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ARTICLE INFO ABSTRACT

Handling editor: K Drinkwater Eastern boundary upwelling systems, like the California Current System (CCS), represent a confluence and
mixing of water masses whose variability and composition play a key role in modulating their high biological
productivity and ecosystem variability. In the southern CCS, the relative contribution (i.e. proportion) and
variability of its source water masses was quantified previously using an extended Optimum MultiParameter
(eOMP) analysis, which is an inverse modeling technique that solves a set of linear mixing equations using quasi-
conservative and non-conservative properties. However, there are several oceanographic decisions implicit in
eOMP analysis that can generate uncertainties in the representation of the mixing and proportions of the source
waters in a region. Here we quantify the sensitivity of these previous eOMP results in the southern CCS to varying
oceanographic assumptions based on the uncertainty of the water mass properties, modified Redfield ratios, and
alternate locations of the eastern tropical Pacific source waters. We show that the mean relative contributions of
the main CCS source waters are more sensitive to the location of their selected source region (~20-25 %) and the
Redfield ratio (~15-20 %) than to the uncertainty in the source water properties (~2-5 %). Understanding the
uncertainties of the eOMP assumptions benefits similar studies in other regions, especially in other eastern
boundary upwelling systems (EBUS) where water masses characteristics and composition strongly impact the
ecosystem.
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Helland-Hansen (1916), volumetric 0-S analysis, introduced by Mont-
gomery (1958), temporal diagrams (e.g. 6-S-time), and more quantita-

1. Introduction

Variability in water mass distributions and properties play a key role
in modulating regional ecosystem responses to large-scale changes in
ocean circulation and climate conditions. For more than a century, sci-
entists have analyzed the subsurface properties of the ocean to better
understand the variable distribution of characteristic water masses.
Such analyses include classic (and typical) techniques that use two or
three characteristic properties: potential temperature and salinity dia-
grams (0-S diagram) or the mixing triangle approach, introduced by

tive analysis that can use several properties, like the Optimum
MultiParameter analysis (OMP, Tomczak, 1981).

Optimum MultiParameter (OMP) analysis objectively determines the
relative contribution (i.e. proportion) of the water masses in a region by
applying an inverse modeling technique to solve a set of linear mixing
equations. In contrast to the classical mixing diagram, which is usually
based on 6 and S, OMP analysis utilizes additional characteristic prop-
erties beyond 0 and S, such as nutrients, oxygen, and potential vorticity.
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OMP analysis was first introduced by Tomczak (1981), and then
developed formally with a least squares approach by Mackas et al.
(1987). The inclusion of potential vorticity was introduced later in OMP
analysis (Tomczak, 1999), although it is less commonly used than the
classical tracers 0, S, nutrients, and oxygen. OMP analysis has been
applied in multiple studies around the world to understand regional
mixing and circulation (Garcia-Ibanez et al., 2018; Jenkins et al., 2015;
Tomeczak, 1999a,b), model thermohaline circulation in the Indian (You
and Tomczak, 1993), Atlantic (Poole and Tomczak, 1999), and Southern
(Pardo et al., 2012) Oceans, and to quantify the ventilation of oxygen
minimum zones, OMZ (Karstensen and Tomczak, 1997; Llanillo et al.,
2013), among others.

For the upwelling system of the California Current System (CCS),
Bograd et al. (2019) applied the OMP analysis to quantify the spatio-
temporal variability of the water mass contributions to its southern re-
gion. In the southern CCS, the upper-ocean waters are characterized by a
confluence and mixing of water masses originating in the subarctic,
subtropical, and tropical eastern Pacific (Bograd and Lynn, 2003; Lynn
and Simpson, 1987): Pacific Subarctic Upper Water (PSUW), Pacific
Equatorial Water (PEW), Eastern North Pacific Central Water (ENPCW).
These water masses have properties that are clearly expressed along
isopycnals (Bograd et al., 2015) and originating in known regions.
PSUW is a near-surface water mass characterized by relatively low
temperature and salinity with high oxygen and nutrient content and a
core potential density of 25.8 kg/m>. PEW is characterized by relatively
elevated temperature and salinity, reduced oxygen, high nutrient con-
tent, and a core potential density of 26.5 kg/m>. ENPCW is evident as
relatively warm and salty near-surface water with low nutrient and
oxygen content and a core potential density of 25.4 kg/m°> (Bograd et al.,
2019). In the southern CCS, the climatological spatial distribution of
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these water masses reflects the main circulation (Fig. 1). Higher per-
centages of PSUW (~60 %) are mainly located in the surface offshore
regions, reflecting the influence of the California Current, which trans-
ports the PSUW from the north. The subsurface inshore of the southern
CCS is characterized by higher percentages of PEW (~50 %) with strong
seasonality, reflecting the core of the California Undercurrent (CU) that
advects PEW from Baja California (Gomez-Valdivia et al., 2017;
Thomson and Krassovski, 2010) into the region. The highest percentages
of ENPCW (~30 %) are limited to the upper-waters offshore of the
southern CCS, reflecting the intrusion of the North Pacific Subtropical
Gyre into the region (Bograd et al., 2019).

Variability in the relative contributions of water masses is a conse-
quence of large-scale climate variability. In the southern CCS, Bograd
et al. (2019) showed that the primary contributions of the source waters
exhibit strong interannual variability in both their content and depth
distribution. In spring and fall, the subsurface component of the Mexican
Coastal Current strengthens and bifurcates into two branches: one
continues along the coast of mainland Mexico, while the other crosses
the Gulf of California and joins the CU, providing an external source of
momentum that drives its semiannual variability (Gomez-Valdivia et al.,
2015). During El Nino years, the thermocline is characterized by more
PSUW content offshore, and lower content inshore during La Nina years.
In contrast, the deeper thermocline is characterized with more PEW
content inshore during El Nino than during La Nina years, although
there is a higher content of PEW in the upper thermocline during La Nina
years. The higher contribution of PEW during El Nino periods reflects
the stronger advection of the CU from the south (e.g. Gomez-Valdivia
etal., 2017). The sensitivity of changing water-mass contributions in the
CCS to the El Nino-Southern Oscillation (ENSO) demonstrates how
changes in climate and ocean conditions can drive variability in
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Fig. 1. (left) Schematic of eastern North Pacific showing the source water regions for Pacific Subarctic Upper Water (PSUW; blue box), Eastern North Pacific Central
Water (ENPCW; green box), and Pacific Equatorial Water (PEWpg019; purple box), the proposed PEW source regions for the sensitivity experiments: Jet (red box),
JetMCC (orange box), and MCC (yellow box). The dominant surface and subsurface currents are also shown. (top right) Nominal CalCOFI grid showing stations. Lines
80 and 93, and stations 80.80 and 93.30 are labeled. (bottom right) Temperature-salinity diagram for PSUW (blue), ENPCW (green), PEWgo19 (purple), PEW je(red),
PEW jermcc(orange), PEWycc(yvellow). Data obtained from the World Ocean Database (WOD18) for the period 1984-2017. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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hydrographic and biogeochemical conditions at a regional scale. More
details about the spatial-temporal variability of these water masses can
be found in Bograd et al. (2019, BO19 hereinafter).

Changes in water mass contributions are a key mechanism by which
climate variability is translated into ecosystem impacts. In the southern
CCS, observed trends in deoxygenation (e.g. Bograd et al., 2015) has
been attributed mostly to changes in PEW contribution (Evans et al.,
2020). Positive trends in the contribution of PEW both inshore and off
the shelf have been associated with an increase of warm-water (i.e.
tropicalization) ichthyoplankton of important commercial and forage
fish species (e.g. McClatchie et al., 2016, 2018). On the other hand,
greater contribution of PSUW has been associated with higher recruit-
ment and better habitat quality (higher growth and survival) for rock-
fishes in the southern CCS (Fennie et al., 2023; Schroeder et al., 2019).
Because water mass contributions and their properties play an important
role regulating ecosystem structure and function in the CCS, obtaining
accurate representation of these water masses and their variability is key
for developing indicators of ecosystem functioning.

OMP analysis determines the relative proportions of the source wa-
ters in a region and is a useful tool to translate large-scale dynamics (and
subsequent changes in physical and BGC properties) into regional
ecosystem responses. However, there are a number of assumptions and
decisions that go into the OMP analysis that can generate uncertainties
in the representation of the mixing and proportions of the source waters.
These decisions include the selection of source water regions and defi-
nition of water masses, among others. Previous studies (e.g. Thomson
and Krassovski, 2010, BO19, Schultz et al., 2024) defined the PEW re-
gion located in the eastern tropical North Pacific and transported by the
Northern Subsurface Countercurrent (NSCC, Fig. 1). However, new
studies (e.g. Margolskee et al., 2019; Gomez-Valdivia et al., 2017) sug-
gest alternate PEW source locations. Our objective is to explore the
sensitivity of OMP results to those decisions and assess the capacity of
the previous OMP analysis performed in the southern CCS (BO19) to
resolve water mass contributions given a more comprehensive under-
standing of the method’s sensitivity to assumptions. We perform several
sensitivity analyses using the configuration of the OMP described in
BO19 as a baseline and check the stability of the resulting water mass
distributions. We focus on PSUW and PEW because of their important
association with commercial fish species. Understanding the un-
certainties of OMP assumptions will benefit similar studies in other re-
gions, especially in other eastern boundary upwelling systems (EBUS)
and other regions characterized by a confluence and mixing of
large-scale water masses. Section 2 describes the OMP analysis, as-
sumptions, and rationale behind the sensitivity experiments. Section 3
describes the resulting changes in PSUW and PEW relative contributions
in the southern CCS. We discuss these results and their implications in
Section 4.

2. Datasets and methods

2.1. Water masses, source water types, and the classical optimum
multiparameter (OMP) analysis

The main principle underlying the OMP approach is that the con-
servative physical and chemical properties of a water sample/parcel are
the result of the mixing of a certain number of well-defined water
masses, called the source water types (SWT) or end-members present
upstream. The distinction between water masses and SWTs is that water
masses refers to a volume of water with a common formation history,
having its origin in a particular region of the ocean and with physical
and chemical properties distinct from its surroundings (Tomczak,
1999a,b). While SWTs is a mathematical definition (a point in a
n-dimensional parameter space) that refers to the original properties of a
water mass in its formation area without a physical extent (i.e. a volume,
see, e.g. Glover et al., 2011; Tomczak, 1999a,b for a more complete
discussion). SWTs can be then considered fingerprints of water masses,

Deep-Sea Research Part II 222 (2025) 105498

allowing their labeling and tracking their spreading and mixing pro-
cesses (Liu and Tanhua, 2021). Here we use the terminology of “water
masses”, acknowledging that the properties of the water masses used for
this analysis actually refer to SWTs.

Once the SWT and their physical and biogeochemical properties are
defined, the mixing of the SWT in a water sample and the contribution of
each end-member is solved in the OMP using an optimization procedure
by minimizing the residuals of a set of linear mixing equations. Mathe-
matically, the OMP finds an optimal solution to a linear system of mixing
equations with the contribution of end-members (i.e. SWTs) as variables
and the hydrographic properties as the parameters of the system. The
classical OMP uses conservative hydrographic properties (Tomczak,
1981), while the extended OMP (eOMP) uses non-conservative proper-
ties (Karstensen and Tomczak, 1997; Poole and Tomczak, 1999). Both
OMP analyses assume that mass is conserved and the contributions of
the different SWTs must be positive. In this manuscript, we utilize the
extended OMP (eOMP) package that was developed for the Matlab
statistical computing language (source: https://omp.geomar.de/node6.
html).

2.2. The extended optimum multiparameter (eOMP) analysis:
assumptions and control experiment

In water samples that do not exhibit the characteristics of a single
SWT, conservative properties are assumed to be the consequence of the
linear mixing of several SWTs. Thus, the first step is to determine/select
which predefined SWTs represent the “unmixed” water masses that feed
the CCS, and what physical and chemical properties are assumed to
remain constant with time in the formation area. In our baseline or
control experiment (CTRL hereinafter), we follow the assumptions from
BO19. We first define upper and lower end members for each SWT (i.e.
upper and lower PSUW, ENPCW, and PEW) by taking the end points of
linear segments on 0/S diagrams constructed from the mean tempera-
ture and salinity profile (BO19 Fig. 1b and Table S1). This approach, also
known as “an archetype analysis” (Cutler and Breiman, 1994), assumed
that each SWT is defined by two end-member “subtypes” (i.e. upper and
lower SWT), representing a mixture that effectively spans the property
values represented by the SWT. The properties that we use to define each
SWT are potential temperature (0), salinity (S), oxygen (O3), nitrate
(NO3), phosphate (PO4), and silicic acid (SiO4), defined in Table 1.
Classical OMP resolves the system assuming that all those properties are
conservative (i.e. they have no sources or sinks in the ocean interior).
However, in our case this assumption was not acceptable as the
end-members were defined at the north and tropical Pacific wide scale
and thus highly susceptible to organic matter remineralization. We use
those hydrographic properties as parameters in the eOMP equation
system. With six SWTs and their six properties (i.e. input variables), we
are left with a system of six equations plus conservation of mass:

XpewuTpewu + .- + Xenecwd Tenpcwd + 0 = Tops + Rr
XpewuSpEwu + --- + XenpcwdSenpewd + O = Soss + Rs
XpewuO2 pEwu + .. + Xenpcwd O2.eneewd — To/p AP = O3 ops + Roa
XpewuPO4pEwu + -+ + Xenpcwd PO4 enpcwd + AP = POy ops + Reos
XpEwuNO3 pewu + ... + Xenecwd NOs eneewd + Inp AP = NO3 os + Ruos
XpewuSiO4 pEwu + ... + XenpcwdaSiOgq enpewd + Tsip AP = SiO4 085 + Rsios
Xpewu + Xpewd + Xpsuwu + Xpsuwd + Xenpcwu + Xenpcwa = 1 + Rs
(@]

where X is the relative contribution (or mixing fractions) of each SWT, r
is the Redfield ratios relative to phosphate, AP is the change in phos-
phate due to remineralization, R is a residual term, and OBS refers to the
observed properties from our data. The last equation expresses the
condition of mass conservation, which is an additional mixing
constraint. Since the system is overestimated, a non-negative least
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Table 1

Matrix of mean property values for the upper and lower end members of source water masses: PSUW, ENPCW, and PEW. Data obtained from the World Ocean Database

(WOD18).

PSUWypper PSUWower ENPCWypper ENPCWjgwer PEWypper PEWower

Sigma-theta (kg m73) 25.6 26.4 25.0 25.8 26.2 26.8
Temperature (°C) 7.75 6.88 18.77 12.89 13.41 9.47
Salinity 32.80 33.69 34.97 34.18 34.85 34.68
Oxygen (mLL 1) 6.24 4.58 5.32 4.94 1.06 0.42
Phosphate (mmolL’l) 1.16 1.75 0.14 0.66 2.04 2.73
Silicic Acid (mmolL ™) 14.81 34.05 3.87 9.85 22.06 39.72
Nitrate (mmolL’l) 10.33 22.21 0.25 7.58 28.38 36.41

square technique can be applied to find the solution of the unknown x
and AP. In matrix notation, this linear mixing can be written as:

Gx=d+R 2)

where G is the SWT matrix, d is the vector containing the observational
data that defines our water sample, R is the residual vector, and x is the
unknown solution vector (i.e. the relative contribution or mixing frac-
tions). Following Tomczak and Large (1989), the G matrix is normalized
and weighted to ensure that the input variables have comparable units
and to account for their environmental variability and measurement
inaccuracies. We then solve by least square introducing the diagonal
weighting matrix W and minimizing the residuals:

R'R=(Gx — d)"W'W(Gx —d) 3)

where subscripts T denote the transposes of the matrices. The final
values of the mixing fractions (x) can be influenced by the weighting of
equations, which are determined following Tomczak and Large (1989)
as follows:

Wi=0? /Simax @

where ajz is the spatial variance of each property (j) in the SWT matrix G
and djmax is the largest of the property variances in each source region. In
this procedure, the mass balance is treated as if it were a mixing equa-
tion. Since there is no measurement involved in this equation, it is not
possible to attribute such a weighting factor to the mass balance equa-
tion. The usual procedure is then to assign the mass conservation
equation with the same weighting as the parameter with the highest
weight (Tomczak and Large, 1989; Poole and Tomczak, 1999). For our
CTRL experiment (same as in BO19), we use the following weights for
each parameter: potential temperature (12), salinity (3), oxygen (7),
phosphate (5), silicic acid (2), nitrate (7), and mass (12).

We finally solve this set of equations minimizing the residuals using a
least square method constrained to having nonnegative X and AP values.

2.3. Sensitivity experiments

As seen in the previous section, there are a number of assumptions
and decisions in the eOMP analysis that can generate uncertainties in the
representation of the mixing and proportions of the source waters. In
this section, we explore alternative decisions to the ones considered in
BO19 and quantify the sensitivity of the OMP results to these changes.

2.3.1. Experiment 1: sensitivity to parameter weights

Not all properties are equally reliable for the eOMP. While some
properties are difficult to measure, others may have higher spatial and
temporal variability (Tomczak and Large, 1989). To account for these
differences, all parameters in the eOMP equations are weighted.
Although the weighting of the parameters can be performed in a variety
of ways, we compute the weights as the ratio of the spatial variance of a
given property across the sample domain to the measurement uncer-
tainty for that property in the source water region, following BO19 and
Jenkins et al. (2015) (equation (4)). Because the final weights influence

the final fractions of the SWTs in the mixing and to account for the
uncertainty in the weights, we conduct an experiment using three sets of
different weights that focus on changing the weight of Nitrate: low N (N
weight = 2), lower N (N weight = 1), and lowest N (N weight = 0.5). In
this sensitivity analysis, we mainly focus on changing the weight of the
nitrate because it is the macronutrient with the highest weight in BO19
and because its subsurface concentration is highly correlated with pri-
mary production in the southern CCS (Jacox et al., 2016; Mantyla et al.,
2008). The weights for all the parameters used in the sensitivity analysis
are shown in Table 2.

2.3.2. Experiment 2: sensitivity to redfield ratios

A restriction for using the classical OMP analysis is that the analysis
needs to be confined to a predefined ocean region (e.g. an oceanic front,
intertidal belt), so the mixing of the SWTs can be assumed not to be
influenced by biogeochemical processes (i.e. assume all the parameters
to be quasi-conservative). However, in our regional-scale analysis for the
southern CCS, biogeochemical processes cannot be ignored since the
SWTs are defined far away from the water sample (Karstensen and
Tomeczak, 1997) and their chemical properties (nutrients and oxygen)
can be modified by non-conservative processes, such as biological up-
take or remineralization. For phosphate, we express the change of
phosphate concentration due to biogeochemical processes as an

Table 2
Detailed values of the weights, Redfield ratios and the PEW source regions for
the CTRL and Sensitivity eOMP experiments.

Weights PEW source Redfield ratio
region (O4:N:Si)
CTRL T10, S3, 10°x 10°box —170:16:18
B0O2019 010, P5, centered at 5°N
Si2, N7, and 108°W
M10 (PEW at NSCCS)
Weight Low N T10, S3, Same as CTRL Same as CTRL
experiments 010, P5,
Si2, N2,
M10
Lower N T10, S3, Same as CTRL Same as CTRL
010, P3,
Si3, N1,
M10
Lowest N T20, S3, Same as CTRL Same as CTRL
010, P5,
Si2, NO.5,
M10
Adjusted Redfield ratio Same as Same as CTRL —124:13:19
experiment CTRL
PEW source PEW Same as 10°x 10°box Same as CTRL
region NEUC Jet CTRL centered at
experiments 12°N, 108°W
PEW Same as 3° x 12° box Same as CTRL
NEUC Jet CTRL centered at
and MCC 14°N, 104°W
PEW MCC Same as 3° x 5° box Same as CTRL
CTRL centered at
15.5°N, 97.5°W
No biogeochemical properties ~ T10, S3, Same as CTRL No Redfield
experiment M10 ratios used
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unknown AP quantity. In the other cases, the A nutrient is calculated
with respect to AP using the Redfield ratios as coefficients for conversion
between phosphorus and oxygen, nitrogen, and silicon (equation (1)).
BO19 established the Redfield ratios on the CTRL experiment as: r.oz/p
=170, rn/p = 16, and rgjp = 18. The values of r.oz/p and ry,p followed
Anderson and Sarmiento (1994) and represent average values with
depth in the Pacific Ocean, and the value of Rg;j/p followed Brzezinski
(1985). However, it is important to note that the Redfield ratios are
spatiotemporally variable, especially in upwelling regions (Schlesinger,
2013). In this experiment we use alternate Redfield ratios of r.gyp =
124, ryp = 13, and rgip = 19, which are in good agreement with
observed Redfield ratios in the southern CCS (Martz et al., 2014)
(Supplementary Fig. S1).

2.3.3. Experiment 3: sensitivity to the location of the Pacific Equatorial
Water source region

Previous works (BO19; Schultz et al., 2024) defined a PEW source
region centered at 5°N and 108°W (red box in Fig. 1), assuming that
PEW is transported westward by the Northern Subsurface Countercur-
rent (NSCC). Using reverse Lagrangian particle tracking, Margolskee
et al. (2019) and Gomez-Valdivia et al. (2015) showed that almost 50 %
of the subsurface water entering the eastern tropical North Pacific comes
from the NSCC, while ~25 % comes from the zonal advection from the
North Equatorial Undercurrent Jets (NEUC jets). In addition, along the
coast, the subsurface Mexican Coastal Current flows northward and
reaches the western coast of Baja California, connecting the tropics with
the CU (Gomez-Valdivia et al., 2015), and controlling its semi-annual
intensification (Gomez-Valdivia et al., 2017). Based on this main sub-
surface circulation in the eastern North Pacific (Fig. 1), we investigate
the sensitivity of the eOMP results to the change of the source region of
PEW. In addition to the region of the NSCC as the main source of the
PEW (as in BO19), we also use 3 other regions that include: the NEUC Jet
(Jet), the MCC (MCC), and a region that includes both the NEUC Jet and
the MCC (JetMCC, Fig. 1 panel b). We keep the weights as in BO19 in all
the experiments.

2.3.4. Experiment 4: sensitivity of the eOMP to the biogeochemical
properties

The physical and biogeochemical properties in the southern CCS
have been consistently sampled by the California Cooperative Oceanic
Fisheries Investigations (CalCOFI) program since 1984, making this
hydrographic data unique not only in the length of the time-series, but
also in the variety of hydrographic and biological data. However, other
regions are not as well sampled as CalCOFL In this final sensitivity
experiment, we explore the effect of the fractional contributions of the
SWT assuming that biogeochemical properties are not sampled or are
not available. For this, we use the classical OMP analysis, using only
basic hydrographic physical properties: temperature and salinity.
Because of the reduction in the number of hydrographic properties (and
input parameters), the classical OMP cannot resolve the same 6 SWTs as
in the eOMP. We solve this for the lower PSUW and PEW, and upper
ENPCW. Values of potential temperature and salinity for this G matrix
are the same as given in Table 1.

2.4. Datasets

Since 1984, the CalCOFI program has conducted quarterly surveys
(usually in January, April, July and October) over six lines in the
southern CCS (top right panel in Fig. 1). Stations are designated by a line
and station number, with nominal station spacing of approximately 36
km nearshore and 70 km offshore. CalCOFI maintains a bottle database
(https://calcofi.org/data/oceanographic-data/bottle-database/)  that
contains temperature, salinity, nutrient and dissolved oxygen measure-
ments taken from Nisken bottles. Casts are typically to 520 m depth, or
until the bottom. In general, bottle samples are taken at 10 m resolution
in the upper 100 m and at 20-40 m intervals at larger depths. For the
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OMP analyses profiles of all variables were linearly interpolated to 5 m
intervals. The years extracted from the database covered 1993 to 2018.

SWT were obtained over the regional boxes shown in Fig. 1 by
querying the World Ocean Database (https://www.nodc.noaa.gov/
OC5/SELECT/dbsearch/dbsearch.html) search criteria set to extract
all measured variables in the OSD (Ocean Station Data) dataset. For
oxygen and nutrients, a cast was kept for the analysis if it had a simul-
taneous observation of temperature and salinity. After outlier removal,
all casts were averaged together given a single profile for each variable
for each water mass location. For each water mass, upper and lower end
members were determined by inspecting 0/S diagrams (constructed
from the mean temp and salinity profiles) and identifying the end-points
of linear segments on the 6/S diagrams. Then all property values at the
upper/lower depths were used to construct the G matrix.

3. Results

We focus our results on the two SWTs with largest contributions in
the southern CCS: PSUW and PEW, and compare results from the
sensitivity runs with those from the CTRL (i.e. BO19). We present these
contributions in several ways: (i) maps on isopycnal surfaces repre-
senting the upper (5y = 25.8 kg/m®) and lower (5y = 26.5 kg/m®)
pycnocline to highlight changes in PSUW and PEW advection along
isopycnals (Bograd et al., 2015), respectively; (ii) vertical sections along
CalCOFI Lines 80 and 93. Line 80 includes the offshore Station 80.80,
typically within the main core of the CC (Lynn and Simpson, 1987); and
Line 93 includes Station 93.30, located over the continental slope within
the Southern California Bight (SCB) and strongly impacted by the CU
(Bograd et al., 2015; Lynn and Simpson, 1987, 1990); and (iii) time
series at Stations 80.80 and 93.30.

3.1. Mean contribution of PSUW on the 25.8 isopycnal surface and along
CalCOFI Line 80

Along the isopycnal 25.8, the mean contribution of PSUW varies with
a latitudinal gradient from ~65 % in the offshore regions of Pt.
Conception (northern boundary of the CalCOFI domain) to ~58 % in the
southern boundary of the CalCOFI domain, reflecting the advection of
the CC into the southern CCS. The lowest percentages (~50 %) of PSUW
are found along the coast (Fig. 2). Decreasing the weights of the nitrate
in the eOMP (i.e. Low N and Lower N experiments) produces a slight
decrease (<5 %) in the mean contribution of the PSUW in the offshore
regions, and a slight increase (~2 %) along the coast in the SCB, while
the representation of the mean contribution of PSUW in the Lowest N
experiment is very similar to the CTRL. The modification of the Redfield
ratios reduces (~6 %) the magnitude of the mean contribution of PSUW
along the coast of the SCB. Changing the location of the PEW source
increases the overall contribution of the PSUW along the 25.8 isopycnal
in the CalCOFI domain, except in the region of the Channel Islands.
While the Jet experiment increases PSUW content by ~5-7 %, the
JetMCC and MCC experiments increase PSUW between 10 and 15 % in
the overall domain. Excluding the biogeochemical parameters in the
eOMP alters the spatial distribution of PSUW, resulting in a greater
contribution in the southern boundary compared to the northern
boundary, and increasing the PSUW mean contribution up to ~80 %
across the domain.

Along Line 80, the offshore area between 100 and 300 m exhibits the
highest contribution of PSUW (~65 %), with a smaller contribution from
~60 km to the coast and between 100 and 200 m (Fig. 3). Below 350 m,
the elevated PSUW contribution is attributed to the constraints in the
eOMP and is not representative of PSUW content at these depths.
Changing the weights and Redfield ratios results in a decrease (~10-15
%) in the main contribution of the PSUW between ~170 and 250 m
along the northern boundary of the CalCOFI domain. This reduction in
the PSUW content extends along all of Line 80 in the Redfield ratio
experiment, while in the weights experiment the PSUW content
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25.8 isopycnal surface. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

increases slightly (~5 %) primarily near the coast and below ~180 m.
The experiments changing the location of the PEW source regions ex-
periments lead to an increase in the vertical PSUW content along Line
80. The JetMCC and MCC experiments result in the highest increases
(~20-25 %), extending from the coast to ~150 km below the 25.8
isopycnal. Similarly, the NoBGC experiment produces an increase in the
PSUW content between 50 and 150m; however, it produces a decrease in
the PSUW content below 200 m.

3.2. Mean contribution of PEW on the 26.5 isopycnal surface and along
CalCOFI Line 93

Along the isopycnal 26.5, the mean contribution of PEW exhibits an
offshore gradient with its highest contribution (>55 %) along the coast,
reflecting the advection of the PEW by the core of the CU (Fig. 4).
Changing the weights in the eOMP produces a decrease (~5 %) of the
highest PEW contribution along the coast of the SCB. In these Weights
experiments, there is almost no change in the offshore regions along the
26.5 isopycnal. The experiments changing the location of the PEW
source regions decreases the total PEW content along the 26.5 isopycnal.
The JetMCC and MCC experiments lead to a maximum decrease (~15
%) in both the southern coast of the SCB and in the offshore regions. The
Jet experiment produces an increase (~5 %) in the PEW content from Pt.



M. Pozo Buil et al.

834
2
= 32
3
30
()] . * .:'; z
334 ‘—T'\‘;»:
§32 'o. ..v. ..'...o
30 - *. « Low Nit- CTRL
@ 34 R
..-5 .o...o.‘ 0‘..‘..\2.1
§32 .0‘ ..0. .. ..oc
30 Lower Nitf |« “. Lower Nit- CTRL
. R
g L“:'\-v?ﬁ
Ea2
S L

Lowest Nit, |+ *.Lowest Nit - CTRL

w
o

Redfield

w
o

W W
5

Latitude
N

J

w
o

W W
N B

Latitude

etMCC - CTRL

- MCC - CTRL

w
o

N

Latitude
w w
N

C

w
o
<

Latitude
W W
N S
Z & —
e} o o o) Z P

Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)

W W
B

Latitude
N

w
o

.
%
'y
°

A%
Longitude

AN A AT A N0
Longitude

[

P o b0 O ®
% PEW

-

N Q,Q D‘Q ‘2)Q ‘bQ \QQ
% PEW

Fig. 4. Maps of the (left) annual mean PEW content for the CTRL and sensi-
tivity experiments and (right) the difference in %PEW between the sensitivity
experiments and the CTRL on the 26.5 isopycnal surface. Grey dots represent
the location of the CalCOFI stations.

Deep-Sea Research Part II 222 (2025) 105498

Conception to the Channel Islands. Excluding the biogeochemical pa-
rameters in the eOMP slightly decreases the PEW content along the
southern coast of the SCB, but increases (~10 %) the PEW content in the
offshore regions.

On the southern boundary of the CalCOFI domain, along Line 93, the
highest percentage of PEW extends from the coast to 300 km from shore
and between 150 and 300 m (Fig. 5). Assigning smaller weights to ni-
trate slightly affects the PEW contribution on shallower isopycnals.
However, when decreasing the nitrate weight and increasing the
weights of T, O, and M (Lowest N experiment), the PEW distribution
increases/decreases by (~10 %) in shallower/deeper isopycnals than
the 26.5. In the Redfield ratio experiment, the vertical distribution of
PEW contribution increases (~10 %) from 200 km offshore and between
~150 and 300 m in depth. In contrast, the location of the PEW source
region experiments leads to a decrease in the PEW content along Line 93,
with up to ~20 % decrease between 100 and 200 m in the JetMCC and
MCC experiments. Another important change with these source water
region experiments is the offshore extent of maximum %PEW (i.e.
reflection of the core of the CU). These three experiments produce a
weaker PEW signature farther offshore than the CTRL experiment.
Above the isopycnal 26.5, the exclusion of the noBGC experiment also
produces a decrease in the PEW content, but the magnitude is larger
~40 % from the coast to ~400 km offshore. Below the 26.5 isopycnal,
this experiment increases the PEW content ~15 %.
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Fig. 5. Vertical sections of the (left) annual mean PEW content for the CTRL
and sensitivity experiments and (right) the difference in %PEW between the
sensitivity experiments and the CTRL along Line 93. Yellow lines represent the
26.5 isopycnal surface. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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4. Discussion and conclusions

Tracking variability in the spatial patterns of relative water mass
contributions is important to understand changes in ocean circulation
and material flux, as well as biogeochemical and ecological processes.
Estimated source water contributions to the pycnocline in the southern
CCS are sensitive to user assumptions and decisions that go into the
eOMP analysis. We have assessed here the eOMP sensitivity to changes
in the weighting of the parameters, Redfield ratio, location of the PEW
source region, and also limiting the eOMP to only physical parameters
(6,S). Estimated contributions of PSUW and PEW are more sensitive to
the location of the PEW source region and the Redfield ratio than to the
parameter weights. From the location of the PEW source regions both
the JetMCC and MCC experiments have a similar effect on the relative
contribution of the water masses, increasing (~25 %) and decreasing
(~20 %) the contribution of PSUW and PEW, respectively, in the
southern CCS. These effects are most noticeable near the coast, around
the core of the CU (150-300 m). The Redfield ratio experiment yields a
decrease of PSUW (~15 %) and an increase of PEW (~20 %). Above 250
m, the directions of these changes are similar to the ones from the
weights experiment (although the magnitude of the changes is smaller in
the latter), suggesting the importance of the relative concentration of
nitrate and oxygen in resolving the mixing in the southern CCS. Of all
our sensitivity tests, excluding biogeochemical properties from the
eOMP changed the contributions of the PSUW and PEW most compared
to the CTRL experiment. This result is particularly evident in the spatial
pattern of the PEW contribution along Line 93, causing a displacement
of the PEW main contribution to deeper isopycnals than the 26.5 sur-
face, which is not consistent with the observed position of the CU (e.g.
Thomson and Krassovski, 2010).

The sensitivity experiments conducted here showed that changes in
the eOMP configuration predominantly affect the mean magnitude and
spatial distribution of the PSUW and PEW contributions, while the
temporal variability of the contributions of these water masses remains
largely consistent in the sensitivity experiments when compared to the
CTRL experiment (Supplementary Fig. S2 and Table S2). Only the PEW
source region experiments and the exclusion of the biogeochemistry
have an impact on the temporal variability, particularly in the PEW
contribution. However, even if these changes in temporal variability are
small, these uncertainties on the relative contribution of the source
water in the CCS can have an impact on the responses of the ecosystem.
For example, greater contributions of PEW bring warmer waters to the
region and have been associated with an increase in the richness of
warm water species of ichthyoplankton (e.g. McClatchie et al., 2016,
2018). A decrease in the %PEW associated with a change in the location
of the PEW could result in less warm-water transported by the CU, and
an ichthyoplankton species evenness decline, while its compensated
increase in %PSUW could favor the growth and survival of rockfishes in
the southern CCS (Schroeder et al., 2019; Fennie et al., 2023). Because
water mass contributions and their properties play an important role
regulating ecosystem structure and function in the CCS, obtaining ac-
curate representation of these water masses and their variability is key
for developing indicators of ecosystem functioning.

These sensitivity analyses can inform other works that focus on more
comprehensive analyses of the contributions of the water masses along
the entire California Current System using model outputs instead of
observations, especially for accounting for the uncertainty and biases in
the physical and biogeochemical modeled properties. Since the location
of the PEW source regions produces the most dramatic changes in the
distribution and contribution of the PEW in the southern CCS, future
work will focus on a Lagrangian particle tracking experiment to better
constrain the end-members and provide information on water mass
pathways.

Based on the results from the set of sensitivity analysis performed
here, we recommend that OMP users carefully select which hydro-
graphic properties to use, how to weight the individual constraints, and
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focus especially on the definition and selection of the characteristics of
the SWTs when their source regions are not well known. Future work
could benefit from comparisons between different eOMP methods, such
as the Matlab package (used here) and the Python-based PYOMPA
(Shrikumar et al., 2022). Alternative eOMP implementations may
introduce specific differences, such as allowing for a bidirectional (i.e.
anaerobic and aerobic) remineralization (Evans et al., 2023) and
excluding the mass conservation equation from the SWT matrix. We
encourage OMP users to explore and contrast various implementations
beyond the Matlab-based approach used here. We highlight here the
quality and longevity of programs like CalCOFI that allow reducing
uncertainties in our hydrographic samples and deviations from the
Redfield ratios, allowing more confident OMP assumptions. Recently,
Schultz et al. (2024), applied the OMP analysis to the output of the
biogeochemical Argo floats on the CCS, with the constraints of using
only temperature, salinity and oxygen. However, longer time series of
the source water regions are still required, especially of other biogeo-
chemical properties. Strategic placement of autonomous observation
platforms such as Argo floats and gliders, with longer sampling periods
and the inclusion of biogeochemical sensors, has potential for resolving
large-scale oceanographic drivers of regional processes, especially in
EBUS where ecosystems variability is driven not only by local atmo-
spheric forcing but also the large-scale dynamics of oceanic circulation
and water masses.
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