lowest) salinity in January and July (April 
and October). The range of CP salinities hovered 
near 35 g kg-1 for most of the year but in several 
features stood out: lower salinity (less than 34.6 g 
kg-1) pulses occurred October 2004 and April 2005 
and a maximum salinity of 35.36 g kg-1 at CP in 
January 2004. For ED, the semiannual variability 
was less than at CP and salinities were greatest in 
April, three months later than at ED.  But minimu-
ms at ED occurred in August, one month before 
CP. For the data shown in Figure 6b, the maximum 
(minimum) salinity at ED was 35.18 g kg-1 (34.69 
g kg-1) in late February 2004 (late August 2005).

Note that the observed salinity profiles 
(Appendix A) were not monotonic due to the va-
riability of Pacific and Gulf waters at each mooring 
site.

Figure 6c shows mean vertically averaged 
inflow time series. Here the biharmonic fits ac-
counted for only 25% (11%) of the variability 
at CP (ED) and suggested stronger currents in 
summer, weaker in winter, and near zero (but 
no seasonal flow reversals) in October and 
April. Importantly, the character of the time 
series differed markedly from the temperatu-
re and salinity time series, especially at ED, 
where a series of oscillations associated with 
coastal trapped waves occurred; these oscilla-
tions are discussed below. At CP, these os-
cillations were weaker and less distinct. Flow 
reversal at CP was associated with low sali-
nity water in October 2004 and the strongest 
outflow, -0.41 m s-1 on 21 January 2006, was 
accompanied by moderate increases of tem-
perature and salinity.
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Coastal trapped waves
The mean was removed from the pressure data 

which were then bandpass filtered to include only 
variability with periods between 20 and 80 days 
(Figure 6d). The ratio of mean pressure anoma-
lies, ED/CP, was 7.3 and it was necessary to mul-
tiply the CP data shown in Figure 6d by ten so 
that the character and timing of the CP pressure 
anomalies is easily discerned. Most anomalies are 
likely intraseasonal coastal trapped waves (CTW). 
They occurred during May to November period in-
dicating that they were caused by tropical storm 
landfall or gap wind events in southern Mexico 
or Costa Rica (Enfield and Allen, 1983; Spillane 
et al., 1987). In 2004, the three largest pressure 
anomalies at ED occurred about five days after 
peaks in sea level were observed at Manzanillo 
(located 690 km south of ED) (see Zamudio et al., 
2008; Lavín et al. 2014). And similar but smaller 
peaks occurred about 5 days later at CP which is 
located about 1300 km from ED following a path 
along the continental shelf to the northern edge of 
San Pedro Martir Basin (this marks the beginning 
of the mid-Gulf region) and subsequently south-
ward along the Gulf coast of Baja California (see 
Martínez and Allen 2004; Gutiérrez et al., 2014). 
These correspond to a phase speed of 1.6 m s-1 
and 3 m s-1, respectively. Note that the relation-
ship with Manzanillo sea level was not observed 
in 2005 and 2006 possibly due to relocation of the 
Manzanillo tide gauge.

The maximum pressure anomaly at ED (CP) 
was 1.47 (0.17) dbar at 0155 on 12 June 2004 
(1535 on 1 November 2004). Maximum correlation 
of pressure anomalies between ED and CP, 0.3, 
occurred when ED led CP by 4.9 days.  A close ex-
amination of the relationship between the ED and 
CP pressure signals (Figure 6d) indicated that the 
anomalies were typically longer period when they 
reached CP. After August 2005, the relationship 
changed and waves appeared to be out of phase 
on either side of the Gulf.

The pressure anomalies often coincided with 
inflow oscillations and smaller amplitude oscil-
lations in temperature and salinity. Observed ki-
nematic relationships between the pressure and 
inflow and temperature were calculated for the 
0.05-0.0125 cycles per day (20-to-80-day) band 

following Merrifield (1992). Cross-correlation was 
used to determine the lag for largest magnitude 
correlation between time series and subsequently 
least squares regression was used to determine 
the relationship between the time series at that 
lag. Results are shown in Table 2. For results 
listed in Table 2, lags were less than 16 hours, 
correlations with velocity at ED (CP) were 0.54 
(0.60) and yielded regressions of 0.15 (-0.72) m 
s-1 dbar-1.  Time lags were similar for Conservative 
Temperature: correlations for ED (CP) were 0.19 
(0.36) and regressions 0.26 (5.4) °C dbar-1. This in-
dicated that CTW pressure anomalies were asso-
ciated with increased flow and higher temperature 
as observed at mid-Gulf (Merrifield and Winant, 
1989).  Zamudio et al. (2008) used a numerical 
model to show that CTW can also strengthen the 
Mexican Coastal current in summer.

Surface geostrophic currents
Observations of temperature, salinity, and 

pressure from moorings were used to estimate 
the dynamic height anomaly, ∆D, and steric height 
anomaly, h’, for each mooring (note h’=10∆D/g), 
where g is gravitational acceleration (Talley et al., 
2011). The difference of steric height, ED – CP, is 
shown in Figure 7a, and compared with differenc-
es in satellite measurements of the height of the 
ocean surface at the two mooring locations. There 
was general agreement between the moored 
and satellite height differences for seasonal time 
scales. The higher frequency (≈ 3 week period) 
oscillations were similar in amplitude and duration  
in part due to smoothing. CTW appear as posi-
tive oscillations as they were larger at ED than CP. 
Larger CTW in mid-June and November 2004 as 
well as July 2005 are easily discerned. But the 
satellite and moored oscillations coincided in only 
a few instances, e.g., February 2004 and August 
and September 2005. And there were instances 
where the difference between satellite and moored 
values were large; two examples are in December 
2004 when the mooring data was -0.12 m while 
the satellite height data were 0.04 m and in late fall 
2005 when the rapidly declining satellite estimates 
led the mooring observations by about one to two 
months. This lack of agreement for higher frequen-
cies is due, in part, to the nearly ten-day temporal 
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Table 2. Covariance between moored observations of bottom pressure and either alongshore velocity (Vr), or 
conservative temperature (Θ), for the frequency band 0.05 to 0.0125 cpd. Here the maximum correlation (r), 
and response, b, were observed at lag τ. Average refers to the vertically averaged quantities shown in Figure 6.

El Dorado r τ, hours b
Vr vs pressure m (s dbar)-1

40 0.53 -1.5 0.17
80 0.53 0 0.15
108 0.48 -1.25 0.11
Average 0.54 1.5 0.15
Θ  vs pressure °C dbar-1

40 -0.14 -1.5
80 0.38 4.0 0.64
120 0.43 -0.5
Average 0.19 3.2 0.26
Cabo Pulmo r τ, hours b
Vr vs pressure m (s dbar)-1

40 -0.54 0 -0.99
80 -0.62 -1.75 -0.85
120 0.14 16.25 0.04
Average -0.60 -0.75 -0.72
Θ vs pressure °C dbar-1

40 0.32 3.6 8.33
80 0.37 3.1 5.16
120 0.39 3.65 2.83
Average 0.36 3.5 5.4

resolution of the satellite data (Valle-Rodríguez 
and Trasviña-Castro, 2017). The covariance (not 
shown) was maximum when the satellite data led 
the mooring data by one week; the correlation at 
this lag was 0.64 ± 0.04.

Figure 7b is a time series of the along-gulf wind 
stress averaged across Pescadero Basin; the data 
have been smoothed with a low pass filter with a 
three-week cutoff. Blue and red dots distinguish 
between poleward and equatorward winds, the 
former associated with the North American mon-
soon. The northwestward (southeastward) winds 
corresponded to periods when ED steric height 
was greater (less) than that at CP. The moored 
velocity data was conditionally sampled for mean 
currents during each wind regime (Figures 5a, b).  
At CP, the outflows reached ~ -18 cm s-1 at 50 m 
and were about twice as strong between 35 m to 
95 m during the monsoon than during southward 
winds. At ED, the current had maximum inflow of 

14 cm s-1 at 35 m during the monsoon, about three 
times greater than the mean flow at 35 m during 
southward winds; but the mean monsoon current 
decreased with depth and was only about half the 
speed of the mean current for southward winds at 
120 m.

Shorter period oscillations of wind stress 
agreed best with the steric height differences 
when CTW were absent. A good example of 
shorter period wind forcing effecting steric height 
difference was October through December, 2004, 
most notably when the strong equatorward winds 
(a late December storm) raised the sea level at 
CP by about 0.8 cm.  Agreement was also good 
during the same period in 2005 when a tropical 
storm transits the entrance to the Gulf in early 
October (see Figure 9). The covariance between 
the moored steric height differences and the wind 
stress was maximum at zero lag and the correla-
tion was 0.59. The biharmonic fits shown in Figure 
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Figure 7. Surface geostrophic inflow and wind stress. (a) Smoothed time series of the difference of 
steric height between moored arrays (ED-CP) (red line) on either side of Pescadero Basin as well as the 
difference between satellite measured sea surface height at the mooring locations (blue line). Positive 
differences mean height is greater at ED than CP so geostrophic flow is directed into the Gulf. The black 
line is a biharmonic (annual, semiannual frequencies) fit to the moored steric height difference. (b) Mean 
wind stress across the Gulf between the two mooring locations. Blue dots correspond to poleward winds 
(the North American monsoon) and red dots correspond to equatorward winds. The black line is a least 
squares biharmonic (annual, semiannual frequencies) fit to the wind stress time series.

7 indicated that maximum wind stress (moored 
sea level difference) occurred on 1 August (29 
July), the minimum on 27 Dec (7 Dec), with zero 
crossings on 21 May and 17 September (18 April 
and 1 October). Least squares fit for sea level dif-
ference SLD∆  (m) as a function of wind stress τw 
(Pa) yielded SLD∆  = 0.56 τw ( SLD∆ = 0.11 τw) for 
poleward (equatorward) winds. The greater sensi-
tivity of sea level difference to poleward winds is 
surprising given their lower wind stress and must 
be due to the head of the Gulf blocking the wind 
setup.

Differences in dynamic height anomaly between 
moorings can be used to estimate the mean geo-
strophic inflow, vg, , where f is the 
Coriolis parameter and L is the distance between the 
two moorings, about 181 km. A difference in dynamic 
height anomaly of 0.1 J kg-1 (about the same as 0.1 
m difference of steric height) across Pescadero Basin 

corresponds to a mean geostrophic current of 0.94 
cm s-1 or a mass transport for a 1 m thick layer of 1.7 
kt s-1 into the Gulf. The altimeter measurements yield-
ed geostrophic currents and transports for the ocean 
surface while the mooring dynamic height yields the 
transports at 20 dbar relative to 120 dbar. Note that 
the 2-year average of the mooring steric height (al-
timeter) difference is 0.014 m (-0.002 m) from 1 Jan 
2004 to 1 Jan 2006 or 0.010 m (0.006 m) for 1 Apr 
2004 to 1 Apr 2006.

Balance of mass and heat transport 
between shelf moorings

The mass and heat transport between the Gulf 
and the Pacific Ocean for the water columns at CP 
and ED is estimated. The observed flux at each 
mooring for each 15-minute sample was calcu-
lated. For CP, the mass transport, MCP, was cal-
culated from the 4-m binned velocity observations 
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Figure 8. Temporal behavior moored fluxes.  (a) Annual variability of heat flux. (b) Time integral for the 
sum of the mass transport (blue line) and heat flux (orange line) observed between 20 m and 120 m at 
the Cabo Pulmo and El Dorado moorings from 17 May 2004 to 5 May 2006.

between 20 m and 120 m, ∆x is 1 m and ∆z is 4 m 
(2 m) for depths from 116 to 24 m (120 and 20 m):

( ) ( ) ( ) zM t V t tCP
i
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26
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/
The Absolute Salinity and Conservative 

Temperature at depths 40, 80, and 120 m were 
smoothed to 15 minutes, interpolated to 4 m in-
tervals between 120 and 20 m using the MATLAB 
pchip function and the density, ρ, calculated. At 
each 4 m level, the heat content was determined 
as where cp

0 is the specific 
heat, Θ the Conservative Temperature and ρ the 
density. The heat flux, HCP, is then determined as
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25
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MED and HED were determined using the same 

equations but with observations from mooring ED.  
An annual cycle was determined by averaging dai-
ly data by the year day.

The annual cycle of heat flux for both moorings 
is shown in Figure 8a. The annual mean and stan-
dard error for the heat flux was 6.5 × 108 ± 1.9 × 
108 J s-1 at ED and -5.8 × 108 ± 1.6 108  J s-1 at CP. 
There was a distinct seasonal pattern, with heat 
flux diverging to values which were larger (small-
er) than their annual mean at ED (CP) for May 22 
to September 7 and December 16 to February 2.  
For late spring-summer, the CP values decreased 
slightly from about -0.8 × 109 to -1.2 × 109 J s-1  

while any trend at ED was obscured by large fluc-
tuations associated with CTW passage. For win-
ter, CP heat flux was minimum, -1.8 × 109 J s-1, on 
January 18 while observed ED heat fluxes ranged 
from 0 to 1 × 109 J s-1. The annual pattern of mass 
transport resembled that of heat flux (Figure 8a).

It is not expected that the mass and heat fluxes 
observed at each mooring should balance one an-
other as the pattern of flow between the moorings 
is highly variable, for example when mesoscale 
eddies (Castro et al., 2017) or filaments (Lavín et 
al., 2009) form. In fact, the balance of the fluxes 
at the moorings helps characterize the fluxes at 
the mouth of the Gulf. The net heat flux for ED 
and CP was estimated as H(t)=HCP(t)+HED(t). The 
time integral of the net heat flux is shown in Figure 
8b along with the corresponding integral for net 
mass transport. Downward (upward) slope with 
increasing time indicates net cooling (warming) 
or net outflow (inflow). The integral of these fluxes 
suggested that a pattern of yearly trends existed 
but changed at the end of the fall transition. Net 
cooling and outflow occurred from May through 
December 2004 while 2005 was a year of net 
heating and inflow. Net heat (mass) decreased to 
a minimum of -1.85 x 1017 J (-3.1 x 109 tonnes) 
on 11 December 2004 (after strong equatorward 
winds) and thence increased to a maximum on 29 
December 2005 of 1.6 x 1017 J (1.9 x 109).

The fall transitions are prominent in Figure 8b 
and were proceeded by heat (mass) gains between 
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Figure 9. Impact of tropical storm Otis on Pescadero Basin. Upper panel illustrates the wind speed on 
October 1-2, 2005, obtained from ERA5 data. The color bar gives the wind speed in m s-1, the wind 
direction is shown by arrows. The two black dots at the entrance of the Gulf show mooring locations, 
the Cabo Pulmo (CP) mooring next to the eastern tip of Baja California and the El Dorado (ED) mooring 
next to the mainland. Observed alongshore currents are shown for the period from 25 September to 9 
October 2005; (a) Cabo Pulmo and (b) El Dorado. The color bar is the same for both figures and shows 
the current speed in m s-1; contours are shown at 0.05 m s-1 intervals with solid black lines indicating flow 
into the Gulf, dashed lines flow out of the Gulf, and the white contour is the zero isotach.

25 September and 27 October 2004 of 7.7 x 1016 
J (9.0 x 108 tonnes) and followed by heat (mass) 
loss between 27 October and 11 December of 
-1.5 x 1017 J (-2.1 x 109 tonnes).  The fall transi-
tion in 2005 was delayed and preceded by a heat 
(mass) gain from 9 Oct 2005 to 2 January 2006 of 
1.83 x 1017 J (2.84 x 109 tonnes) and followed by 
a heat (mass) loss from 2 January to 23 February 
of  -1.19 x 1017 J (-1.80 x 109 tonnes). At the end of 
the two-year period, the mass had increased 7.5 

x 108 tonnes and the net heat gain 8.0 x 1016 J. 
The yearlong persistence of trends is surprising 
although in early 2006 the heat continued to gain 
after the fall transition, unlike the reversal seen in 
2004.

CTW wave features were seen in both time se-
ries shown in Figure 8. For Figure 8a,  the heat-
ing at ED included nine to ten spikes of heat flux 
greater than 1 x 109 J s-1, about the same number 
of  ED pressure anomalies were greater than 0.4 
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dbar. The largest 2004 ED pressure anomaly at 
ED occurred in June and its heat and mass flux 
are discussed below (Figure 10).

Response to tropical storms
The effect of tropical storms on circulation in 

Pescadero Basin has been well documented for 
Hurricane Juliette which moved across mouth of 
the Gulf on 27-30 September 2001 (Zamudio et 
al., 2010). Here we confirm results of Zamudio et 
al., ibid. Only one tropical storm moved across the 
Gulf entrance when shelf moorings CP and ED 
were in place: tropical storm Otis, the last tropical 
storm of 2005, moved across the Gulf entrance 
from 28 September to 5 October (Figure 9). Otis 
was not as strong as Juliette and was about 50 km 
further to the west but the seasonal northward win-
ds in PB were strengthened to about 8 m s-1 along 
the BCS coast.  Velocity data for CP are shown 
in Figure 9a and indicate that inflow in the upper 
60 m accelerated to 0.4 m s-1 on 2 October, sub-
sequently relaxing with -0.4 m s-1 outflow on 3-4 
October.  At ED (Figure 9b), the flows were similar 
to CP but much weaker: the inflow on 2 October 
was only 0.1 m s-1. As noted above, about a week 
later the temperatures at both CP and ED begin 
a sharp decrease from 18°C to 15°C, indicating 
the presence of Pacific waters.  It is interesting to 
speculate that the subsequent warming at CP to 
>20°C in early December (Figure 6a) was the re-
sult of northern Gulf waters being blocked by Otis 

Figure 10. Section of Absolute Salinity (g kg-1) on isopycnals along the western boundary of the Gulf 
of California. Observations were collected in August 2004 by the NAME experiment (see Lavín et al., 
2013). The color bar next to the upper abscissa shows salinity values. The vertical black dash line shows 
the location of the PB section. Black dots along the upper abscissa indicate the location of hydrographic 
stations.

during its transit of the mid-Gulf and thence de-
layed at reaching CP.

The effects of a third tropical storm were ob-
served in 1995 when Flossie (10-11 August 1995) 
(Castro et al., 2006) moved across the Gulf en-
trance immediately before cruise P07. Upwelling 
along BCS and convergence and downwelling 
along Sinaloa were observed for PB sections oc-
cupied between 12-15 August 2005.

DISCUSSION
To balance the mass transport for the PB sec-

tion, it was necessary to add barotropic flows that 
ranged from -1.14 for station 2 near the BCS coast 
to -0.18 cm s-1 at station 6 (located on the wes-
tern flank of Alarcon Seamount; Figure 1). This 
kept the position of the zero isotach at 108.72 °W 
(Figure 4d), dividing inflow to the Gulf on the east 
from flow out of the Gulf to the west. The magnitu-
des of the adjusted velocities were similar to those 
observed by the mooring on the shelf of BCS. The 
net mass flux for this section was 4.7 kt s-1 (1 kt = 
1 × 106 kg) which balanced the freshwater budget 
for the Gulf. The net heat flux for the section was 
5.3 x 1012 J s-1, much greater than the -18.4 x 1012 
J s-1 observed by Castro et al. (1994). Lavín et al. 
(2009) found good agreement between heat flux 
estimates using geostrophic and directly measu-
red currents in 7-17 June 2004 at the entrance to 
the Gulf but his estimate of heat flux, 121 x 1012 
J s-1, was five times greater than the 21 x 1012 J 
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s-1 estimated by Castro et al. (1994). Lavín et al. 
(2009) attributes this difference to the unusual sy-
noptic conditions during 7-17 June. There is no si-
milar explanation for the difference in our estimate 
and Castro et al. (1994); assimilation of the ship-
board data used here and that used by Castro et 
al. (ibid) with a numerical model might resolve this 
issue (see Zamudio et al., 2008).

The structure of the mean Absolute Salinity 
field is best shown along isopycnals (Figure 4c) 
as isohalines tend to be parallel to isopycnals. The 
isopycnal coordinates also stretch the view of the 
subsurface lens of 34.8 g kg-1 Pacific water cen-
tered along the 24.8 kg m-3 isopycnal (Figure 4d); 
these low salinity waters flow into the Gulf on the 
eastern (Sinaloa) side of the PB section at about 
55 dbar depth. Next to BCS,  salinities greater than 
34.95 g kg-1 extended across isopycnals from near 
the surface, 23 kg m-3, to 26.2 kg m-3 and were ad-
vected out of the Gulf. The outflow on the deeper 
26 kg m-3 isopycnal suggests overturning of high 
salinity waters in the Gulf (Bray, 1988, and López 
et al., 2008). This connection is shown in Figure 
10 as high salinity plume along the 26 kg m-3 iso-
pycnal  from the mid-Gulf region to the PB section 
along the BCS side of the Gulf.  The two Pacific 
Ocean stations at the mouth of the Gulf appear 
as a low salinity barrier, especially for high salinity 
surface waters extending along the 22 kg m-3 iso-
pycnal. The Gulf surface waters may recycle ba-
ck into the Gulf (as shown near the center of the 
PB section (Figure 3b, d) or move into the Pacific 
inshore (Figures 3b, d) (Collins et al., 2015; Castro 
et al., 2017; Muñiz-Larios et al., 2022). The dee-
per Gulf outflow should join poleward flows along 
BCS (Pl. 2, C. Castro et al., 2001; Gómez-Valdivia 
et al., 2017; Valle-Rodríguez and Trasviña, 2017), 
adding salinity, heat and decreasing the oxygen 
for these waters.

Moorings were used to measure the mass 
and heat flux directly as well as the near surface 
along Gulf flow between the moorings. The year-
ly data (Figure 8a) showed two periods, May 22 
to September 7 and December 16 to February 2, 
when the inflow of heat at ED was persistently ba-
lanced by outflow at CP; at other times, the heat 
flux at the two moorings reversed or, in some ins-
tances, the flux was oriented in the same direction.  

The biharmonic fit for the 20 m across gulf geos-
trophic velocity (Figure 7a) was similar to that for 
temperature (Figure 6a) and wind stress (Figure 
7b) with maximum (minimum) inflow in August 
(December) which reached about 0.01 m s-1 (-0.01 
m s-1). An interesting effect of the fall wind reversal 
was that equatorward winds transported water to-
ward BCS (Ekman transport) and southward (wind 
setup). Subsequently, the temperatures at CP in-
creased due to advection of GCW around BCS.

This meant that the dynamic height at CP ex-
ceeded that of cooling waters at ED, assuring that 
the outflow of GCW waters received a boost from 
near surface geostrophic outflow. With respect to 
temperature, a similar situation did not occur in 
spring as the transition was marked by the onset of 
poleward winds and temperatures of the Gulf wa-
ters that moved around BCS warmed at nearly the 
same rate as those at ED (Figure 6a).  These fall 
vs summer temperature differences explain why 
fall heat flux observed by Castro et al. (1994), was 
twice that observed in spring.  But the two spring 
transitions did mark freshening of ED waters, con-
sistent with the Lavín et al. (2009) observations.

The salinity of shallow (<50 m) waters in 
the region immediately south of the Gulf (from 
the Mexican coast to 110°W between 16°N to 
22.8°N) increases from April through June (Fig. 
3b, Portela et al., 2016). The only regional sour-
ce for the salinity increase is GCW. The predo-
minant poleward flow observed at ED (Figure 
8a above) during year days 91 to 182 raise the 
issue of how GCW gets to the south. Figure 
5b suggests the wind-driven surface layer at 
ED moves southward: the mean flow above 
25 m during April to 21 May is weak (-0.02 m 
s-1) equatorward flow. A more regional view of 
surface circulation (Fig. 18a, Valverde-Kalish, 
2016) shows spring (March through May) sur-
face geostrophic flow for the region using ADT 
data from 1993 to 2013. The Valverde-Kalish 
(2016) chart indicated southward flow ≈ 0.1 m 
s-1 from the western (109°W) side of the Gulf 
which turns eastward at 20°N and thence sou-
thward along the Mexican coast. In summer 
(ibid, Fig. 18b) the ADT data indicated poleward 
flow along the Mexican coast into the Gulf, in 
agreement with the ED measurements shown 
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above in Fig. 8. A more rigorous study of the 
spring freshwater balance is warranted.

Spikes of heat and mass flux about one month in 
duration appeared in Figures 7 and 8; most of these 
spikes appear related to CTW passage at ED, espe-
cially in 2004 (Figure 6d). In 2004, the temperatures 
at the moorings were observed to slowly increase 
from the winter minimum in May (Figure 6a) and, at 
ED, warming was observed to accelerate at the end 
of May, about the same time as a CTW was observed 
at both ED and CP. The heat flux at each mooring du-
ring 20 May to 1 July 2004 is shown in Figure 11. For 
ED (Figure 11b), the heat flux changed from negati-
ve to positive on 30 May for the upper 60 m and the 
positive heat flux deepened to 120 m on 6 June. The 
CTW crested at 1.45 dbar at 0400 on 11 June (ma-
rked by a vertical red line on Figure 11b), two days 
after the maximum vertically integrated heat flux, 4.7x 
109 J s-1, at 0200 9 June 2004. Subsequent peaks of 
heat flux associated with CTW passage occurred 4 
and 10 days later. On 27 June the flow reversed at 

Figure 11. Alongshore heat flux at moorings during CTW passage in Spring 2004. Contour intervals 
are 0.4 x 107 J s-1, dashed contours indicate flow out of the Gulf, solid contours the flow into the Gulf, 
and the white contour is the zero isotach. Vertical red lines mark the peak of observed CTW at each 
location. Current and temperature data shown here have been smoothed with a 2-day filter to remove 
diurnal tides. Color bars have same range but colors represent different values. (a) CP mooring site.  
(b) ED mooring site.

ED marking the end of the CTW event at ED; the total 
heat transported into the Gulf was 4.73 x 1015 J.

At CP, a small pressure peak was observed at 
0700 16 June, about six days after the CTW crest 
passed ED (Figure 6d).  From 20 May to 1 July, a 
small amount of  heat flux at CP was directed into 
the Gulf between 20 and 40 m (Figure 11a).  The 
heat flux for most of the rest of the water column  
was directed into the Pacific Ocean. The largest 
vertically integrated  outflow, -1.9 x109 J s-1, oc-
curred at 0600 10 June (a day after the maximum 
inflow at ED) and the associated pressure peak, 
0.052 dbar, was observed six days later at 0700 
16 June. The CP outflow sum over the 30 May to 
27 July was -2.86 x 1015 J.

The moorings measured a mean June heat 
flux of 1.4 x 107 J s-1 at ED and -1.1 x 107 J s-1 at 
CP or a net of 0.4 x 107 J s-1 for a 2 m length x 1 m 
width x 100 m depth column of water. This flux is 
compared with the Castro et al. (1994) estimate of 
heat flux across the mouth of the Gulf in June, 14 
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x 1012 J s-1. The Castro et al. (ibid) estimate was 
for slab 400 m in depth which extended across the 
mouth of the Gulf. Assuming that this heat flux is 
distributed uniformly through the water column, 
then dividing by the (width of the Gulf x four) yields 
2 x 107 J s-1 for a one square meter water column 
which is 100 m deep. The mooring heat flux, 0.2 x 
107 J s-1 (a volume of a one square meter column 
which is 100 m deep) was a tenth of the clima-
tological heat flux. A conclusion is that the heat 
fluxes observed by the coastal moorings were not 
representative of the across gulf transport derived 
by Castro et al. (ibid).

It is also disappointing that the moorings did 
not detect flow events associated with deep jets 
that occur in deeper waters. For example, Roden 
(1972) observed a 30 km wide jet with -0.5 m s-1 
currents at the surface and -0.4 m s-1 at 600 m 
next to BCS on 5-6 December 1969.  Collins et al. 
(1997) observed similar deep jets on either sides 
of the Gulf on 2-4 May 1992. The broad shelf and 
subsurface ridge off Sinaloa (Figure 1) might have 
isolated the ED mooring from these events but the 
CP mooring is well within the 35 km Rossby radius 
of the jets observed next to BCS.  Note too that a 
filament of CCW observed by Lavín et al. (2009) 
in June 2004 did not appear to affect the moored 
observations.

Ripa (1997) has indicated that the circulation 
at the mouth of the Gulf is key to determining and 
understanding the flow within the Gulf so efforts 
to observe these flows should continue. New hi-
gher resolution satellite altimeter data will help in 
determining the details of surface circulation, but 
direct observation of the flows is needed to sort 
out important kinematic details, e.g., baroclinic 
vs barotropic flow, forcing of deep jets, paths and 
causes of CTWs.  Bottom pressure measurements 
on Alcarón Seamount and similar depths at either 
coast would detect deep jets. Velocity observa-
tions could  be accomplished by instrumenting fer-
ries that sail daily between Mazatlán and La Paz 
(and vice versa) with vessel mounted ADCPs and 
GPS receivers that measure the ship’s attitude. 
An example of a successful program of this type 
are the MV Oleander measurements of the Gulf 
Stream (Flagg et al., 1998). An alternative would 
be to use ocean gliders. Gliders are now routinely 

deployed by academic laboratories and have de-
monstrated that they are able to observe strong 
flows including the Gulf Stream (Heiderich & Todd, 
2020).
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Figure A1. Moored salinity time series at 40, 80, 120 m depth (solid lines) and biharmonic fit (dashed 
lines). (upper) Cabo Pulmo. (lower) El Dorado. Note that the range of the ordinate at Cabo Pulmo is 0.8 
g kg-1 greater than the range for El Dorado. Salinity is a diagnostic tool which distinguishes between 
lower salinity Pacific Ocean vs. higher salinity Gulf of California water masses (Figure 2). Unlike the 
monotonic increase of temperature with depth, the salinity gradients reversed with lower salinity water 
often found at depth. At ED, there was a consistent seasonal pattern at 40 m with lower salinity water 
observed summer/fall and higher salinity water in spring. At CP, only two large intrusions of low salinity 
water at 40 m occurred in October 2004 and April 2005.These conditions are indicated by higher salinity 
at 40 m (red lines) and occurred at both the ED and CP moorings.
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