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[1] The thermohaline structure, circulation, and heat fluxes in the Gulf of California
entrance during June 2004 are described based on conductivity-temperature-depth and
Lowering Acoustic Doppler Current Profiler data collected in a 14-day survey, supported by
satellite data. The AVHRR images show extensive mesoscale structures in the region, the
most striking being (1) a cool filament extending from the California Current domain and
(2) a warm intrusion along the mainland shelf. On the warm side of the thermal front created
by the cool filament there was a strong current flowing into the Gulf, with speeds up to
0.70 ms!1 in the surface; this current, which the SST images suggest was associated with a
decaying eddy, carried 6 Sv into the Gulf. Associated with the second structure, there was an
ingoing coastal current on the mainland shelf, with weak surface currents but with speeds
"0.25 ms!1 at its core, between 70 and 200 m; this coastal current transported 2 Sv into
the Gulf. The two ingoing currents appear to join inside the Gulf, forming a very strong
(speeds 0.40–0.80 ms!1) narrow ("30 km) coastal current between the surface and 500 m
depth. Changes in the thermohaline structure of the upper layers observed by repeat
sampling of three cross sections were dominated by advection. However, it was found that
the advective heat flux is very variable in space and time. For the period of observation it
was estimated that the lateral heat input was 4.8 ± 3.0 # 105 Wm!2 as estimated with
LADCP currents and 5.7 ± 2.20 # 105 Wm!2 with geostrophic velocities.

Citation: Lavı́n, M. F., R. Castro, E. Beier, V. M. Godı́nez, A. Amador, and P. Guest (2009), SST, thermohaline structure, and
circulation in the southern Gulf of California in June 2004 during the North American Monsoon Experiment, J. Geophys. Res., 114,
C02025, doi:10.1029/2008JC004896.

1. Introduction

[2] The summer 2004 North American Monsoon Exper-
iment (NAME), part of NOAA’s PACS/GAPP Warm Sea-
son Precipitation Initiative, was an intensive observational
study of the meteorological fields in and around the Gulf of
California (GC). Many of the meteorological studies have
been published in a special issue of Journal of Climate
[Higgins and Gochis, 2007]. Although generally accepted
that the GC is important to the North American Monsoon
(NAM) and therefore for the precipitation in NW Mexico,
Arizona, and New Mexico, there are questions as to what
role it actually plays, in addition to channeling the low-level
moisture flux [Higgins et al., 1999]. The sea surface
temperature (SST) in the GC is a potentially important
parameter in determining the onset and intensity of the

NAM [Mitchell et al., 2002], yet we only have a limited
understanding of what mechanisms control its evolution.
[3] The communication of the Gulf of California

(Figure 1) with the Pacific Ocean is "3000 m deep and
"200 km wide. The seasonal balances of heat and salinity
are not controlled by the surface heat and moisture fluxes
but by the interaction with the Pacific, and although there
are no studies focusing on how the SST and the sea surface
salinity are controlled, there is evidence that advection has
an important role [Castro et al., 1994; Ripa, 1997; Beron-
Vera and Ripa, 2000, 2002; Zuidema et al., 2007]. The
climatological monthly progression of the SST in the GC
and in the neighboring Pacific, based on AVHRR data, is
shown in Figure 2. The fastest seasonal surface heating
inside the GC occurs from May to July, with the isotherms
turning north-south in May and along-gulf in June and July.
The across-gulf SST gradient during summer has been
interpreted [Soto-Mardones et al., 1999] as evidence of
upwelling induced by the summer SE winds, but Mitchell
et al. [2002] suggested that the May–July SST evolution
described above could be due to the advection of warm
water from the southeast.
[4] The surface atmospheric circulation in the GC differs

markedly from that in the Pacific adjacent to the peninsula
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of Baja California; while in the Pacific the wind has a strong
NW component almost year-round which intensifies in
spring and part of summer [Strub and James, 2002], in
the GC the NW winds dominate most of the year, but they
turn to SE in late spring and summer [Bordoni et al., 2004].
[5] The thermohaline structure of the upper layers in the

area where the communication with the Pacific takes place,
which will be called ‘‘the entrance,’’ is very complex due to
the confluence of surface waters with very dissimilar
characteristics [Griffiths, 1968; Álvarez-Sánchez et al.,
1978; Castro et al., 2000; Lavı́n and Marinone, 2003]:
Tropical Surface Water (TSW), California Current Water
(CCW) of subarctic origin, and the Gulf of California Water
(GCW). The temperature and density differences between
these surface water masses cause sharp fronts, which tend to
develop mesoscale structures like eddies, jets, and mean-
ders, which are ubiquitous in the area, as can be seen in the
AVHRR images in Figure 3. In the vertical, interleaving,
uplifting, and submergence can also be produced, with the
denser CCW and GCW tending to be found underneath the
TSW [Castro et al., 2000]. Although there is a generally
accepted classification of these surface water masses
according to their temperature and salinity (Table 1; also
see review by Lavı́n and Marinone [2003]), we will see that
care should be exercised when using it to classify a given
water volume in this area.
[6] Immediately below the surface water masses, starting

at "150 m depth, there is the Subtropical Subsurface Water
(StSsW), characterized by a salinity maximum ("34.7–
34.8, Table 1) at a depth of "150–200 m; we will retain this
water mass name although it is now considered to be

modified 13!C Water [Fiedler and Talley, 2006] brought
from the equatorial zone to the eastern tropical Pacific by
the Northern Tsuchiya Jet. There can be much interaction
between the StSsW and the surface water masses described
above, again making water mass classification somewhat
ambiguous. The two remaining deeper water masses, the
Pacific Intermediate Water and the Pacific Deep Water are
stable at the seasonal timescale.
[7] Castro et al. [2000] constructed a mean and a sea-

sonal description of the thermohaline structure in a single
cross section in the entrance to the GC (close to section A of
Figure 1), based on eight crossings made between 1992 and
1998. In the mean, they find that in the upper 200 m the
thermohaline field shows warm and relatively fresh water
over the mainland shelf (CCW and TSW), and relatively
less warm and saltier water close to the peninsula (GCW).
Mascarenhas et al. [2004] used the same data set to obtain a
mean and a seasonal description of the geostrophic currents
at the entrance cross section. They found that in the mean
there is ingoing flow on the mainland side and outgoing
flow on the peninsula side, which is in agreement with
previous descriptions based on less data [Roden, 1964,
1971; Warsh and Warsh, 1971; Collins et al., 1997].
However, their data also revealed very large spatial vari-
ability, with alternating in-going and out-going jets. Since
their data and other high-density samplings in the same area
showing similar variability are based on single cross sec-
tions [Roden, 1972; Collins et al., 1997], the doubt arises as
to whether those features represent steady currents or reflect
mesoscale activity, such as the eddies and meanders in
Figure 3.

Figure 1. Study area, with bathymetry (depth is in meters). The black dots show the position of the
oceanographic stations. The sections of stations are identified by the letters Z, X, and A to F (in order of
sampling). Sections A, B, and C were repeated after section F.
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[8] Indeed, images like those in Figure 3 provoke ques-
tions as to whether there are currents associated with the
mesoscale structures, how strong and deep they are, and
what is their effect on the advective heat flux estimates. In
particular, large eddies seem to be a characteristic of the
entrance and southern Gulf areas, and the little available
data indicate that they can be quite deep (>1000 m)
[Fernández-Barajas et al., 1994; Collins et al., 1997;
Emilsson and Alatorre, 1997; Pegau et al., 2002; Amador-
Buenrostro et al., 2003;Figueroa et al., 2003; Zamudio et al.,
2007, 2008]. Numerical models indicate that the main
generating mechanism of these eddies is the interaction
of the poleward Mexican Coastal Current and coastal
trapped waves with coastal capes and ridges.
[9] In order to assess the relative importance of the

meteorological and oceanographic causes of the Gulf of
California SST evolution during the NAM onset and in its
mature phase, two 14-day oceanographic cruises (in June
and August 2004) were made in the entrance and southern
portion of the GC, focusing on the spatial and temporal
variability of the thermohaline structure and currents and on
the air-sea interaction.
[10] The objective of this article is to describe the

variability of the velocity and hydrographic fields in the
entrance to the GC, as observed during the first NAME

cruise, and to assess the effects of that variability on water
column heat content and on advective heat flux estimates.
To provide a three-dimensional description of the velocity
and hydrographic fields that would include the character-
istics of the mesoscale structures, a grid of sampling
stations of unprecedented density (for the GC) was sampled
(Figure 1). In addition, in order to evaluate the evolution
in time, part of the grid was repeated with a separation of
1 week.

2. Data and Methods
2.1. Satellite Data

[11] As an aid in designing the ship sampling strategy and
to obtain a larger-scale space and time perspective, the
evolution of the sea surface temperature (SST) in the Gulf
of California was monitored using 1 km # 1 km AVHRR
data from NOAA-12, NOAA-16, and NOAA-17 satellites.
These data were collected at CICESE’s land station in
La Paz, Baja California Sur, starting in May 2004 and for
the duration of the NAME. In addition, automatic monitor-
ing software was developed by Cabrera et al. [2006] to
provide twice-daily SST images from GOES and MODIS
and chlorophyll images from MODIS. The ocean wind
from QuikScat (level 3, 25 km # 25 km resolution) was

Figure 2. Monthly mean sea surface temperature of the Gulf of California, from the daily 9 km
Pathfinder SST time series from 1985 to 1999, based on the ‘‘JPL AVHRR Pathfinder Global 9 km SST
Climatology’’ (http://podaac.jpl.nasa.gov/climatology).
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monitored for the same interval (http://podaac.jpl.nasa.gov/
quikscat/qscat_news.html).

2.2. Hydrography and Current Data and Methodology

[12] The NAME-1 cruise was carried out on board the R/
V Francisco de Ulloa from 5 June to 18 June 2004, in the
portion of the southern GC shown in Figure 1. The vertical
distributions of temperature, salinity, and currents were
obtained in 174 oceanographic stations in 11 across-gulf
Sections (Figure 1; Table 2). During stage 1 of the cruise,
sections Z, X, and A to F were sampled, and in stage 2 a
repeat of sections A to C was made (these sections were
called A2, B2, and C2). Sections X and Z were a last-
minute addition to the original cruise plan, in order to
sample important features revealed by the satellite imagery
(Figure 3). The spacing between stations within a section
was "10 km, except in sections F and C2, where it was
"20 km. The spacing between sections was between 30 and
40 km.
[13] The thermohaline profiles to 1500 m (or to "5 m

above the bottom if shallower) were measured with a
factory-calibrated CTD (SeaBird SBE-911 plus), with pri-

mary and secondary sensors and with sampling rate of
24 Hz. The data were processed and averaged to 1 dbar
as documented by Godı́nez et al. [2006]. Salinity (S) was
calculated with the Practical Salinity Scale 1978. The
potential temperature, q (!C), and the density anomaly, gq
(kgm!3), were calculated according to UNESCO [1991].
[14] The velocity profile was measured with a 300 kHz

RDI Lowering Acoustic Doppler Current Profiler (LADCP)
attached to the CTD protection frame. The absolute velocity
profiles were obtained with the methods described by
Visbeck [2002]. The sampling bins were 8 m deep.
[15] In order to remove unwanted variability in the q and

S vertical cross sections, an objective analysis technique
was used. The fields of potential temperature and salinity
were first averaged to 5 dbar, and then objectively mapped
onto the original sampling grid using a Gaussian covariance
function with length scales Lz = 50 dbar in the vertical and
Lx = 70 km in the horizontal, which is about twice the local
Rossby Radius of deformation and twice the wavelength of
semidiurnal internal waves [Beier, 1997; Filonov and Lavı́n,
2003].

Figure 3. Selected AVHRR images (1 km # 1 km) from NOAA-12, NOAA-16, and NOAA-17
satellites from 13 May to 16 June 2004. The NAME-1 cruise dates (5 June to 17 June) fall within the last
four images.
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[16] Lagrangian surface currents were measured with
ARGOS drifters of the SVP design, with a 10 m Holey
sock centered at 15 m. Launchings were made from
commercial ferries and from the R/V Francisco de Ulloa
during the cruise. The data were cleaned and interpolated at
6-h intervals as described by Hansen and Poulain [1996].

2.3. Meteorological Data and Surface Heat Fluxes

[17] A set of meteorological instruments was installed on
board the ship (http://data.eol.ucar.edu/codiac/dss/
id=82.105), at a height of 9 m above the water surface,
sampling at 2 Hz. Using these data, the sensible and latent
heat fluxes were calculated using a bulk method [Smith,
1988]. These calculations were based on 20 min averages of
air temperature, humidity, and wind speed for each period
that was centered by an available bucket SST measurement.
[18] The net heat flux across the sea surface (Q, Wm!2) is

Q ¼ Qs þ Qb þ Qh þ QT;

where Qs is the net solar (short wave) radiation, Qb is the
back (long wave) radiation, Qh is the latent heat flux and QT

is the sensible heat flux. Four values per day of Qs and Qb

were obtained from the NCEP Reanalysis (data provided by
the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,
from their Web site at http://www.cdc.noaa.gov/) for the
area covered by latitudes 22–25!N and longitudes 110–
107!W. Direct observations of Qs and Qb in the GC entrance
by Zuidema et al. [2007] in July and August 2004 in the
GC entrance are in good agreement with the Reanalysis-
derived values (averages: 241 versus 235 and !57 versus
!56 Wm!2, respectively).

3. Results
3.1. SST From Satellite Data

[19] The evolution of the SST in the southern GC prior
and during the NAME-1 campaign is shown in Figure 3. In
general, the lowest temperatures in these images ("17–
18!C) were found on the Pacific side of the peninsula and
adjacent to it; these cold waters were identified with CCW.
The highest temperatures ("26–30!C) were found inside
the Gulf, on the mainland shelf. On the peninsula side of the
GC, there were isolated zones of low temperatures ("23–
26!C), e.g., in and off La Paz Bay (location in Figure 1).
[20] By late May, a sharp SST front was established

between the cold CCW and the warm water in the Gulf
entrance (GCW or TSW). From the second week of May
(Figure 3a), tongues or filaments of cool water from the
California Current seemed to intrude into the Gulf
(Figure 3a). Initially these filaments were "20 km wide
and had temperatures between 19!C and 21!C. They ad-

vanced from south of the tip of the peninsula directly across
the Gulf entrance, almost normal to the Gulf axis
(Figures 3a, 3b, and 3c). Their length, as measured from
the peninsula, varied from "20–40 km (Figure 3a) to
almost the distance to the mainland coast (Figures 3b–
3d). The end of the intrusion developed a mushroom shape,
with a cyclonic eddy in the north and an anticyclonic eddy
in the south. After 22 May (Figure 3e) these features
seemed to weaken, although the anticyclonic eddy appeared
to stretch southeastward parallel to the mainland coast. In
the subsequent images, (Figures 3f and 3g), this relatively
cool ("26!C) feature marked an anticyclonic eddy of
"60 km diameter, which seemed to have decayed by 2 June
after interacting with the mainland coast (Figures 3h and 3i).
[21] At the same time that the anticyclonic eddy devel-

oped and decayed (Figures 3f–3k), warm water (27–28!C)
seemed to flow out of the Gulf as a narrow coastal jet
attached to the tip of the peninsula. Also, the images from 2
and 9 June (Figures 3h and 3i) show that the intrusion of
cool water intensified and veered toward the Gulf’s interior.
These conditions remained for several days (the NAME-1
cruise was underway on these dates), with the cool intrusion
rapidly stretching for several tens of kilometers toward the
interior of the Gulf (Figure 3j).
[22] A relevant feature of the SST images was the

apparent invasion of warm water (&29!C) from the SE
along the mainland coast, starting between 2 and 9 June
(Figures 3i and 3j). By 14–16 June (Figures 3k and 3l) the
warm intrusion was "60 km wide and had the highest
temperatures in these images, between 30!C and 31!C. This
intrusion appeared to be associated with the stretching of the
cool anomaly toward the GC interior. The offshore thermal
front marking the warm coastal intrusion developed large
meanders (Figures 3k and 3l).

3.2. Wind Field

[23] The 7-day average of wind velocity from QuikScat
for the period 1 May to 27 June (Figure 4) showed that the
wind inside the Gulf was northwesterly during the first
week of May, while on the Pacific it was northwesterly
during the entire period. As the wind over the Pacific side
passed the tip of the peninsula ("23!N), it turned cyclon-
ically so that inside the Gulf the wind became south-
southeasterly (Figures 4b–4g).

Table 1. Classification of Water Masses in the Gulf of Californiaa

Water Mass Abbreviation S T (!C)
Gulf of California Water GCW >34.9 &12
Tropical Surface Water TSW <34.9 &18
California Current Water CCW '34.5 12 ' T ' 18
Subtropical Subsurface Water StSsW 34.5 < S < 35 9 ' T ' 18
Pacific Intermediate Water PIW 34.5 ' S < 34.8 4 ' T < 9
Pacific Deep Water PDW >34.5 <4

aLavı́n and Marinone [2003]; Castro et al. [2006].

Table 2. Dates of CTD-LADCP Casts Performed in the R/V
Francisco de Ulloa in the Gulf of California, June 2004a

Day (June 2004) Section Casts

Stage 1
5–6 X 1–13
6–7 Z 14–24
7–8 A 24–41
8–9 B 42–59
10–11 C 60–76
11–12 D 78–93
12–13 E 94–109
13–14 F 111–117

Stage 2
14–15 A2 118–135
16–17 B2 136–153
17 C2 154–161
18 LPB 162–174

aLPB is La Paz Bay.
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[24] The ship wind velocity observations are shown as
20 min averages and separated into the two stages in
Figures 5a and 5b. Overall, the ship winds support the
pattern of wind flow suggested by the satellite data as
described above. There is however, more variability, as
may be expected from the different sampling schemes.
There was a general agreement between the two stages,
showing a southerly southeasterly wind circulation pattern,
with some variability close to the coast, probably associated
with the breeze system. During stage 1, the wind was
southerly and strong ("10 ms!1) in the central part of
section Z and weaker in section X than in section Z. In
sections A, B, and C the wind was southeasterly and again

stronger in the center of the Gulf than near the coasts. By
contrast, the wind in section D was northwesterly and
weaker in the central than in the lateral sectors. In section
E the wind was weak and souther-southeasterly, except off
Bahı́a de La Paz, where the wind was strong and southerly;
this may be a local effect. In section F the wind was also
weak, and southerly. During stage 2, the southeasterly wind
pattern remained (Figure 5b), although weaker in A2 and
B2 as compared to A and B.

3.3. Hydrography

[25] Figure 6 shows the q-S diagrams of all the stations
made during cruise NAME-1, separated by sections; the

Figure 4. Seven-day averages of wind velocity from QuikScat, from (a) 1–7 May, (b) 8–15 May,
(c) 16–22 May, (d) 23–29May, (e) 30 May to 6 June, (f) 7–13 June, (g) 14–20 June, and (h) 21–27 June.
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water mass classification of Table 1 is marked by straight
lines. The average diagram is shown in Figure 6a; it was
made with S ± 1 s. d., where the mean was calculated in q
bins of 0.5!C. There was a sharp increment in the dispersion
of the salinity (Figure 6a) for potential densities below gq =
26.5 kgm!3 (depths above "250–300 m); this isopycnal
(marked in black in Figure 6) was within the StSsW. This
dispersion was due to the simultaneous presence, in the
upper layers, of three water masses (CCW, TSW, GCW) in a
relatively limited area.
[26] In the q-S diagrams of the individual sections

(Figures 6b–6l), the traces from profiles containing some
water with salinity &35 are marked in black. The Z and X
sections in the entrance contained mostly TSW and CCW
(Figures 6b and 6c). In the six sections inside the Gulf (A–
F, Figures 6d–6f), there was a striking separation of the
stations with GCW and those without it, and this separation
also corresponded to different geographical locations: the
stations with high-salinity GCW were in the western side,
while the stations with low-salinity CCW and TSW were on
the eastern side. In sections D, E, and F (Figures 6g–6i)
there was a clear separation between GCW and TSW, with
almost no trace of CCW.
[27] The q-S diagrams for stage 2 sections A2, B2, and

C2 (Figures 6j–6l) show important hydrographic changes in
the week between the two stages, with SST increasing by
"2–3!C. Sections A2 and B2 showed an invasion of
warmer TSW, while the GCW in the western side was
much less evident than in the first stage.

[28] The vertical sections of q and S are shown in
Figures 7 and 8, respectively. The structures of q and gq
were very similar; therefore the latter are not shown. The
strongest stratification was above 100 dbar, between 15!C
(25.5 kgm!3) and 28!C (23 kgm!3). The areas of surface
temperature minimum described in the satellite images were
associated with isotherms rising to the surface; this feature
seemed to shift from the western side in section A, to the
center in B, and to the east side in C, it was less apparent in
D and E and was absent in F. In sections A and B, at"30 km
from the peninsula coast the 17–27!C isotherms showed
this isotherm doming (Figure 7d): the 24!C rose from
30 dbar to "5 dbar, while the isotherms between 25 and
27!C reached the surface.
[29] The isotherms (and isopycnals) showed a general

downward tilt toward the mainland, so that water at a given
depth was warmer (less dense) on the mainland side than on
the peninsula side. Below 200 dbar, the isolines showed an
uplifting in the central section, leading to a general doming.
The largest central uplifting occurred in section F where the
10!C isothermal was "90 dbar higher in the center than in
the sides (Figure 7h).
[30] The largest variability of S was in the upper

"200 dbar (Figure 8), although below "300 dbar there
was a "70 dbar deepening of the isohalines on both sides,
corresponding to the doming of the isotherms described
above. As observed in the description of the q-S diagrams,
sections Z, X, A, and B showed a large influence of TSW
and CCW; their 10–130 dbar layer was dominated by a
low-salinity intrusion (S < 34.7). Section Z (Figure 8a)
shows two cores with S ' 34.6, one close to the peninsula,
and another at the other extreme of section Z. The latter
intrusion seemed to extend, along section X, to the main-
land shelf. In section A (Figure 8c), salinities below 34.6
were found almost throughout the section, from the surface
to 100 dbar, and there were two low-salinity cores ('34.5).
[31] In section B (Figure 8d), the 34.5 isohaline was

found between 10 and 70 dbar in a band "100 km wide,
and a core of minimum salinity "34.2 was at a distance of
"60 km from the peninsula at "40 dbar. Between the
peninsula and the low-salinity intrusion, salinity was gen-
erally high (&34.9), and the area occupied by the high
salinity water (GCW) increased toward the interior of the
Gulf (Figures 8c–8h). In section Z (Figure 8a), attached to
the tip of the peninsula there was a small intrusion of high
salinity (&34.8) water between 20 and 150 dbar. This
intrusion was probably an extension of the high-salinity
cores of 35.0 at "50 dbar in sections A and B. By section B,
the GCW covered a surface band some 70 dbar deep and
"45 km wide, with salinities from 35 to 35.3.
[32] In sections C to F (Figures 8e–8h), most of the area

above 200 dbar was occupied by GCW with salinity &34.9
(and up to 35.3), while lower values were restricted to the
mainland shelf. The exception was the small salinity mini-
mum at "50 m in section C close to the peninsula, which
appeared to migrate toward the mainland in section D; this
minimum caused the 34.9 isohaline to exhibit large depth
variations. In sections A to E, the strong, almost vertical
haline front between the salty GCW and the low-salinity
water caused the 34.9 and 34.8 isohalines to reach the surface.
[33] The sections A2, B2, and C2 (Figure 9) show the

notable hydrographic changes that took place in only 1

Figure 5. Wind velocity from ship data during cruise
NAME-1. Twenty-minute data are shown for (a) first stage,
5–14 June 2004, and (b) second stage, 14–18 June 2004.
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week. The SST increased by "3–4!C (from 27 to 31!C) in
the eastern side of section A, and by "2!C in section B
(Figures 9a and 9b). In sections A2 and B2 (Figures 9d and
9e), the salinity distribution showed less influence of low-
salinity water ('34.5) from the CCW, but a larger presence
of tropical water (34.6–34.7).
[34] The salinity distribution in section C2 (Figure 9f)

changed substantially, both as compared to A2 and B2 and
to the situation in stage 1. While in sections A2 and B2
GCW (>34.9) was present in a very shallow surface layers

in the central and eastern sides, in C2 there was also a
nucleus of GCW attached to the peninsula, between 50 and
150 m, and covering almost half of the section. This
squeezed the low-salinity core into a layer between 10
and 50 m depth that covered from side to side of the section.

3.4. Currents (LADCP)

[35] Figure 10 shows the stage 1 current observations
from the LADCP, depth-averaged as indicated (note the
changes in velocity scale); data were collected to 1500 m,

Figure 6. NAME-1 q-S diagrams, with the classification of the water masses found in the Gulf
(Table 1). (a) Average ±1 standard deviation, calculated for q bins of 0.5!C. Diagrams by section: (b–i)
first stage, (j– l) second stage. Dashed black line, isopycnal of gq = 26.5 kgm!3. Solid line gray (Figure 6e
only), isopycnal of gq = 24.55 kgm!3. Black traces indicate stations containing GCW; gray traces
indicate stations containing CCW and TSW. See Table 1 for waters masses nomenclature.
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but only the top 1000 m are shown. The main features in the
top 50 m (Figure 10a) agreed very well with the geostrophic
velocity calculations (see auxiliary material)1: (1) on the
mainland side, a very intense (up to 0.55 ms!1) northwest-
ward coastal current, which appeared to narrow with dis-

tance into the Gulf; (2) weak currents and convergence in
the central zone, (3) an outgoing coastal flow on the
peninsula side, which was narrow in sections Z, A, and B,
undefined in sections C and D, and covered half of the Gulf
width in sections E and F. The surface current pattern was

Figure 7. Vertical sections of potential temperature (!C) during the first stage of cruise NAME-1. The
contour interval is 1!C, and the thick line is the 11!C isotherm.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008JC004896.
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maintained in the deeper layers, although with slower
speeds.
[36] In section Z (Figure 10a) the surface flow changed

from weak (0.15–0.20 ms!1) and to the south close to the
tip of the peninsula, to a stronger (0.30–0.52 ms!1)
northward flow in the eastern half of its width; the non-
divergent inflowing transport to 1000 m was 6 Sv. In section
X, surface currents had variable direction and were weaker

("0.15–0.25 ms!1) than in section Z, and although no
inflowing coastal flow was apparent at the surface, it was
present in the 50–500 m layer (Figures 10b–10d); the
inflowing transport to 1000 m was 2 Sv. In sections A
and B surface currents were mostly to the northwest, with
an offshore weakening from >0.4 ms!1 in section A
(>0.6 ms!1 in section B) in the east to <0.25 ms!1 offshore;
close to the peninsula the surface flow was to the southeast,

Figure 8. Vertical sections of salinity during the first stage of cruise NAME-1. The contour interval is
0.1, the thick line is 34.7, and the shaded areas have salinity &34.9 (indicating GCW).
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at "0.30 ms!1. The inflowing transport in section A was
8 Sv, which balances quite well with the sum of the
transports in sections X and Z, and shows that most of
the transport into the GC during the observations was due to
currents in section Z.
[37] In section C, the inflowing surface current was very

similar to that in A and B, with a large proportion of the
area with speeds "0.4 ms!1. The southeastward surface
flow close to the peninsula was also present with speed
"0.20 ms!1. The pattern changed in section D, with most of

the section showing very weak surface current, except in the
eastern side where the northwest inflow was present. In
sections E and F the southeastward surface flow covered
most of the western part ("0.2–0.40 ms!1). The north-
westward coastal current in the mainland side is very
intense in sections D, E, and F, with maximum speeds of
0.5 ms!1, 0.65 ms!1, and 0.64 ms!1, respectively. A region
of convergence is suggested in the central part of section D.

Figure 9. Vertical hydrography sections during the second stage of cruise NAME-1. (a–c) Potential
temperature (!C), the contour interval is 1!C, and the thick line is the 11!C isotherm. (d–f) Salinity, the
contour interval is 0.1, the thick line is 34.7, and the shaded areas have salinity &34.9 (indicating GCW).
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[38] The current velocity pattern seen in the surface
remains almost unchanged down to 250 m (Figures 10b
and 10c). The strong northward flow (0.20–0.30 ms!1) in
the offshore part of section Z, and the similarly strong
inflow (0.15–0.40 ms!1) in sections A and B remained
strong down to 500 m, and were present, although weaker,
down to 1000 m; this was also present in the geostrophic
calculations (see auxiliary material). In the 250 to 500 m
average (Figure 10c), the coastal jet on the mainland side
had maximum speeds of "0.35 ms!1, 0.40 ms!1, and
0.33 ms!1 in sections A, B, and F, respectively, while in
the remaining sections the speeds were not as fast (0.1–
0.2 ms!1). The outgoing flow close to the tip of the
peninsula is also detectable to 1000 m.

[39] The LADCP stage 2 sections A2, B2, and C2 were
weaker and with more variable currents than in stage 1,
although mostly inflowing (Figure 11). The outflow jet
close to the peninsula remained, with speeds "0.10
and 0.25 ms!1 down to "500 m and with maximum
(0.27 ms!1) in the 100–250 m layer (Figure 11c). In a
similar fashion as in sections A–C, the surface currents in
A2–C2 (Figure 11a) increased from west to east, but with
the difference that now the flow was mostly to the north-
northeast, with speeds over 0.5 ms!1 in some stations. This
surface pattern remained to "500 m. In the eastern half of
the two deepest layers in sections B2 and C2 (Figures 11e
and 11f), an anticyclonic eddy was suggested.
[40] The flow pattern from the ARGOS drifters during the

NAME-1 cruise (Figure 12) agrees very well with LADCP

Figure 10. First stage current velocity vector from the LADCP, averaged in the intervals indicated: (a) 8
to 50 m; (b) 50 to 100 m; (c) 100 to 250 m; (d) 250 to 500 m; (e) 500 to 750 m; (f) 750 to 100 m. The
scale vector is shown in the top-right of each plot; note that it varies with depth.
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and geostrophic velocities: (1) fast (0.5–0.7 ms!1) inflow in
a narrow band parallel to the mainland coast, (2) near
stagnation in the central and western parts of the inner
sections indicating convergence, and (3) weak outflow off
the peninsula. The pattern continued until at least 24 June.

4. Discussion
4.1. Surface Currents, Temperature, and Salinity

[41] The data collected during the NAME-1 cruise pro-
vided a detailed three-dimensional description of the circu-
lation and hydrography at the entrance of the GC, including
changes in a week’s time. Of particular interest to the

NAME, since this is the period in which the SST of the
GC starts to increase rapidly, account can be given of the
relationship between circulation and SST.
[42] The AVHRR images (Figure 3) illustrate the great

space-time variability present in the entrance of the GC at
this time of the year, with a proliferation of mesoscale
structures (fronts, eddies, meanders, jets, etc.) that affected
the SST distribution; the largest structures were (1) the cool
anomaly that appeared to intrude across the entrance, (2) the
warm water intrusion attached to the mainland coast, and
(3) a warm and narrow band of warm water exiting the Gulf
attached to the tip of the peninsula. These features appear to
be recurrent, occurring most years.

Figure 11. Second stage current velocity vector from the LADCP, averaged in the intervals indicated:
(a) 8 to 50 m; (b) 50 to 100 m; (c) 100 to 250 m; (d) 250 to 500 m; (e) 500 to 750 m; (f) 750 to 100 m.
The scale vector is shown in the top-right of each plot; note that it varies with depth.
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[43] Figure 13 shows the temperature and salinity distri-
butions in the surface and at 20 m depth, together with the
LADCP velocity vector averaged in the upper 24 m (V24).
The temperature at 20 m shows a richer pattern than the SST,
including a band of cool water attached to the peninsula,
caused by the tilting isotherms seen in the vertical sections
(Figure 7), which is intensified close to the peninsula,
probably by coastal upwelling.
[44] V24 strongly suggests an intrusion through section Z,

which then veered and flowed into the GC. However, the
fastest currents did not occur on the cool anomaly, but to the
east or northeast of it, on warmer water. The occurrence of
fast currents on filament flanks has been observed in the
California Current [Flament et al., 1985; Kosro and Huyer,
1986] and in the Gulf of California [Navarro-Olache et al.,
2004]. The reason for this is that the isotherms (and iso-
pycnals) were domed under the SST minimum (Figure 13a,
13c), and therefore the geostrophic velocity (shown in

auxiliary material) was weak over the SST minimum and
strong on the sides. Therefore the interpretation of the cool
anomaly is not that it was a cool jet, but a frontal area
caused by the lifting of the isotherms by a deep structure.
The sequence of AVHRR images prior to the cruise
(Figures 3g–3i) suggests that such structure was an anticy-
clonic eddy, which was decaying by the time sections Z and
X were sampled (Figure 3i).
[45] The details of mesoscale generation processes in this

area are beyond the objectives of this study, but of the many
possibilities [Federov and Ginsburg, 1986], frontal insta-
bility and localized wind impulses seem to be two of the
likely generation mechanisms in the GC entrance area, since
sharp SST fronts are ubiquitous (Figure 2), and between
May and June the wind turns cyclonically into the Gulf
(Figures 3 and 4). Numerical models suggest that instability
of the poleward Mexican Coastal Current is a very impor-
tant eddy-generating mechanism in this area [Zamudio et

Figure 12. Surface velocity vectors from ARGOS drifters during the NAME-1 cruise: (a) 6–10 June,
(b) 11–15 June, (c) 16–20 June, (d) 21–24 June. Starting date/time (UT) and drifter serial number are
shown. Data every 12 h.
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al., 2007, 2008], especially off the mainland coast. The
AVHRR images (Figure 3) suggest that the anticyclonic
eddy associated with the cool filament was generated in the
offshore frontal area, rather than close to the mainland.
[46] The temperature distribution at the surface and at

20 m during stage 2 (Figures 13b and 13d) showed a clear
warming, already described in section 3.3, especially close
to the mainland side. There was a general SST increase of

"2!C relative to stage 1, while at 20 m depth the temper-
ature increase was "1.5!C. The rise in temperature was also
apparent in the satellite AVHRR images of 14 and 16 June
(Figures 3k and 3l), which also suggest that it was due to
the northwestward intrusion of warm water along the
mainland continental shelf. This warm water intrusion is
probably due to the Mexican Coastal Current, and the
isotherm advance seen in the SST climatology (Figure 2)

Figure 13. Horizontal distributions of ADCP velocity averaged in the upper 24 m (V24), overlaid on
CTD temperature and salinity during the two stages of NAME-1 (5–14 June and 16–17 June 2004). (a)
SST (!C) stage 1, (b) SST (!C) stage 2, (c) temperature at 20 m stage 1, (d) temperature at 20 m stage 2,
(e) surface salinity stage 1, (f) surface salinity stage 2, (g) salinity at 20 m stage 1, (h) salinity at 20 m
stage 2.
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suggests that it is an annual phenomenon. A possible origin
for the warm coastal current flowing into the GC is the
reversal of the normally upwelling-favorable winds, as has
been observed in the California coast [Send et al., 1987] and
in the Bay of Biscay [Relvas and Barton, 2002]. Also,
Zamudio et al. [2008] suggested that in June 2004 the
Mexican Coastal Current was strengthened by a particularly
strong coastal trapped wave (CTW), which could be
reflected in the warm intrusion. However, the geostrophic
velocity sections (shown in auxiliary material) and the
LADCP data (Figure 10) show that the coastal current
was wider than one baroclinic Rossby radius of deformation
("30 km in this area), and located far from the coast.
[47] The distributions of salinity at the surface and 20 m

(Figures 13e and 13g) showed more contrasts than those of
temperature, because of the sharp haline front between the
GCW (S > 34.9) and the low-salinity water being advected
into the GC by the inflowing coastal current, and the still
lower salinity associated with the cool anomaly. The re-
peated salinity observation of sections A, B, and C during
stage 2 (Figures 13f and 13h) show that the band of GCW
that was attached to the peninsula in sections A, B, and C
during stage 1 (Figures 13e and 13g) detached from the
main body of GCW, and was replaced by fresher water.
[48] In most of the sampled area the general SST increase

of "2!C was accompanied by an increase in surface salinity
of "0.15. At 20 m depth the salinity close to the peninsula
diminished, but it increased in the central sector and in the
mainland shelf (by up to 0.2). This high salinity (>35) was
apparent in the surface during stage 1 (Figure 13e) in the
area where sections Z and X intersected; therefore it could
be surmised that it was advected to A2–C2 by the inflow
through section Z.

4.2. Heating and Heat Fluxes

[49] The results above suggest that much of the heating
and salinity increase observed in the surface layers on the

mainland side of the entrance to the GC was due to
advection. We now investigate the case of heating by using
the heat balance equation.
[50] Let H (J) be the heat content of a volume G of the

Gulf of California

H ¼
Z Z Z

G

rCpq x; y; zð Þdxdydz; ð1Þ

where r is the density (kg m!3), Cp (J kg
!1 K!1) is the heat

capacity of seawater and q is the potential temperature. The
coordinates are: x along-gulf and positive toward the
entrance, y across-gulf and positive toward the mainland,
and z positive upward. The heat balance of volume G is

dH=dt ¼
Z Z Z

G

Div Fð Þdxdydz ¼
Z Z

!
F:nds; ð2Þ

where F (Wm!2) is the heat flux through the entire
boundary (s) of G and n is a unit vector normal to the
surface element ds of s. Let Fh be the horizontal heat flux
and let Fv be the vertical heat flux, so that

dH=dt ¼
Z Z

!
Fh þ Fvð Þ:nds * Fh þ Fv;

where Fh and Fv (W) are the area integrals of the horizontal
and vertical heat fluxes, respectively.
[51] The volume G of the Gulf of California chosen to

investigate the terms of the heat balance equation is bound in
the vertical by sections A and C and the mainland and
peninsular continental shelves and slopes, in the horizontal
by the sea surface, and its lower boundary is an isopycnal
surface gb (to be chosen later) through which Fv is negligible.
[52] The heating due to the vertical heat flux is

Fv ¼
Z Z

!
Fv:nds ¼

Z Z
Sa

Q:ndxdy

þ
Z Z

gb
Fv:nds ¼

Z Z
Sa

Qdxdy ¼ Qh iSa; ð3Þ

where hQi is the average net surface heat flux and Sa is the
sea surface area (Sa = 210 # 80 # 106 m2) of volume G.
The surface heat fluxes obtained as described in section 2.3
were averaged for the times when sections A, B, C, A2, B2,
and C2 were made, giving

Qh i ¼ Qsh iþ Qbh iþ Qhh iþ QTh i ¼ 257! 64! 103! 5

¼ 85Wm!2:

This value is comparable to the 70 W m!2 obtained by
Zuidema et al. [2007] in the GC entrance for the period 7
July to 11 August 2004. Therefore, for the area covered by
the A, B, and C sections during the NAME-1 cruise, the
heating due to vertical heat flux is hQiSa = 1.4 TW.
[53] To calculate the rate of change of the heat content of

volume G, equation (1) was evaluated using temperatures
interpolated linearly (in time) to zero hours of days 11 and
15 of June 2004, based on the two samples collected during
stage 1 and stage 2. This interpolation was necessary to

Figure 14. Heat balance terms (equation (1)) for the
volume of the gulf corresponding to transects A, B, and C
(first stage, 11 June) and A2, B2, and C2 (second stage, 15
June). dH/dt, stars. Divergence of the advective heat flux
(equation (4)), circles. dH/dt ! Div(Fh) triangles. Mean
surface heat flux from bulk formulae (equation (3)), squares.
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define with precision the time interval over which dH/dt
was calculated. The values of H and dH/dt depend on gb, as
shown in Figure 14 (stars). The plot of dH/dt shows that
heating took place in the upper layers, from the surface to
the 26.7 isopycnal; when taken to this isopycnal surface, the
heating is "45 TW. If dH/dt is calculated to deeper gb
(&27.4), it decreases (to "25 TW); which means that the
Gulf lost heat in the deeper layers during this time period
(diabatic and adiabatic). It is the latter value that is relevant
for comparison with previous calculations, which were
made to 400 m [Castro et al., 1994] or to over 1500 m
[Mascarenhas et al., 2004].
[54] It is clear that such value of dH/dt could not have

been caused by the 1.4 TWof surface heat flux; it must have
been caused by advective lateral heat flux Fh. We can obtain
an estimate of its value from the heat balance equation (2),
as Castro et al. [1994] did for the seasonal time scale:

Fh ¼ dH=dt! Qh iSa ¼ 25! 1:4 ¼ 23:6TW:

However, in principle we have all the data needed to
calculate directly the lateral heat fluxes and their diver-
gence, as

Fh ¼
Z Z

!
Fh:nds ¼

Z Z
A

Cpr Vqð Þ:ndydz

þ
Z Z

C

Cpr Vqð Þ:ndydz: ð4Þ

Here V is the LADCP current velocity with the mean of
each cast removed, q is the potential temperature, and n is a
unit vector normal to the corresponding vertical surfaces A
and C. These values of V and q were interpolated linearly to
zero hours of 13 June 2004, which is in the middle of the
period used to calculate dH/dt. The vertical boundaries used
for the integrals were the CTD stations on the two extremes
of sections A and C, the upper boundary was the sea surface
and the lower boundary was the gb isopycnal. The value of
Fh depends on gb, as shown in Figure 14.
[55] The plot for Fh (Figure 14, circles) shows a net heat

gain (convergence) by advection of "10 TW when inte-
grating to the 26.5 isopycnal. The value then increases to
"70 TW for gb = 27 before settling at "38 TW for gb &
27.4. Taking the latter value (38 TW) for consistency with
the dH/dt calculations, we see that it is larger than that
obtained from the heat balance equation (23.6 TW). How-
ever, the calculation of (4) has large uncertainties, most of
which stem from the fact that the integration was not
performed on the entire cross sections but on the sampled
areas. Thus the explanation for the increase in Fh for

intermediate values of gb is not clear without looking at
the vertical distributions of V, q, and Fh on each section.
This uncertainty is also reflected in the difference dH/dt !
Fh +13 TW (for gb > 27.4), which is one order of
magnitude larger than the surface heat flux hQiSa = 1.4 TW.
[56] Although the comparison of dH/dt against Fh should

be made with caution because of the large errors associated
with their calculation, the conclusion that the surface heat
flux cannot explain the heating of the water column remains
valid. This is in agreement with previous estimates of
seasonal fluxes of heat and salinity [Castro et al., 1994;
Beron-Vera and Ripa, 2002; Mascarenhas et al., 2004], and
with the NAME study by Zuidema et al. [2007] The latter
authors made a 5-week (7 July to 11 August 2004) time
series of observations at a single point in the same general
area sampled here; they found that the salinity decrease and
temperature increase in the top 20 m of the water column
observed during their observation period could not be
explained by surface fluxes of heat and moisture. Therefore
our data give credence to the suggestion of Mitchell et al.
[2002] that the observed progression of the surface
isotherms in climatological May–June into the GC is due
to advection.

4.3. Advective Heat Flux at the Entrance

[57] One of the motivations for this study was to obtain a
reliable value of

a!1

Z Z
a
Cpr Vqð Þ:ndydz * FGC ð5Þ

(Wm!2) at the GC entrance (a is the area of the cross
section), since in the past it had been obtained for
geostrophic advection either from very scant data [Ripa,
1997] or at a single cross section [Mascarenhas et al.,
2004]. The values of FGC for each cross section sampled
during this study are shown in the first two rows of Table 3,
using both the LADCP velocity and the geostrophic
velocity (the latter assuming no motion at 1500 m, for
consistency with previous calculations (geostrophic velocity
distributions are presented in auxiliary material).
[58] There is a good agreement between the geostrophic

and the LADCP heat advection estimates of FGC (Table 3),
which suggests that the directly measured currents were
mostly in geostrophic equilibrium. However, the values
vary widely between sections, so much so that differences
between sections can have either sign! This is reflected in
the large standard deviation. The reason for this wide
variability in FGC is the real variability (in time and space)
of the hydrodynamics and thermodynamics. As additional
evidence that such variability is to be found in the GC at

Table 3. Advective Horizontal Heat Flux (FGC, 10
5 W m!2) in the Gulf of California Entrancea

Section Z + X A A2 B B2 C C2 D E F Mean ± Standard Deviation

LADCP, June 2004 3.8 + .85 9.6 7.0 2.2 1.2 5.6 4.5 9.7 5.3 3.8 4.8 ± 3.0
Geostrophic. June 2004 7.3 + 0.75 6.3 3.8 7.8 6.6 4.6 1.3 8.1 5.8 4.4 5.7 ± 2.2
Geostrophic. May 1998 2.0 4.1 6.2 4.1 ± 2.1
Areas for LADCP 1.7 + 0.6 1.6 1.6 1.4 1.6 1.1 1.2 1.2 1.2 1.2 1.3 ± 0.32
Areas for Geostrophic 1.9 + 0.9 2.1 2.1 2.2 2.2 1.6 1.5 1.8 1.6 1.5 1.7 ± 0.39

aThe integrations (equation (5)) with geostrophic velocity were made to 1500 m, and those with LADCP velocity to the gb = 27.5 isopycnal. The last two
rows present the area (108 m2) of the cross sections.
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other times, the third row of Table 3 shows the geostrophic
advection of heat calculated to 1500 m at three cross
sections, made in 24–31 May 1998 [Castro et al., 2000,
2006], similar to some of the ones presented here.
[59] The last column of Table 3 shows the average of the

lateral heat fluxes from all the sections. Since it contains all
the variability present during the period of observation, we
believe that they represent the best estimate available of the
lateral (advective) heat flux into the GC, albeit for 7–17
June 2004. The mean value 4.8 # 105 Wm!2 (equivalent to
121 TW when multiplied by the cross-sectional area) is
larger than previous estimates for June: Castro et al. [1994]
obtained 21 TW, Ripa [1997] estimated 59 TW, and
Mascarenhas et al. [2004] estimated 27 TW. Our interpre-
tation of this large value is that during the NAME-1 cruise
we sampled a very intense advective event, triggered by a
decaying mesoscale eddy.

4.4. Inflowing Currents

[60] The LADCP data show that at the time of the
observation there were two inflows, one through section
Z, which reached from the surface to beyond 1000 dbar, and
another through section X, which was weak in the surface
but fast at depth (50–500 m). The former was associated
with the decaying anticyclonic eddy, and provided 6 of the
8 Sv entering the GC though section A; the inflow through
section X provided the remaining 2 Sv and seems to have

been associated with the Mexican Coastal Current, possibly
strengthened by a CTW. These two inflows could be the
reason for the double inflow lobes seen in the LADCP data
(V24 in sections B and C in Figures 13a–13b, and at depth
in Figure 10).
[61] The inflow of tropical water on the mainland side,

and outflow of GCW on the peninsula side have been
mentioned since the early works of Roden and Groves
[1959] and up until Castro et al. [2006] but this is the first
time that a three-dimensional time-variable description has
been given, based on directly measured currents (LADCP
and drifters) and supported by simultaneous satellite
images.
[62] The conception of the inflowing current on the

mainland shelf has changed in recent years. Previously it
was suggested that it could be an extension of the poleward
Costa Rica Coastal Current, which according to Wyrtki
[1967] reached the Gulf entrance in summer. However,
the recent description of the Eastern Tropical Pacific circu-
lation by Kessler [2006] does not find a clear connection
between the Costa Rica Coastal Current and the Mexican
Coastal Current. Numerical models [Beier et al., 2003;
Zamudio et al., 2007, 2008] and satellite altimetry [Strub
and James, 2002] show that in the mean and for most of the
year these two currents are disconnected. Zamudio et al.
[2007] have numerically shown that the Mexican Coastal

Figure 15. Distribution of (a) salinity and (b) dissolved oxygen (ml l!1) on the q distance ‘‘space,’’ for
joint sections Z and X. The GCW is marked in dark gray, and the 34.5 isohaline in dark black. The gray
dotted line is the 18!C isotherm, which marks the boundary between the TSW and StSsW. The vertical
dashed line is where sections Z and X join.
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Current is forced by the local wind stress curl in Sverdrup
balance.

4.5. Water Masses

[63] While identifying the high-salinity water inside and
on the western side of the Gulf as GCW is straightforward,
care is needed for the remaining waters. Even for the GCW
there are two distinct kinds: (1) that in the peninsula side in
the inner sections, occupying from the surface to 100–
150 dbar (Figures 8 and 9) which is seen flowing out of
the GC as a narrow deep stream (Figures 10 and 11), and
(2) the water occupying 0–40 dbar in the mainland shelf

and in the crossing of sections Z and X (Figures 8, 9, and
13), and flowing into the Gulf. The former is Gulf of
California Water, formed by winter convection in the
Northern Gulf, as indicated by its low temperature (12–
18!C). The latter is TSW that has been subjected to
evaporation but its high temperature keeps it in the surface
layer [Castro et al., 2000; Lavı́n and Marinone, 2003;
Castro et al., 2006; Lavı́n et al., 2006]. In the q-S diagrams
(Figure 6), the traces with GCW (in black) are characterized
by salinity over 34.9 over a wide range of q, while the
traces with evaporated TSW have only a small fraction of

Figure 16. Distribution on the q-distance ‘‘space,’’ of (left) salinity and (right) dissolved oxygen
(ml l!1) for sections (a) B, (b) C, and (c) F. The GCW is marked in dark gray, and the 34.5 isohaline is
marked in dark black. The gray dotted line is the 18!C isotherm, which marks the boundary between the
TSW and StSsW.

C02025 LAVÍN ET AL.: GULF OF CALIFORNIA SST DURING NAME

19 of 22

C02025



the trace in the S & 34.9 domain, and that at the highest
temperatures.
[64] The surface cool anomaly had surface salinity be-

tween 34.8 and "34.6, and since its temperature was above
18!C it would be identified as TSW, according to Table 1.
However, Figure 8 suggests that the low salinity was part of
a subsurface salinity minimum found throughout the en-
trance, approximately between 50 and 150 m, which had
reached the surface because of the uplifted isotherms and
isohalines.
[65] To get a better depiction of the distribution of the

upper-layer water masses, the distributions of salinity on the
isotherm versus across-Gulf distance ‘‘space’’ are shown in
Figures 15 and 16 for some of the sections. Since the
density field was dominated by temperature, these plots
are very similar to the gq versus distance plots (not shown).
The distribution of dissolved oxygen (O2) in the same space
is also shown in Figures 15 and 16, as an aid in identifying
water masses. In Figures 15 and 16, the GCW (S & 34.9) is
shown as dark shading and the isohaline of 34.5 psu as a
thick contour.
[66] The salinity and dissolved oxygen distributions in

this space for the combined Z + X section are shown in
Figure 15. The StSsW was found between the lowest bound
in the q axis (9!C) and the 18!C isotherm (marked by a
dashed horizontal gray line), and contained its distinctive
salinity maximum (which in this section is 34.8 and was
found between the 12 and 13!C isotherms, approximately).
The only waters in the 9 to 18!C domain that were not
StSsW are the intrusions of GCW close to the peninsula and
the less-than-34.5 salinity intrusions.
[67] The TSW was found above the 18!C isotherm, and

in Figure 15 it shared this space only with the less-than-34.5
salinity intrusions. In the inner cross sections, this space was
also shared with GCW (section B, Figures 16a and 16b;
section C, Figures 16c and 16d), which actually took most
of the space in sections D, E, and F (section F, Figures 16e
and 16f).
[68] As mentioned before, according to Table 1 most of

the less-than-34.5 salinity intrusions would be classified as
TSW because of their temperatures (17–24!C). However,
the distribution of both S and O2 suggest that this water had
a different origin. Low-salinity intrusions like those shown
here have been observed, most recently by Castro et al.
[2000, 2006], who identified them as CCW. Previously,
Roden [1971, 1972] called these salinity minimum intru-
sions (34.5–34.7) in the 50–100 m range the ‘‘shallow
salinity minimum.’’ Roden did not suggest an origin of the
shallow salinity minimum, but Warsh et al. [1973] argued
that it was a mixture of subsurface CCW and TSW (and
called it Transition Water A), and found that it had an
associated O2 maximum. The salinity sections of Roden

[1964, 1971, 1972] support the idea that CCW water is the
main ingredient of the shallow salinity minimum. However,
it is probably best to identify it as ‘‘Shallow Salinity
Minimum Water’’ (SSmW) rather than as CCW as done
hitherto [Robles and Marinone, 1987; Bray, 1988]. This
shallow salinity minimum should not be confused with that
found in the central-eastern tropical Pacific, which Yuan and
Talley [1992] called Tropical Shallow Salinity Minimum.
The study of the origin and time-space variability of this
feature deserves further study, but it is beyond the scope of
this article.
[69] In Figure 15a the shallow salinity minimum

contained two distinct cores, one close to the peninsula
(min. S " 34.2) and the other covering from the mainland to
the offshore ends of sections Z and X (min. S " 34.4); the
O2 distributions (Figure 15b) supported this idea. The
western core of SSmW was most extensive in section B
(Figure 16a), where salinities below 34.1 were observed,
but it stopped in section C (Figure 16b). By contrast, the
eastern SSmWextends all the way to section F (Figure 16c),
although very restricted to the mainland shelf. Quite clearly
it was advected there by the strong currents, thus supporting
the early suggestion of Roden [1964] and Álvarez-Borrego
and Schwartzlose [1979] that traces of shallow salinity
minima found further inside the GC was evidence of an
inflowing current on the mainland side. The data presented
here show that such is indeed the case.
[70] Finally, the properties of the water masses as ob-

served in the NAME-1 cruise are summarized in Table 4, as
an initial reconsideration of the definition of the water
masses in the entrance to the GC, and more generally, in
the subtropical-tropical transition zone of the eastern trop-
ical Pacific. This is also a warning against blindly classify-
ing water masses in this area using Table 1.

5. Conclusions

[71] The extensive observations made during the NAME-1
cruise in June 2004, both taken on board and from satellite-
based sensors, provided the first three-dimensional time-
variable description of the circulation and thermohaline
structure in the entrance to the GC, at the phase of the
seasonal cycle when the SST of the GC increases most
rapidly.
[72] Of interest for the NAME, evidence was presented

that the evolution of the surface distribution of SST in the
zone was in great measure controlled by advection by
inflowing coastal currents and by mesoscale features, al-
though coastal upwelling off the western coasts also seems
to contribute. It is therefore impossible to model the SST of
the GC without including advection through the entrance.
However, it was found that the advective heat flux into the
Gulf of California presents very large variability in space

Table 4. Water Masses in the Entrance to the Gulf of California During the NAME-1 Cruise and the Range of Their Properties and Depth
Distribution

Water Mass Abbreviation S q (!C) gq (kg m!3) Depth (m)

Gulf of California Water GCW 34.9–35.35 14–29.5 22.0–26.2 0–180
Evaporated Tropical Surface Water eTSW 34.9–35.1 28–30 21.8–22.5 0–40
Tropical Surface Water TSW 34.5–34.9 18–30 21.8–25 0–120
Shallow Salinity Minimum Water (California Current Water) SSmW 34.1–34.5 16–25 23.2–25.6 10–110
Subtropical Subsurface Water* StSsW 34.5–34.9 9–18 24.9–26.7 50–480
Pacific Intermediate Water PIW 34.5–34.8 4–9 26.7–27.5 >400
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and time. For the NAME-1 cruise it was estimated that the
lateral heat input was 4.8 ± 3.0 # 105 Wm!2 as estimated
with LADCP currents and 5.7 ± 2.2 # 105 Wm!2 with
geostrophic velocities.
[73] The main features of the circulation were as follows:
[74] 1. A stream entering from the south through section

Z, covering from the surface to over 1000 m, which upon
entering the Gulf flowed parallel to the mainland coast. This
current appeared to be generated by mesoscale structures in
the SST fronts south of the tip of the Baja California
peninsula, in particular by an anticyclonic eddy that seemed
to decay after interacting with the mainland coast.
[75] 2. A coastal current flowing from the SE parallel and

off the mainland coast, probably identifiable as the Mexican
Coastal Current. The combination of this current and that in
the first feature caused very fast (up to 0.7 ms!1) surface
currents inside the GC.
[76] 3. An outgoing current carrying GCW close to the

peninsula. It was mostly subsurface, 15–20 km wide, and
reached to 500 m. It had a core of 0.2 to 0.4 ms!1 between
100 and 250 m.
[77] Overall, the data showed a dominance of advection

over diffusion in controlling the thermohaline structure of
the upper layers, as suggested by the sharp front between
the water masses, and reflected also in the q-S diagrams.
Little recirculation was observed in the entrance (except
perhaps in the innermost sections on the peninsula side),
suggesting that the inflows penetrated deep into the Gulf,
injecting TSW, SSmW, and StSsW.
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