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[1] The variability of the mixed layer depth (MLD) is examined over a decade
(1997-2007) for the tropical boundary of the California Current (24—32°N), using
conductivity-temperature-depth observations collected by quarterly survey cruises. Results
indicate that salinity gradients control MLD rather than temperature gradients. The
mean state of the upper ocean indicates that contours of constant MLD are parallel to the
coast, with mixed layer thickness decreasing toward the coastal zone. The deepest (~70 m)
thickness is reached in January and the shallowest (~15 m) occurs in July. The warmer
conditions (summer) are reproduced for a simple thermal energy equation. The rest of the

seasons are reproduced for a one-dimensional momentum balance for the upper ocean,
which includes Ekman dynamics and stratification. This comparison indicates that the
variability of MLD is mainly due to wind-driven phenomena except during the heating
period. In particular, seasonal and interannual variability of the MLD are correlated with
offshore Ekman transport. An abrupt MLD change occurs between January 1998 and
January 2000 associated with the strong El Nifio-La Nifia cycle shift that occurred in this

period.

Citation: Jeronimo, G., and J. Gomez-Valdes (2010), Mixed layer depth variability in the tropical boundary of the California
Current, 1997-2007, J. Geophys. Res., 115, C05014, doi:10.1029/2009JC005457.

1. Introduction

[2] In eastern boundary currents the temporal evolution of
the upper waters is determined by atmosphere-ocean inter-
actions and coastal ocean dynamics [Lentz, 1992]. Studies of
the variability of the mixed layer depth (MLD) in such
regions are therefore of a great importance to evaluate the
effect of local and basin-scale changes in the upper ocean.
In particular, low-frequency MLD changes in the northeast
Pacific are related to large-scale atmospheric forcing on
the Pacific Ocean. For example, Polovina et al. [1995] and
Freeland et al. [1997] reported changes in the winter mixed
layer related to the Alaska gyre circulation. Moreover,
Cummins and Lagerloef [2002] found that long-term MLD
variability is controlled by Ekman pumping. Observations in
the California Current System by California Cooperative
Oceanic Fisheries Investigations (CalCOFI) have also
revealed long-term fluctuations in stratification. Palacios et
al. [2004] reported interannual variations in thermocline
depth and Kim and Miller [2007] found that the variability
of the thermocline temperature has changed in the last
50 years.
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[3] Gomez-Valdes and Jeronimo [2009, hereafter GVJ2009]
used a 10 year Mexican Research of the California Current
(IMECOCAL) data set to investigate the interannual vari-
ability of mixed layer (ML) temperature and salinity off Baja
California. They found that ML temperature is controlled by
local processes and ML salinity by basin-scale processes.
Although they computed the isothermal layer and the isoha-
line layer depth to integrate the thermodynamic properties,
they did not report the patterns of these layers.

[4] MLD is regularly calculated using density based cri-
teria [Schneider and Miiller, 1990; Lukas and Lindstrom,
1991; Brainerd and Gregg, 1995], although in some regions
temperature based criteria are also valid [Kara et al., 2003;
de Boyer Montegut et al., 2004]. In this report, we use the
same GVJ2009 data set to describe for the first time the
seasonal and interannual variability of MLD off Baja
California. Because we find that isothermal layer depth is
different from isohaline layer depth, we use a potential
density criterion to estimate MLD. The prediction of the
seasonal MLD changes is addressed with simple models.
The influence of El Nifio-Southern Oscillation (ENSO) on
the interannual MLD variability is also addressed.

[5s] A brief description of data and estimation methods of
MLD are given in sections 2 and 3, respectively. In section
4, the seasonal MLD changes are analyzed using simple
models. Seasonal and interannual variability of the MLD via
empirical orthogonal functions (EOFs) analysis are given in
sections 5 and 6, respectively. Correlation analysis of forc-
ing mechanisms and climatic indices are also presented in
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Figure 1. IMECOCAL station plan. Core measurements at each station consist of CTD/Rosette cast and
an oblique bongo net tow. The black cross indicates the location of station 110.40. Depth contours are in m.

sections 5 and 6. In section 7, a discussion of the observa-
tions is elaborated.

2. Data

[6] Our data set originated from 36 quarterly hydro-
graphic surveys, which were carried out from October 1997
to January 2007 off Baja California, as part of the moni-
toring program of IMECOCAL. More information about
this program is given by Baumgartner et al. [2008]. The
sampling grid of the surveys covered 12 hydrographic lines
spaced 74 km apart (Figure 1), with stations (black points)
spaced 37 km apart. Mostly, in each station conductivity-
temperature-depth (CTD) casts were taken from the surface
to 1 000 m depth, although deeper casts were also taken.
Following California Cooperative Oceanic Fisheries Inves-
tigations (CalCOFI) program, station locations were designed
by a line and station number; e.g., 110.40 is station 40 on line
110, which is located due west of northern Baja California.
Data were linearly interpolated to a 1 dbar interval. Tem-
perature and conductivity sensors were factory calibrated
prior to each survey.

3. Estimation of MLD

[7]1 To calculate the isopycnal layer depth (MLD) we used
the methodology of Kara et al. [2000, hereafter K2000].
Similar to 2000, we defined MLD as the distance of the
quasi-isopycnal layer from reference level to the level where
density has changed by a fixed Aoy = 0y (6 + AD,S,P) — 0y
(0,S,P), where S is salinity, P is pressure (=0), and Aoy is
a potential density increment. To avoid the effect of sea-

water compressibility on the estimation of MLD, follow-
ing Schneider and Miiller [1990] and Brainerd and Gregg
[1995] we used potential temperature (¢) and potential den-
sity (o), while K2000 used T and o7.

[8] The method of K2000 requires determination of an
optimal A6 value. To determine the best Af value, a sub-
jective (visual) estimation of the layer depths was carried out
directly from eight cruises. The root mean square error
(RMSE) between visual estimation and 2000 method was
used to choose the best Af. The optimal value was time
dependent. Optimal A# was 0.2°C for April, a A8 = 0.5°C
for July, and Af = 0.8°C for October and January. Average
value of RMSE for the whole period was about 3.0 m, with
the minimum value occurring in October.

[s] After calculating MLD for all vertical profiles, we
constructed the respective two dimensional fields, following
the methodology elaborated by Jeronimo and Gomez-
Valdes [2006] for optimal interpolation. We calculated the
correlation scales for the x-y (across and along coast) plane,
resulting ~70 km in x direction and ~120 km in y direction.
By error minimization conditions, the distance between
adjacent points on the grid was chosen equal to 18 km. The
mean and the standard deviation of the mean (standard
error) of the gridded data were calculated from 34 of 36
surveys, since we did not include October 1997 and January
1998 to avoid bias of the estimator by the strong 1997—1998
El Nifio [McPhaden, 1999].

[10] Figure 2 shows mean and standard error distributions
of MLD. To describe the fields, we adopted Lynn and
Simpson’s [1987] domain partition definition, who divided
the California Current System in three zones: coastal, tran-
sition, and oceanic. However, the hydrographic sampling of
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Figure 2. Spatial patterns of (a) mean and (b) standard error of the isopycnal layer depth (MLD) for
IMECOCAL sampling grid. Units are in m.
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Figure 3. The same as Figure 2 but for (a and b) isothermal and (c and d) isohaline layer depth.

IMECOCAL is restricted to the first two zones. Contours of
constant mean are parallel to the coast (almost meridional
orientation) and the mean thickness is shallower in the
coastal zone than in the transition one. The spatial range is
25 m. The minimum thickness (20 m) occurs in the coastal
zone off northern Baja California (north of 28°N). Contours
of constant standard error (variability) are also in meridional
orientation. The variability of the mean MLD is smaller in the
coastal zone than in the transition one.

3.1. Comparison With Other Methods

[11] Searching for the most efficient method to calculate
MLD in the tropical boundary of the California Current, we

also examined the differences between isothermal and iso-
haline layer depth, since it is relatively easy to calculate
MLD from these layers [GVJ2009]. Figure 3 shows the
spatial structure of the mean and standard error of isother-
mal and isohaline layer. Contours of constant mean are
parallel to the coast and the layers are shallower in the
coastal zone. However, there are significant differences
between the structures of the two layers. For example, iso-
thermal layer depth is shallower and shows a higher vari-
ability than isohaline layer depth. Furthermore, contours of
constant standard error are less meridional for the isother-
mal layer depth case than for the isohaline layer depth. It is
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Figure 4. Seasonal changes of the relative importance of temperature and salinity on density: (a) January,
(b) April, (¢) July, and (d) October. Nondimensional values greater than 1 indicate dominance of tem-

perature over salinity.

noteworthy the similarity between the spatial distribution of ~AS were calculated from 10 m depth to the MLD. Figure 4
MLD and of isohaline layer depth, which indicates that shows the seasonal variation of SA#/aAS (density ratio).
salinity variations, rather than temperature variations, con- These patterns demonstrated the dominance of salinity

trol MLD changes.

gradients on density. The time/space patterns are associated
to the seasonal cycle of the circulation patterns off Baja

3.2. Relative Contributions of Temperature and California [Lynn and Simpson, 1987] rather than to the

Salinity on Density

Net Heat Flux (NHF) or precipitation-evaporation cycles

[12] To assess the relative importance of temperature and [Roden, 1975].
salinity variations on density, we calculated 3A0 and aAS, ~ [13] For example, two typical vertical profiles of tem-
where /3 and « are the expansion coefficients of temperature ~ perature, salinity and density (o) near the shelf break waters
potential and salinity [Rudnick and Ferrari, 1999]. A@ and  off northern Baja California area (station 110.40) are shown
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Figure 5. Vertical profiles of temperature, salinity, and density in offshore waters of line 110: (a) January
and (b) July 2000. Temperature is in °C and density (o) is in kg m .

in Figure 5. During winter (January 2000) the MLD is
deeper than the isothermal layer, due to the effect of the
Inshore Countercurrent (salty and warm waters). Below of
MLD is the layer of the minimum of salinity, which is
associated with the California Current [Reid et al., 1958].
During summer (July 2000) isopycnal and isothermal layer
have almost the same depth. The signature of the California

Current below the mixed layer is also evident here. The layer
of minimum of salinity is also reported by Barton and Argote
[1980] and Jeronimo and Gomez-Valdes [2007].

[14] In sections 3.1 and 3.2, we have demonstrated that to
estimate MLD in the IMECOCAL region it is necessary to use
a density criterion. However, besides K2000 method different
approaches may be used to apply a density criterion. For
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Figure 6. Seasonal MLD changes: (a) January, (b) April, (c) July, and (d) October. Units are in m.

comparison purposes, the method of Sprintall and Tomczak
[1992] was also implemented for all CTD lances. The
Sprintall and Tomczak [1992] method is also a threshold
method, but it requires the calculation of thermal expansion
coefficients in each profile. The relationship between the two
approaches was found to be linear, y = 1.01 x — 0.79. The
overall mean difference between the two methods was ~ 3 m,
about the level of significance of MLD.

4. Mean Seasonal MLD Changes

[15] Since two independent approaches to calculate MLD
from density profile gave the same results, we are confident
that our MLD determination is not method dependent. In the

rest of the paper, MLD results using the K2000 method are
discussed.

[16] To illustrate mean seasonal MLD changes, we used a
harmonic analysis model via a least squares fit. The general
form of the model is

MLD = Ay + {4, (X) cos(p1t — f1) + A2(¥) cos(pat — f2)}, (1)
where A4, stands for the mean of the time series at each
station, the second rhs term is the mean seasonal component
of the MLD, where A; and A, are the annual and semiannual
amplitudes for each time series, respectively, ¢; and ¢, are
the frequency of annual and semiannual harmonics, f; and f5
are the phase of annual and semiannual harmonics, and ¢ is
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Figure 7. Kraus and Turner’s [1967] model results for July.

time. The explained variance for the model was computed in
the form

o |4,(3)]

J 2 ’ (2)
;) [4:(%)]

where j is an entire that represent the mode.

[17] The explained variance for the harmonic model was
higher in the coastal zone (50%) than in the transition one
(46%). Figure 6 shows the seasonal MLD changes off Baja
California. In general, contours of constant thickness are
parallel to the coast and MLD is shallower in the coastal
zone than in the transition one. The coast-ocean gradient is
stronger during April than in the rest of the year, when the
northwest winds are strong and parallel to the coast [Perez-
Brunius et al., 2007]. The maximum thickness (80 m) occurs
in January and the minimum (15 m) in July, following the
NHF cycle in the northeastern Pacific [Moisan and Niiler,
1998]. There is an obvious difference between the coastal
zone of northern and of southern (south of 28°N) Baja
California; in the northern zone the coast-ocean gradient is
stronger than in the southern particularly in January and
October. These features appear to be related to local circu-
lation patterns off northern Baja California [Barton and
Argote, 1980; Strub and James, 2000; Jeronimo and
Gomez-Valdes, 2007].

[18] Such results suggest that seasonal MLD changes
off Baja California are determined not only by ocean-
atmosphere interactions but also by ocean dynamics. To

evaluate the relative importance of these processes two
simple models for the upper ocean were implemented. The
bulk mixed layer model of Kraus and Turner [1967], gov-
erned by the thermal budget equation, allows the evaluation
of the relative importance between heat fluxes and wind
stress forcing. On the other hand, the Pollard et al. [1973]
model permits the evaluation of the relative importance
between Ekman dynamics and stratification [Lentz, 1992].

4.1. One-Dimensional Model of Kraus and Turner
[1967]

[19] Mixed layer or bulk models assume that temperature,
salinity and horizontal velocity are uniform within the layer.
Kraus and Turner [1967] proposed simple models to predict
layer depth of the upper ocean due to heat exchanges be-
tween the atmosphere and the ocean. During the heating
period the entrainment of the lower fluid into the mixed
layer is negligible [Niiler and Kraus, 1977] and, therefore,
the mixed layer and the ocean interior are decoupled and the
physics is simplified.

[20] The Kraus and Turner [1967] model to predict mixed
layer depth (#,,) for the heating period is

_ 2mx psC,p ”gk

Fim ,
ga Q0

3)

where m« is a parameter, u2 = 7/p is friction velocity, T is
wind stress, p is density of the ocean surface layer, g is
gravity, « is the coefficient of thermal expansion, p, is air
density, C, is heat capacity, and Q is buoyancy flux (heat).
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Figure 8. Pollard et al.’s [1973] model results: (a) January, (b) April, (c) July, and (d) October. Units

are in m.

[21] The model was run for each grid ]point using msx =
7.5, ¢ =981 ms?, a=25x 10" 'C"', and C, = 3988

Jkg'C'. The wind-forcing term 7 = T2+ Ty2 was cal-

culated from QuikScat wind velocity data following Hasse
and Smith [1997]. The buoyancy flux forcing term was
obtained from NCEP/NCAR reanalysis project. It was cal-
culated from Q = Oz + O, —Q; + Oy, where Qg is long wave
radiation, Qg is sensible heat flux, Q; is short wave radiation,
and Q; is the latent heat flux term. Figure 7 shows the
output of the Kraus and Turner [1967] model for July. The
model reproduces very well the MLD observed values for
this period. The overall root mean square error between
model and observed values was 1.5 m.

[22] We also carried out an experiment using Kraus and
Turner’s [1967] model for both the heating and the cool-
ing periods (not shown). The model reproduced the
observed MLD values for the heating season (July) as
expected. However, for the rest of the seasons the overall
performance of the model was low.

4.2. One-Dimensional Model of Pollard et al. [1973]

[23] Pollard et al’s [1973] model is a one-dimensional
dynamical balance among acceleration, Coriolis and viscous
terms. It represents a balance between shear-generated tur-
bulence at the base of the mixed layer and an increase in the
potential energy due to entrainment of the denser interior
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Figure 9. (a) The spatial pattern and (b) the principal component of the first leading EOF of quarterly

MLD anomalies. Units are in m.

water into the mixed layer [Lentz, 1992]. The mixed layer
depth predicted by the model of Pollard et al. [1973] for
O = 0 is calculated by

Ausx
VNIf’

;—Z is shear velocity, 7° is wind stress mag-

MLDprr =

)

where ux =

nitude, p, is the reference density, NV; is the buoyancy fre-
quency just below the mixed layer, f is the Coriolis
parameter, and A4 is a proportionality constant.

[24] The model was run for each grid point using
po = 1024 kgm >, fwas calculated for each latitude ( f=2 x
7292 x 107> x latitude s /), N; = 2.8881 x 10 * s ', and
7 =,/7¢ + 77, was calculated from QuikScat wind

velocity data following Hasse and Smith [1997]. Density and
buoyancy frequency references were calculated using CTD
data set. We found that the optimal value for the propor-
tionality constant was 4 = 1.7, in agreement with those
reported by Pollard et al. [1973] and Lentz [1992].

[25] Figure 8 shows MLDppr for January, April, July, and
October. The model reproduces very well the seasonal MLD
changes in the entire domain. The overall root mean square
error between model and observed values was ~ 1.5 m for
January, 1.0 m for April, 2.0 m for July, and 1.5 m for
October. It is also noteworthy that the model output does
resemble the observed values everywhere; in particular, this
model predicts the strong coast-ocean gradient in April. In
contrast, Lentz [1992] found that this model reproduced
MLD adequately only during the upwelling season in east-
ern boundary current.

5. Seasonal Variability

5.1. MLD

[26] In this section, the seasonal variability of MLD is
addressed. To extract the spatial and temporal variability of

MLD, the method of EOFs was applied to the gridded data
[Wunsch and Heimbach, 2009]. The mean was removed
from the time series in each grid point to construct quarterly
anomalies in the form

1 N
MLD, = MLD; — v Z MLD;, (5)
=1

where N is the number of cruises.

[27] EOFs analysis of MLD' was carried out for N = 34,
not including the 1997-1998 El Nifio surveys, namely
October 1997 and January 1998. Although according to the
sampling criteria of North et al. [1982] the first two modes
were well separated, we restrict our presentation to the
spatial and temporal patterns of the first leading mode,
which captured most of the variability. EOF-1 (first leading
mode) accounts for 54% of total variance (Figure 9). The
spatial pattern shows a single-signed loading, in which
variability increases monotonically seaward. This pattern is
similar to the standard error map (Figure 2b). Its corre-
sponding principal component (PC) time series shows a
strong annual cycle (dashed line) in which the maximum
positive occurs in January and the minimum negative in
July. This mode evidently represents the predominant annual
cycle in MLD variability.

[28] We also carried out an experiment with the 1997—
1998 El Nifio cruises (not shown). The differences between
both experiments were quantitative rather than qualitative.
EOF-1 accounted for 78%, but the variability structure
remained largely the same.

5.2. Forcing Mechanisms

[29] Because the Pollard et al. [1973] model indicates that
the wind is an important forcing term in the determination of
MLD, we now decompose the wind stress field into two
orthogonal components. Here we present the analysis of 7
the parallel to the coast component and 7" the perpendicular
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Table 1. Correlation Coefficient Between PC of the First Leading
Mode of the Quarterly MLD Anomalies and PC of the First Three
Leading Modes of Each Forcing Term

Forcing Term Leading Mode

MLD Leading Mode 1 2 3
Wind stress x 1 0.3 0.4 0.1
Wind stress y 1 -0.4 -0.4 0.3
Ekman pumping 1 0.2 0.2 -0.5

to the coast component. For completeness, we also present
the analysis of Ekman pumping (w,). The wind stress
components are related to the mass transport in the Ekman
layer [Salmon, 1998] in the form

0

7]

-D

0
pudz=1"; f / pvdz=—7", (6)
“p

where f is the Coriolis parameter, D is Ekman depth, p is
density, u is zonal velocity component, v is meridional
velocity component, z is vertical direction. Ekman pumping
was calculated from the wind stress curl and the variation of
the Coriolis parameter, in the form

1
We = —

of

5 L pr
{z V x 7+ 7 ], (7)
where p is density (constant), f'is Coriolis parameter, Z is the
unit vector in vertical direction, 7 is the wind stress vector, 3
is the variation of f'with latitude and 7" is the x component
of the wind stress. 7, 7° and w, were calculated from
QuikScat wind velocity following Hasse and Smith [1997].
EOFs analysis of these forcing mechanisms was carried out
basically using the same methodology as for EOFs analysis
of MLD'.

EOF 1 (57 %) (A)
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[30] The surface circulation in the northeast Pacific is
driven by winds generated by a high and a low atmospheric
pressure system [Reid et al., 1958]. The location of these
cells changes significantly at seasonal and interannual
timescales [Reid et al., 1958; Murphree and Reynolds,
1995]. Thus, EOFs of the forcing terms might capture the
variability of the cells. Figure 10 shows the first leading
modes of 7, 7 and w,. EOF-1 of 7 accounts for 47% of
total variance, its spatial variability shows a double-signed
pattern, which separates the variability into north and south
regions off Punta Eugenia, contours of constant variability
are zonal. Its PC amplitude is generally high in winter and
low in summer. EOF-1 of 7° accounts for 46% of total
variance, its spatial variability shows a double-signed pat-
tern also, where contours of constant variability are per-
pendicular to the coast. Its PC amplitude is generally high in
winter and low in spring. While EOF-1 of w, accounts for
40% of total variance, its spatial variability is patchy, with a
region of high variability off southern Baja California. Its
PC amplitude is single signed, predominantly positive.

5.3. Correlation Analysis

[31] Table 1 shows the correlation coefficients between
PC of MLD' and PC of forcing mechanisms. According to
Emery and Thomson [2001], correlation values (r) greater
than 0.35 are significant at the 95% level. In this analysis,
we presented correlation values for the three first leading
modes of each forcing mechanism because according to the
sampling criteria of North et al. [1982] they were well
separated. The leading modes of 7 are significantly corre-
lated with the leading mode of MLD', which indicates that
offshore Ekman transport is controlling the MLD' variability.
Alongshore Ekman transport and Ekman pumping have a
lower-order effect on the MLD' variability.

[32] Taking into account the good performance of Pollard
et al. [1973] model, we made two experiments with the

(B)

PC-1

32
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_____\\ 41 l :
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Figure 11. The same as Figure 9 but for interannual MLD anomalies.
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Table 2. Correlation Coefficient Between PC of The First Leading
Mode of the Interannual MLD Anomalies and PC of the First Three
Leading Modes of Each Forcing Mechanism

Forcing Mechanism Leading Mode

MLD Leading Mode 1 2 3
Wind stress x 1 0.2 -0.2 0.1
Wind stress y -0.5 0.3 0.2
Ekman pumping 1 0.2 0.1 0.1

same parameters used in the model for the simulation of the
seasonal MLD changes except the wind stress term (not
shown). Instead of use the norm of the wind stress vector,
we used the norm of 7 in the first experiment and the norm
of 7 in the second one, where both components were
computed as above described. We found that the relative
importance between 7 and 7* in the determination of MLD
was higher for the former than for the latter for a factor 2-3.
These experiments validate the results of the correlation
analysis.

6. Interannual Variability

6.1. MLD

[33] To analyze the nonseasonal (interannual) variability,
the seasonal anomalies were subtracted from the lhs term of
the equation (5), in the form

MLD" = MLD' — {4, (X) cos(p1t — fi) + A2(X) cos(pat — f5) }.
(8)

The spatial pattern of EOF-1 (Figure 11) is similar to the
corresponding leading mode using quarterly anomalies. It
accounts for 57% of the total variance. The PC amplitude
shows clearly the event 1997-1998 El Nifio, in January
1998 the MLD was anomalously high (deeper). It is note-
worthy that the variability in this mode is stronger in the
period 1997-2002 than in the period 2002—2006, which is
due to the high amplitude of the MLD' anomalies during,
January 1998, April 1999, and April 2001. This period
correspond to the El Nino-La Nifa cycle [Meinen and
McPhaden, 2000]. During spring, the northwest winds are
the strongest of the year off Baja California [Perez-Brunius
et al., 2007], which tends to push the current along. Thus,
the spikes in April might be related to anomalous high
winds. Murphree and Reynolds [1995] suggested than dur-
ing La Nifa conditions the equatorward wind is anoma-
lously high over the northeast Pacific. The 1999-2001 La
Nifa events over the northeast Pacific [Bograd et al., 2000;
Schwing et al., 2002] might be the cause of the deepening of
the mixed layer.

[34] A sensitivity EOFs analysis was also performed on
the interannual anomalies excluding April 2001, when the
amplitude is maximum. The patterns above described were
basically the same.

6.2. Forcing Mechanisms

[35] We also carried out EOFs analysis of 7, 7 and
Ekman pumping forcing terms from its interannual anoma-
lies following the same procedure as for MLD'. We found
that the variability patterns for interannual anomalies were
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similar to the variability patterns for the seasonal anomalies
shown in section 5. Table 2 shows the correlation coeffi-
cients between PC of the first leading MLD" mode and PC
of the forcing mechanisms. MLD" variability is only sig-
nificantly correlated with offshore Ekman transport vari-
ability. It is noteworthy that MLD" does not respond to
Ekman pumping has in other regions does it, e.g., at Ocean
Weather Station P [Cummins and Lagerloef, 2002].

6.3. Climate Indices

[36] To investigate the effect of low-frequency process on
MLD" variability, correlation analysis was performed not
only with interannual anomalies of the forcing terms but
also with large-scale climate indices such as Pacific Decadal
Oscillation (PDO) [Mantua et al., 1997], Warm Water
Volume (WWYV) anomaly [Meinen and McPhaden, 2000],
and NPGO [Di Lorenzo et al., 2008]. Table 3 shows cor-
relation coefficients between the temporal patterns (PC) of
MLD" variability and climate indices. PDO is not correlated
with MLD" variability. WWYV is significantly correlated
with PC-1, which implies that ENSO has the dominant
long-term oscillation on MLD" variability. Nevertheless,
NPGO is significantly correlated with PC-2 of MLD" (not
shown).

7. Discussion

[37] The temporal evolution of MLD off Baja California
has been presented for the first time. Because isothermal and
isohaline layer depth are different from each other, it was
necessary to use a criterion based in the potential density
profile to estimate MLD. Isohaline layer depth followed
MLD more closely, due to predominant steering of salinity
variations on density variations. We hypothesized that in the
IMECOCAL domain the mixed layer is mainly controlled
by wind-driven phenomena except during the heating season.

[38] The mean state of MLD showed a coast-ocean gra-
dient with the shallowest part at the coast. This pattern
suggests that coastal ocean dynamics is an important factor
in the determination of the MLD. For example, the along-
shore wind stress component drives offshore Ekman trans-
port which generates a sloping thermocline [Lentz, 1992].
MLD follows the 25 oy isopycnal surface [Jeronimo and
Gomez-Valdes, 2006], which shows an upward tilt toward
the coast off northern Baja California [Barton and Argote,
1980; Jeronimo and Gomez-Valdes, 2006]. The standard
error map also showed a coast-ocean gradient with the
lowest variability at the coastal zone. This pattern is con-
sistent with the dynamic height variability reported by Lynn
and Simpson [1987], which is associated with the wind
pattern. The variations of alongshore wind stress constrain
the meridional orientation of the variability fields.

[39] The seasonal MLD changes off Baja California have
been established. The maximum MLD occurred during

Table 3. Correlation Coefficient Between PC of the First Leading
Mode of the Interannual MLD Anomalies and Climate Indices

Mixed Layer Depth

North Pacific Gyre Oscillation -0.3
Pacific Decadal Oscillation 0.1
Warm Water Volume 0.4
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January and the minimum during July. The one-dimensional
model of Kraus and Turner [1967], which is based in the
thermal energy equation, simulated very well the observa-
tions but only during the heating conditions (July), when
entrainment is negligible [Turner and Kraus, 1967].
However, the one-dimensional model of Pollard et al.
[1973], which is based in the momentum balance equa-
tion, simulated very well the MLD annual cycle. This model
includes entrainment. Lentz [1992] found that this model
explains MLD variations in coastal upwelling regions off
Oregon, northwest Africa, Peru and northern California.
However, here we found that at seasonal timescales the
model correctly reproduces the MLD changes in the entire
IMECOCAL domain (transitional and coastal).

[40] EOFs analysis of the quarterly anomalies reproduced
the seasonal variability. The first leading mode revealed the
temporal and spatial variability of the annual cycle. It was
mainly correlated with the first leading mode of 7 (offshore
Ekman transport) in agreement with the results of the model
of Pollard et al. [1973]. EOFs analysis of the interannual
anomalies also revealed the major importance of offshore
Ekman transport in the determination of MLD.

[41] GVJ2009 found that at interannual scales the first
leading mode of both ML temperature and salinity was
significantly correlated with ENSO. Here we found that the
first leading mode of interannual MLD variability was also
mainly correlated with ENSO, for example, an abrupt
deepening of the pycnocline occurred from January 1998 to
January 1999, and the strong 1997-1999 El Nifio-La Nifia
cycle, intensified the variability from 1997 to 2000. Durazo
and Baumgartner [2002] found a significant increase in
volume of the California Undercurrent (warm and salty
water). The deepening of the pycnocline in January 1998
would be associated to the deepening of the halocline due to
the expansion of the California Undercurrent. In summary,
we found more evidence that salinity variations control
MLD variations not only at seasonal timescales but also at
interannual timescales.
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