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Abstract

This study examines the hydrodynamic conditions of the Gulf of California under three climate change
scenarios—SSP1-2.6, SSP2-4.5, and SSP5-8.5—projected from 2015 to 2100 using the CNRM-CM6-1-HR
global climate model. It evaluates changes in the annual and interannual variability of sea surface
temperature (SST), ocean circulation, and key dynamic forcing mechanisms. The results reveal a
general warming trend across the Gulf, characterized by an increased frequency of extreme heat
events and a prolonged summer season. The Great Islands region emerges as the most resilient to
climate change, with tidal forces remaining the dominant hydrodynamic driver. In contrast, the
southern Gulf—from the mid-Gulf boundary to the entrance—is identified as the most vulnerable area,
experiencing the highest number of extreme events and a more significant reduction in wind speed.
This decline is particularly critical, as it affects essential oceanographic processes such as upwelling.

Keywords: sea surface temperature; ocean hydrodynamics; climate change scenarios; ocean heat
waves; ocean circulation; dynamic ocean forcings

1. Introduction
Climate change (CC), defined as a modification of the climate directly or indirectly attributable to

human activities [1] is part of a broader phenomenon known as global change (GC), which encompasses
both biophysical and socioeconomic transformations of the Earth system [2,3]. The ocean plays a
critical role in climate regulation, absorbing over 90% of the excess heat generated by greenhouse
gases (GHGs) and approximately 30% of anthropogenic carbon dioxide (CO2) emissions [4–6]. These
processes affect the ocean’s thermal structure [7], stratification [8], and circulation, which in turn have
direct implications for marine biogeochemistry and ecosystems [9].

General Circulation Models (GCMs) are among the most advanced tools available for studying
the climate system. These models integrate the physical, chemical, and biological processes governing
the atmosphere, oceans, land surface, and cryosphere to simulate, understand, and project the behavior
of the Earth’s climate. Developed by international governmental and non-governmental scientific
institutions, GCMs have been evaluated and disseminated by the Intergovernmental Panel on Climate
Change (IPCC) through various climate scenarios. These range from radiative forcing-based trajectories
(RCPs) [10] to more comprehensive frameworks that incorporate socioeconomic dimensions (SSPs)
[11]. Such scenarios allow for the analysis of climate change processes, including GHG emissions, and
the challenges of mitigation and adaptation.

This study investigates the hydrodynamic conditions of the Gulf of California under different
climate change scenarios. Specifically, the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios were applied
using results of the CNRM-CM6-1-HR model to assess annual changes in interannual variability of sea
surface temperature (SST) and the interaction of dynamic forcings within the Gulf.
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CNRM-CM6-1-HR is a global climate model developed by the French National Centre for Meteo-
rological Research (CNRM) and the European Centre for Advanced Research and Training in Scientific
Computing (CERFACS). Its atmospheric component is based on the ARPEGE-Climat v6.3 model, while
biospheric processes are simulated using the ISBA-CTRIP model. Limnological dynamics are handled
by the FLake model. These components are integrated via SURFEX v8.0, enabling simulation of the
land-atmosphere continuum.

For oceanic processes, the model incorporates NEMO (Nucleus for European Modelling of the
Ocean) and GELATO for sea ice dynamics, both coupled through the OASIS-MCT module. The vertical
resolution includes 91 levels for the atmosphere, 75 for the ocean, 14 for soil, and 12 for snow. The
model also utilizes the configurable input/output XML server “XIOS,” developed by the Laboratory
of Climate and Environmental Sciences at the Pierre-Simon Laplace Institute (IPSL/LSCE), to support
high-performance, massively parallel simulations. Further details on the model configuration are
available in Voldoire (2019) [12].

2. Materials and Methods
2.1. Study Area

The Gulf of California (Figure 1) is a region of significant ecological, fisheries, economic, and social
importance [13–15]. It is currently facing a range of impacts associated with global environmental
change, including the overexploitation of key fisheries such as sardine, mojarra, shark, sawfish, shrimp,
oyster, and snapper [15]. Additionally, the Gulf receives substantial pollutant loads—including
pesticides, domestic and industrial wastewater, and heavy metals and metalloids due to intensive
agricultural, aquaculture, mining, and naval activities, as well as the presence of major coastal human
settlements [16].
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Figure 1. Regionalization used for the Gulf of California. The Mexican states of Sinaloa, Sonora, Baja California
(B.C.), and Baja California Sur (B.C.S.) are shown.

Since the first oceanographic expeditions by Sverdrup in 1939, the Gulf has been recognized
as having a hydrographic and dynamic structure strongly influenced by seasonal and interannual
variability, particularly by phenomena such as the El Niño–Southern Oscillation (ENSO) and the
Pacific Decadal Oscillation (PDO) [17–19]. Sea surface temperature (SST) in the Gulf exhibits a distinct
seasonal and regional pattern [20], through a time series analysis (1998–2022) of SST and chlorophyll-a
(Chl-a), reported that the northern region—from the southern boundary of the Great Islands (GI)
to the mouth of the Colorado River—is the coldest, with an average SST of 23.43 ◦C and eutrophic
conditions (1.81 mg m−3). The central region showed an average SST of 24.59 ◦C and similarly
eutrophic conditions (1.53 mg m−3). In contrast, the southern region was the warmest, with average
SSTs ranging from 25.99 ◦C to 26.83 ◦C and exhibited oligotrophic conditions (0.37–0.95 mg m−3).

The hydrographic structure in the southern Gulf is particularly complex due to the exchange of
water masses with the Pacific Ocean (PO) [21]. Seasonal latitudinal shifts of the Intertropical Conver-
gence Zone (ITCZ) regulate the equatorial current system, which in turn influences the movement of
Eastern Tropical Pacific (ETP) water masses near the Gulf’s entrance [22]. During March and April,
the ITCZ is positioned near the equator, allowing the California Current to extend further south and
limiting the inflow of surface and subsurface waters from the PO. Conversely, in September and
October, the ITCZ shifts northward to approximately 10 ◦N, restricting the southward reach of the
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California Current and enabling PO waters to enter the Gulf—sometimes reaching as far north as the
Great Islands region [23].

Thus, the ocean-atmosphere interactions in the PO regulate the inflow of water masses into the
Gulf of California throughout the year. Consequently, the thermohaline structure at the Gulf’s mouth
reflects that of the ETP, modified at the surface by evaporation [24]. In this context, salinity serves as a
key tracer of surface circulation in the region [25].

Hydrodynamics in the Gulf of California is governed by three primary components: (1) forcing
from the continuous interaction with the Pacific Ocean (PO), primarily through tides and ocean currents;
(2) wind forcing at the surface; and (3) surface exchanges of heat and freshwater, representing the full
spectrum of ocean-atmosphere interactions, along with the Gulf’s characteristic density gradients [26].

The Gulf exhibits a marked seasonal component in its surface circulation, primarily driven
by wind regimes. During summer, southeasterly trade winds—originating from the Intertropical
Convergence Zone (ITCZ) with average speeds of 5 m s−1—facilitate the inflow of Pacific waters
through the eastern side of the Gulf’s mouth, promoting cyclonic circulation [27,28]. These winds
also bring tropical storms into the region [29]. In contrast, during winter, strong northwesterly winds
(8–12 m s−1), originating from the North American plains, induce anticyclonic surface circulation,
effectively driving water out of the Gulf toward the Pacific [26,27,30–32]. These winds also trigger
coastal upwelling along the eastern Gulf, a key mechanism for nutrient redistribution. Several studies
[33–35] suggest that wind-driven upwelling systems may intensify under climate change, although
the ecological consequences remain uncertain.

Kelvin wave signals associated with ENSO events propagate into the Gulf, influencing sea surface
temperature (SST) and mean sea level [36,37]. According to Beck and Mahony (2018) [6], ENSO events
may reach critical tipping points under future climate scenarios, potentially altering global and regional
climate dynamics. The ecological impacts of ENSO in the Gulf are complex and species-specific [21,38].
The dominant tidal constituent in the Gulf is the M2 tide, which propagates as a Kelvin wave. Due
to the Gulf’s permanent connection to the Pacific Ocean, a tidal co-oscillation occurs. Resonance
conditions and the decreasing depth toward the northern Gulf result in one of the world’s largest tidal
ranges (7–9 m) [39]. The Upper Gulf and the Great Islands region absorb over 70% of the incoming M2

energy, most of which is dissipated through bottom friction and turbulent mixing around the islands.
Tidal residual currents significantly contribute to surface circulation and generate cyclonic motion that
promotes upwelling on the western side of Tiburón Island, bringing cold, nutrient-rich waters to the
surface and supporting a biologically productive region driven by astronomical forcing [39,40].

Lluch-Cota et al. (2010) [18], using projections based on the IPCC A1b scenario, reported that
temperature variability in the Gulf is primarily driven by ENSO and PDO, with no sustained long–term
trends in physical, chemical, or biological variables. However, Lluch-Belda et al. (2009) [41] identified
a warming trend in SST since the early 1960s, while [42] reconstructed SST using observational and
satellite data and found a slight cooling trend over the past 20–25 years. In adjacent oceanic regions,
such as the eastern Mexican Pacific and the western coast of Baja California Sur, [43] applied statistical
downscaling to RCP2.6, 4.5, 6.0, and 8.5 scenarios and projected a 1.68 ◦C increase in temperature and
a 25% decline in net primary productivity, potentially reducing suitable habitat for Pacific sardine.
Arellano & Rivas (2016) [35] projected a 1–4 ◦C temperature increase in the Gulf, deepening of the
thermocline, and increased wind stress, leading to 30–250% increases in Chl-a concentrations during
spring in the western Baja California Sur region. However, they concluded that intensified upwelling
may not yield positive outcomes for ecosystems or fisheries.

López Martínez et al. (2023) [20] identified a warming trend in SST at an annual rate of 0.036 ◦C
(0.73 ◦C over 20 years) and a decline in productivity at 0.012 mg m−3 per year (0.25 mg m−3 over
20 years). Their study also highlighted the close association between SST, Chl-a, and hydrodynamic
structures such as filaments and eddies—features expected to become more prominent under climate
change.
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Hydrodynamic mechanisms play a vital role in fertilizing the Gulf through wind-driven upwelling,
intense tidal mixing in the Great Islands region, and thermo-haline circulation that redistributes
nutrients. Additionally, mesoscale cyclonic eddies have been identified as important fertilization
mechanisms [44–50], contributing to the Gulf of California’s status as one of the most productive
marine ecosystems in the world [13].

2.2. Hydrographic Analysis
2.2.1. Seasonal, Annual and Interannual Variability

The data for the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios were obtained from https://aims2.llnl.gov/
for projections generated using the CNRM-CM6-1-HR model. The dataset spans the period from
2015 to 2100 and includes the following variables: potential temperature, absolute salinity, zonal and
meridional current velocities, and zonal and meridional wind speeds at 10 m above the surface. The
data has a spatial resolution of 0.25 ◦ and a monthly temporal resolution. Using potential temperature
and absolute salinity, seawater density was calculated with the gsw toolbox implemented in MATLAB,
following the TEOS-10 standard (https://teos-10.org/).

To analyze the evolution of sea surface temperature (SST), a Fast Fourier Transform (FFT) was
applied. This spectral analysis enabled the identification of dominant frequencies in SST variability, as
well as the characteristic periods and cycles under different climate change scenarios [51].

Additionally, a Seasonal-Trend decomposition using LOESS (STL) was performed, following
the methodology proposed by Cleveland et al (1990) [52]. The SST time series, Yt, was decomposed
into three main components: Trend (Tt): representing long-term changes, Seasonal (St): capturing
regular cyclical patterns, and Residual (Rt): encompassing interannual varia-bility and noise. This
decomposition allowed for a clearer understanding of the under-lying dynamics and variability of SST
in the Gulf of California under projected climate scenarios.

Yt = Tt + St + Rt (1)

The first step is to obtain the detrended series (The first step is to obtain the detrended series
(Ydetren

t ) by eliminating seasonality. To do this the St component must be subtracted from the original
series. by eliminating seasonality. To do this the St component must be subtracted from the original
series.

Ydetren
t = Yt − St (2)

Now the term Ydetren
t will contain the trend and the residual, that is, the seasonally adjusted series.

A LOESS is then applied, based on:

Tt = ∑
i∈Wi

WiYdetren
i (3)

The weights in LOESS are obtained with a bicubic weight function of the form:

ωi =

[
1 −

(
|t − i|

d

)3
]3

(4)

Where,|t − i| is the temporal distance between point i and the center point t, d is the size of the
smoothing window (e.g., 12 months in an annual series). Values closer to t receive more weight, and
values further away receive less weight. Once the weights, wi, are calculated, the trend is estimated by
fitting a local polynomial regression within the window ωi. For each point t, the weighted regression
equation is solved:

min
β0,β1

∑
i∈Wt

ωi

(
Y(detren)

i − [β0 + β1(i − t)]
)2

(5)
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Equation five represents a local linear fit applied within each smoothing window using weighted
least squares. The result of this fit is the estimated trend value Tt at each time point t. Repeating this
process across the entire time series yields a smoothed trend curve Tt. This method effectively captures
gradual changes in the data without imposing a predefined functional form, such as a straight line or
fixed-degree polynomial.

To perform the STL decomposition, a seasonal window of 12 months was used to accurately cap-
ture the annual SST cycle. This ensures that the seasonal component reflects periodic variability without
distorting the long-term trend. The residual component, which contains interannual and decadal oscil-
lations, is particularly relevant for identifying signals associated with the El Niño–Southern Oscillation
(ENSO) and the Pacific Decadal Oscillation (PDO).

Subsequently, a wavelet analysis was applied to the residual component using Python. This
component is crucial, as it contains variability in timescales greater than two years, i.e., interannual
variability. Unlike the FFT, wavelet analysis allows for the identification of both the timing and
amplitude of dominant frequencies throughout the time series. This makes it a powerful tool for
detecting non-stationary signals and temporal shifts in oceanographic processes. Wavelet analysis has
been widely used to decompose and examine complex oceanographic phenomena across multiple
temporal and spatial scales [53–55].

2.2.2. Analysis of Summer Duration in Future Scenarios

To evaluate changes in summer length based on sea surface temperature (SST), the methodology
proposed by Peña-Ortiz et al. (2015) [56] was followed. To calculate and compare summer duration
under the three climate change scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) in the Gulf of California,
two temperature thresholds were defined: one for the onset of summer (Ti) and another for its end (Tf ).
These thresholds correspond to the mean SST values for June and September, respectively, calculated
from the full-time series.

A 30-day moving average was applied to the SST time series for each year to smooth short-term
fluctuations. The start of summer was identified as the first day the smooth SST exceeded.

2.2.3. Extreme SST Events

The analysis of extreme events and the hydrodynamic assessment described below were con-
ducted by dividing the study area into seven regions (Figure 1). López Martínez et al. (2023) [20]
proposed a division of the Gulf of California into six bioregions based on a cluster analysis of sea surface
temperature (SST) and chlorophyll-a concentrations. These variables are closely linked to mesoscale
features such as eddies and filaments, which are visible manifestations of the prevailing hydrodynamic
conditions [19]. For this reason, the present study adopted this regionalization framework.

However, a modification was made to the northern portion of the Gulf: The Upper Gulf of
California was separated from the Great Islands Region. This adjustment was based on the recognition
that inertial forces play a particularly significant role in the Great Islands area, warranting its distinction
as a separate hydrodynamic zone.

From the trend component of the sea surface temperature (SST) time series, the 10th percentile
(P10) and 90th percentile (P90) were calculated for each region and climate change scenario. Extreme
cold events were defined as SST values below P10, while extreme heat events were defined as values
exceeding P90. The frequency of these events was then computed for each decade to assess their
temporal evolution and regional variability. This percentile-based approach is widely used in climate
studies to detect trends in extreme events, as it avoids assumptions of normality in the data distribution
[6,57], making it particularly suitable for analyzing non-linear and non-stationary climate signals.

2.3. Hydrodynamic Analysis
2.3.1. Dimensionless Numbers

To characterize the hydrodynamics of the Gulf of California under the SSP scenarios, three
dimensionless numbers were calculated for each region: the Froude Number [58], the Wedderburn
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Number [59], and the Stress Number [60]. These parameters collectively allow for the identification of
the dominant forcing mechanisms acting on the water body under study.

Equation (6) describes the momentum balance along the longitudinal axis (x), assuming a steady-
state and irrotational flow. The use of dimensionless numbers provides a robust framework for
comparing hydrodynamic regimes across regions and scenarios, independent of scale, and is particu-
larly useful for assessing the relative influence of wind stress, buoyancy, and tidal forcing.

u
∂u
∂x

+ v
∂u
∂y

+
g
ρ0

∫ η

z

∂ρ

∂x
dz = −g

∂η

∂x
+

∂

∂x

(
Az

∂u
∂z

)
(6)

In equation (6), the terms u ∂u
∂x + v ∂u

∂y represent the inertial stress, while the term
∫ η

z
∂ρ
∂x dz cor-

responds to the baroclinic pressure gradient. The term −g ∂η
∂x represents the sea surface elevation

gradient, and
(

Az
∂u
∂z

)
accounts for frictional stresses due to vertical turbulent mixing. Here, x, y, and

z denote the longitudinal, transverse, and vertical coordinate axes, respectively. The variables u and
v are the fluid velocities in the x and y directions, g is the gravitational acceleration, ρ is the water
density, ρ0 is the reference density, Az is the vertical turbulent viscosity coefficient, and η is the sea
surface height.

The dimensionless numbers—Froude, Wedderburn, and Stress—are derived from equation (7)
through dimensional analysis, allowing for the characterization of dominant hydrodynamic forcing
mechanisms across different regions and climate scenarios.

2.3.2. Froude Number

The term u ∂u
∂x + v ∂u

∂y in equation (6) represent the inertial stresses, which can be scaled as U2

L ,

where U is the characteristic velocity and L is the characteristic length scale. The term g
ρ0

∫ η
z

∂ρ
∂x dz

represents the baroclinic pressure gradient, which can be scaled as g∆ρH
ρ0L or alternatively as g′H

L , where
H is the depth scale, ∆ρ = ρb − ρi is the density contrast (which may be vertical, longitudinal, or
transverse), and g′ is the reduced gravity.

From this scaling, the Froude number (Fr) is defined as:

Fr =
u2

L
g′H

L

=
u2

g′H
(7)

The Froude number is a dimensionless parameter used in fluid dynamics to characterize the
relative importance of inertial forces compared to gravitational (buoyancy) forces. In a two-layer
stratified system, the effective gravitational force is given by the buoyancy term g(ρ2 − ρ1), and the
internal Froude number [58] is expressed as:

Fr =
(

inertial forces
buoyancy forces

)1/2
∝

(
ρ1 − U2

l
(ρ2 − ρ1)g

)1/2

=
U√
g′l′

(8)

Where U is the fluid velocity, g′ is the reduced gravity, and l′ is a representative length scale,
which may correspond to the length or depth of the channel, bay, or gulf.

When: Fr > 1 inertial forces dominate, indicating a predominantly turbulent flow regime. Fr < 1
buoyancy forces dominate, and the flow is primarily governed by stratification and gravity. Fr = 1
inertial and buoyancy forces are balanced, representing a transitional regime.

2.3.3. Wedderburn and Stress Numbers

The Wedderburn number (W) compares the relative importance of wind stress on the water
column to the gravitational circulation of a stratified fluid [60]. It is defined as:

g
ρ0

∂ρ

∂x
H =

τx

ρ0H
(9)
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Following Tenorio-Fernández et al. (2018) [60], Equation (7) can be scaled as:

g
∆ρ

ρ0L
H =

τx

ρ0H
∴ W =

τxL
g∆ρH2 (10)

This number provides insight into whether the flow is primarily driven by internal dynamics
(inertia) or by external forcing (wind stress).

When S0 < 1, external forces dominate, indicating a predominantly wind stress flow regime.
S0 > 1 inertial dominate. S0 = 1 inertial and wind stress are balanced, representing a transitional
regime.

3. Results
3.1. Annual and Interannual Variability of Surface Temperature in the Gulf of California

Spectral analysis (Figure 2) reveals that the annual signal is consistent across all SST time series
under the different climate change scenarios analyzed. The results indicate a progressive increase in
SST across all scenarios, with notable divergences emerging around the 2050s. Under the SSP5-8.5
scenario, a marked increase in the frequency of extreme warm events is observed, accompanied by a
sharp decline in the occurrence of cold events.

This pattern suggests a shift in the thermal regime of the Gulf of California, with potential
implications for ecosystem dynamics, stratification processes, and the frequency of climate-driven
disturbances.

Figure 2. Fast Fourier transform (FFT) for the Gulf of California sea surface temperature (SST) under the SSP1-2.6,
SSP2-4.5, and SSP5-8.5 scenarios.

Figure 3 shows the time series for the different scenarios. In this figure (3a) is the “original series”
(the result of the modeling of the different scenarios) of the monthly SST for the entire Gulf. This
series allows a well-defined observation of annual variability. Differences between scenarios are also
observed, with the high-emissions scenario exhibiting a progressive increase in sea surface temperature
(SST) over time. Figure (3b) is the trend component (Long-Term). Long-term SST without the effect
of seasonality or interannual variability. This allows us to observe a progressive increase trend in
SST under any of the three scenarios analyzed. Figure (3c) is the seasonal component (Annual Cycle).
This represents the seasonal variability of sea surface temperature (SST), characterized by a repetitive
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cycle that occurs annually. It allows us to identify a sinusoidal pattern that indicates warming in the
summer months and cooling in the winter months. The amplitude of the seasonal cycle remains stable
over time regardless of the scenario. Figure (3d) is the interannual and decadal variability component
(Residual). It represents variability not explained by trend or seasonality, i.e., lower-frequency and
noisy fluctuations. It contains signals of interannual (2-7 years, ENSO) and decadal (>10 years, PDO)
variability. The amplitude of this signal is highly variable over time under any of the three scenarios.
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Figure 3. Seasonal-Trend decomposition (STL) decomposition of the surface temperature of the Gulf of California
under the SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios.

The wavelet analysis results for SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios (Figure 4) shows that
the largest amplitudes are found in the 2- to 5-year period, which coincides with the El Niño event
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period. However, the main difference between the scenarios is when the largest amplitudes occur over
time. For the SSP1-2.6 scenario, the largest amplitudes occur in the decades of 2020, 2040, and 2090,
and a slight shift towards periods closer to 6-7 years of occurrence is also observed towards the end of
the series, while for the SSP2-4.5 scenario, the largest amplitudes in sea surface temperature variability
occur in the 2020s. There is a period with minimum amplitudes, followed by maximum amplitudes,
from 2040 to 2090. For the SSP5-8.5 scenario, the period of maximum amplitudes remains below four
years and exhibits continuity of up to a decade, which could indicate a longer duration of El Niño
conditions.

Figure 4. Wavelet transform of sea surface temperature (SST) into the Gulf of California under the climate change
scenarios SSP1-2.6 (upper panel), SSP2-4.5 (middle panel), and SSP5-8.5 (lower panel).

The duration of days with temperatures similar to those of summers (Summer days) (Figure 5)
shows an increase, averaging 80 days during 2020 and reaching 150 days in 2100 in the SSP1-2.6
scenario, 90 days during 2025, and 145 days in 2100 in the SSP2-4.5 scenario. For the SSP2-8.5 scenario
in 2020, there are fewer than 80 summer days. Still, by 2100, it will reach more than 160 days.

The number of extreme heat events shows a consistent increase for the three scenarios analyzed,
followed by an abrupt decrease by 2100 (Figure 5), while the number of extreme cold events exhibits a
rise in 2020 and subsequently a decline, with a slight increase in 2080 in the SSP1-2.6 scenario (Figure 5).
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Figure 5. Summer duration in days under each scenario (a), and extreme events (b).

3.2. Observed Trend in the Sea Surface Temperature and Direction of the Surface Current

Under the SSP1-2.6 scenario, the region with the highest warming rate is the Upper Gulf
(0.0168 ◦C/year). In SSP2-4.5, the highest rate is found along the Southern Peninsula Coast and the
Gulf entrance (0.0307 ◦C/year), while in SSP5-8.5, it shifts to the Central Gulf (0.0568 ◦C/year). Con-
versely, the lowest warming rates occur in the Southern and Oceanic Coast of Sinaloa (0.0152 ◦C/year)
under SSP1-2.6, and in the Great Islands region under both SSP2-4.5 (0.0283 ◦C/year) and SSP5-8.5
(0.0504 ◦C/year). These results suggest relative thermal stability in the Great Islands region, while the
Upper Gulf exhibits greater sensitivity to surface warming (Figure 6).

Figure 6. Rate change of the sea surface temperature under the scenarios SSP1-2.6 (a), SSP2-4.5 (b) and SSP5-8.5
(c).

3.3. Observed Trend in the Speed and Direction of the Surface Current

All regions under the three climate change scenarios analyzed show a negative trend (Figure 7 and
Figure 8), indicating a decrease in surface current velocity from 2015 to 2100 in the Gulf of California.
The most evident decrease is in the central Gulf (26-28 ◦N) under the SSP5-8.5 scenario (-0.000509 m
s−1 yr−1), followed by the Great Islands under the same scenario (-0.000243 m s−1 yr−1). The least
pronounced decreases occur in the Upper Gulf under the SSP1-2.6 and SSP2-4.5 scenarios. The SSP5-8.5
scenario presents the most significant reductions in current speed across all regions. This suggests that
currents could weaken significantly.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2025 doi:10.20944/preprints202509.2380.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.2380.v1
http://creativecommons.org/licenses/by/4.0/


13 of 24

Figure 7. Surface current speed (m s−1) from 2015 to 2100 under the SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios in the
Upper Gulf, Central Gulf (26-28 ◦N) and Great Islands regions. *** denotes statistical significance of the slope.

Figure 8. Surface current speed (m s−1) from 2015 to 2100 under the SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios in
the Limit between Sonora and Sinaloa (24-26 ◦N), South Coast of the Sinaloa, South Coast of the Peninsula and
Northern and central Coast of Sinaloa.

3.4. Observed Trend in Wind Speed and Direction at 10 m from the Surface

The monthly wind speeds for various regions within the Gulf of California under three climate
change scenarios: SSP1-2.6, SSP2-4.5, and SSP5-8.5, shows negative trends in all regions (Figure 9 and
Figure 10), indicating a gradual decrease in wind speed, except for the north-central coast of Sinaloa
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under the SSP5-8.5 scenario, where a slight increase is observed, and are positive for the Upper Gulf
region under any scenario. The most pronounced reductions are observed along the southern coast of
the peninsula and at the entrance to the Gulf, especially under the SSP2-4.5 and SSP5-8.5 scenarios. It
is worth noting that the trends are statistically significant. These results indicate that climate change
has a differential impact on wind dynamics in each region of the Gulf of California.

Figure 9. Wind speed (m s−1) from 2015 to 2100 under the SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios in the Upper
Gulf, Gulf Cen-ter (26-28° N) and Great Islands regions. *** denotes statistical significance of the slope.
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Figure 10. Wind speed (m s−1) from 2015 to 2100 under the SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios in the Limit
between Sonora and Sinaloa (24-26°N), Northern and central coast of Sinaloa, South Coast of the Peninsula and
South Coast of Sina-loa regions. *** denotes statistical significance of the slope.

The Figure 11 shows the rate of change in speed per year (m s−1 year−1) for all regions under
each of the SSP scenarios. When the scenario is low to medium emissions the exchange rate shows an
increase in the region of the Upper Gulf and a decrease from the south of the GI to the mouth of the
Gulf. For the SSP5-8.5 high emissions scenario, an increase in wind speed is observed along the entire
eastern coast of the Gulf. To the Southwest of the Gulf the negative exchange rate remains as in the
other scenarios.

Figure 11. Rate change of the wind speed under the scenarios SSP1-2.6 (a), SSP2-4.5 (b), and SSP5-8.5 (c).
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3.5. Relative Comparison Between Efforts

Within the Gulf of California, seasonal hydrographic conditions exhibit well-defined summer and
winter regimes, each governed by distinct physical forcings. The summer period was delineated as
July through October, while winter encompassed December through March. Under these seasonal
frameworks, the relative contribution of various dynamic forcings was assessed using dimensionless
numbers.

For each region and climate scenario, the dominance of specific forcings was quantified by
calculating the proportion of monthly observations in which a given force prevailed. For instance,
in the case of the Froude number (Fr), a total of 344 monthly observations were analyzed. Instances
where inertial forces dominated (Fr > 1) and where baroclinic pressure gradients prevailed (Fr < 1)
were counted separately. These counts were then normalized to yield percentage values representing
the seasonal dominance of each forcing mechanism. This approach enabled a comparative assessment
of dynamic regimes across regions and scenarios, highlighting seasonal variability in the governing
physical processes (see Figures 12 and 13).

The dimensionless Froude number (Fr) serves as a diagnostic metric to evaluate the relative
dominance between inertial forces and baroclinic pressure gradients. Values of Fr greater than 1
indicate a regime where inertial forces prevail, whereas values below 1 suggest dominance of baroclinic
forcing.

Analysis across all climate change scenarios reveals a consistent pattern: inertial forces dominate
throughout the Gulf of California during both summer and winter seasons. However, two exceptions
were identified—namely, the southern coastal region of the Baja California Peninsula and the entrance
to the Gulf—where baroclinic gradients exert greater influence during the summer months. In
these regions, the seasonal transition leads to a reversal in dominance, with inertial forces regaining
prevalence during the winter.

A noteworthy finding is the enhanced dominance of inertial forces over baroclinic pressure
gradients during the winter season, particularly under the SSP2-4.5 and SSP5-8.5 climate scenarios. This
trend suggests that as the climate forcing intensifies—from a moderate to a high-emission scenario—the
frequency of inertial dominance increases across all regions of the Gulf of California during winter.

This behavior may be attributed to stronger wind forcing and reduced stratification under cooler
conditions, which amplify inertial responses in the circulation dynamics. The progressive shift toward
inertial dominance under more extreme scenarios highlights the sensitivity of regional hydrography to
climate-induced changes in atmospheric and oceanic forcing mechanisms.

During the summer season, although inertial forces continue to dominate over baroclinic pressure
gradients across most regions of the Gulf of California, their relative dominance decreases progressively
from the conservative (SSP1-2.6) to the extreme (SSP5-8.5) climate scenario. Concurrently, the influence
of the baroclinic gradient increases. This trend is particularly evident in the southern coastal region of
the Baja California Peninsula and at the Gulf’s entrance, where baroclinic forcing becomes increasingly
dominant under more extreme scenarios.

The dimensionless Wedderburn number (W) was used to assess the relative importance of wind
stress versus baroclinic pressure gradients. Across all three climate scenarios, results indicate that
baroclinic forcing dominates over wind stress in both summer and winter for the Upper Gulf, the Great
Islands region, the Central Gulf (26◦–28◦ N), the southern Gulf near the Sonora–Sinaloa boundary, and
the southern oceanic coast of Sinaloa. In contrast, the north-central coastal region of Sinaloa exhibits
a persistent dominance of wind stress over baroclinic forcing under all scenarios. However, this
dominance weakens progressively from SSP1-2.6 to SSP5-8.5, in both summer and winter, suggesting a
growing influence of baroclinic processes in this region under intensified climate forcing.

In contrast to the general pattern observed throughout the Gulf of California, the southern coastal
region of the Baja California Peninsula and the Gulf’s entrance exhibit a distinct seasonal reversal in
forcing dominance. During summer, wind stress prevails over baroclinic pressure gradients; however,
its dominance diminishes progressively from the conservative SSP1-2.6 scenario to the more extreme
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SSP5-8.5 scenario. Conversely, during winter, baroclinic forcing becomes dominant in these regions,
with its influence intensifying under increasingly extreme climate scenarios.

The dimensionless Stress number was employed to evaluate the relative importance of inertial
forces versus wind stress. Across all regions and under all climate scenarios analyzed, wind stress
consistently dominates over inertial forcing during both summer and winter. This persistent dominance
underscores the critical role of wind-driven dynamics in shaping the circulation patterns of the Gulf of
California, regardless of seasonal or climatic variability.

Figure 12. Proportion of forcings during summer by region and scenario.

Figure 13. Proportion of forcings during winter by region and scenario.

4. Discussion
Spectral analysis using the Fast Fourier Transform (FFT) reveals that dominant frequencies

in sea surface temperature (SST) variability correspond to annual and interannual cycles, while
lower-frequency components are associated with seasonal and semiannual patterns. Across all three
climate change scenarios evaluated using the CNRM-CM6-1-HR model (SSP1-2.6, SSP2-4.5, and SSP5-
8.5), the spectral structure remains consistent at seasonal time scales, suggesting that greenhouse
gas emissions exert limited influence on short-term periodicity (i.e., 1-year and 0.5-year cycles).
In contrast, frequencies associated with variability beyond two years exhibit scenario-dependent
differences, indicating that long-term SST variability may be more sensitive to anthropogenic forcing
or more challenging to simulate accurately in general circulation models (GCMs). This is consistent
with findings by [5], who reported substantial inter-model variability in the representation of El
Niño–Southern Oscillation (ENSO) dynamics across more than 30 CMIP models. Seasonal-Trend
Decomposition using Loess (STL) further supports the presence of a persistent upward trend in SST
throughout the Gulf of California. The seasonal component retains its amplitude and periodicity,
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indicating that the rate of increase in mean monthly SST during both winter and summer remains
relatively stable over time. To assess the implications of warming on seasonal duration, STL results
were complemented by quantifying the number of months per year with SST exceeding 26 ◦C. This
analysis reveals a clear extension of the summer season from 2015 to 2100, consistent with broader
hemispheric trends reported by Peña-Ortiz et al., (2015) Peña-Ortiz et al. [56] and Park et al., (2023)
Park et al. [61].

Wavelet analysis highlights the presence of low-frequency variability associated with ENSO
events under different climate scenarios. Under SSP1-2.6, El Niño signals are discrete and temporally
bounded, whereas under SSP2-4.5 and SSP5-8.5, the signal persists for extended periods—sometimes
exceeding a decade. These findings align with previous studies [61] that emphasize the sensitivity
of ENSO amplitude and du-ration to emissions scenarios and model configuration. Expanding the
analysis to addi-tional regions using consistent GCM-scenario combinations could help constrain
uncertainties in model projections. Despite limitations in temporal and spatial resolution, the CNRM-
CM6-1-HR model demonstrates robust performance in reproducing regional SST seasonality and
capturing low-frequency climate phenomena such as ENSO.

Overall, the study identifies a consistent increase in SST across the Gulf of Cali-fornia under
all evaluated scenarios. The magnitude of warming is scenario-dependent, with SSP5-8.5 exhibiting
the most pronounced increases. This supports the hypothesis that moderate mitigation efforts (e.g.,
SSP2-4.5) may slow SST rise in the latter half of the century, whereas limited mitigation (SSP5-8.5)
leads to sustained warming through 2100 [62].

Analysis of extreme SST events reveals a rising frequency of extreme heat events and a declining
occurrence of extreme cold events across all regions of the Gulf throughout the 21st century. The
SSP5-8.5 scenario shows the most significant increase in extreme heat events beginning in the 2050s,
suggesting that under high-emissions conditions, such events will become both more frequent and
more intense. Conversely, extreme cold events are projected to nearly disappear by the end of the
century, particularly in the central and southern Gulf, underscoring the vulnerability of these regions
to climate change. These results are consistent with global trends reported by Wang et al. (2024) [63],
who documented a widespread decline in extreme cold events across tropical and subtropical oceans.

Regions with the highest projected frequency of extreme heat events under all scenarios include
the southern coast of the Baja California Peninsula, the entrance to the Gulf of California, and the
southern and oceanic coasts of Sinaloa. Under SSP5-8.5, up to 38 extreme heat events are projected
during the 2090–2100 decade in these areas. Such events may have profound ecological consequences,
including coral bleaching, disruption of commercial fisheries, and shifts in marine species distributions
[64].

Analysis of the 10th and 90th percentile values of sea surface temperature (SST) reveals that the
most vulnerable regions to thermal increases include the southern coast of the Baja California Peninsula,
the entrance to the Gulf of California, the southern oceanic coast of Sinaloa, and the central Gulf. Under
the SSP5-8.5 scenario, these regions are projected to experience SST increases exceeding 4.9 ◦C. Such
warming trends pose a significant risk to marine ecosystems, particularly for species with narrow
thermal tolerance ranges critical for physiological processes such as development and reproduction.
These findings are consistent with previous studies [22,65], which documented increasing SST trends
over recent decades. However, the present analysis suggests that under high-emissions scenarios, the
magnitude of warming may surpass earlier estimates, with potential implications for ocean circulation
and vertical stratification.

Surface current velocity is projected to decline across all regions of the Gulf, with the most
pronounced reductions occurring in the central Gulf and the Great Islands region under SSP5-8.5
scenario. This weakening of circulation may impair nutrient transport and primary productivity,
potentially disrupting trophic dynamics and ecosystem stability. The Gulf’s circulation exhibits a
seasonal inversion in its northern sector, characterized by cyclonic flow from June to September and
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anticyclonic flow from November to April, both with average velocities near 0.35 m s−1. These seasonal
patterns have been successfully reproduced by numerical models in previous studies [30,32].

Wind forcing, represented by 10 m wind speed, shows a general declining trend across most
regions, although regional anomalies are present. For example, a slight increase in wind speed is
projected along the north-central coast of Sinaloa under SSP5-8.5, potentially driven by enhanced
pressure gradients. In contrast, the overall reduction in wind speed across the Gulf suggests a
weakening of vertical mixing processes, which may promote increased stratification of the water
column. Wind patterns in the Gulf are strongly seasonal, modulated by shifts in atmospheric pressure
systems and the complex topography of the mainland and the Baja California Peninsula [66]. From
November to April, northwesterly winds dominate at speeds of 8–12 m s−1, while southeasterly winds
prevail during summer at approximately 5 m s−1 [28]. Northwesterly winds induce Ekman transport
to the right of the wind vector, facilitating upwelling along the eastern coast—one of the primary
mechanisms for nutrient redistribution in the region.

While several studies [33–35] have proposed that wind-driven coastal upwelling systems may
intensify under climate change due to enhanced thermal gradients and atmospheric circulation,
the findings of this study diverge from that perspective. Specifically, Arellano & Rivas (2019) [35]
reported an intensification of upwelling events in the Gulf of California (GoC) linked to climate
change. In contrast, our results suggest that an increase in wind intensity does not directly lead
to a greater development of wind-driven upwelling systems. Although stronger winds enhance
Ekman transport—by removing more surface water and accelerating surface currents—this effect
is not consistently observed across all analyzed climate scenarios. This interpretation aligns with
observations by Robinson (2016) [67], who documented a significant decline in upwelling intensity
off the western coast of the Baja California Peninsula during the 2014–2015 period, attributed to
anomalously warm SSTs and reduced wind forcing in the California Current System.

Furthermore, SST anomalies in the GoC have been shown to influence precipitation patterns in
northwestern Mexico and the southwestern United States of America (USA). Mo & Higgins (2008)[68]
and Kim et al. (2005) [69] found that warm SSTs in the northern GoC enhance monsoonal rainfall,
while cold SSTs suppress it. Mo & Juang (2003) [70] noted that this influence is primarily confined
to northwestern Mexico. In contrast, Mitchell et al. (2002) [71] reported that intense monsoonal
precipitation in the south-western USA is associated with SSTs exceeding 29 ◦C in the GoC during the
July–September period.

The present study identifies a consistent rise in SST and an increase in the number of days
with summer-like thermal conditions, which may imply a longer monsoon season or an increase in
rainfall events. However, it is important to consider that global warming is also associated with a
higher frequency and intensity of tropical cyclones [72] demonstrated that approximately 50% of Gulf
moisture surge events are linked to tropical cyclones. These events can induce SST cooling through
wave-driven mixing and increased cloud cover, which reduces incoming solar radiation and net surface
heat flux [68,72]. Nevertheless, such episodic cooling events are insufficient to offset the long-term
warming trend observed in the Gulf, particularly under high-emissions scenarios.

5. Conclusions
The analysis of dimensionless numbers reveals progressive shifts in the physical processes

governing the Gulf of California (GoC) under increasing greenhouse gas emissions. Across all scenarios
(SSP1-2.6, SSP2-4.5, SSP5-8.5), the GoC is projected to evolve into a warmer, less dynamic, and more
stratified system. This transformation is driven by declining wind stress, reduced surface current
velocities, and enhanced baroclinic gradients.

Regions such as the Upper Gulf and the southern coast of the Baja California Peninsula emerge
as particularly vulnerable. In these areas, wind stress—identified as the dominant forcing mecha-
nism—exhibits a statistically significant negative trend, which corresponds with observed reductions
in surface current speeds. In contrast, regions like the Great Islands and the Northern Gulf, located
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within the subtropical zone, are primarily influenced by tidal forcing. Tides in these regions act as a
key dissipative mechanism, promoting vertical mixing and contributing to system resilience.

Surface current velocities are projected to decline throughout the Gulf, with the most pronounced
reductions occurring in the central basin under the SSP5-8.5 scenario. This weakening of circulation
may impair nutrient transport and primary productivity, with cascading effects on marine food webs.
The northern Gulf maintains its seasonal inversion pattern—cyclonic circulation from June to Septem-
ber and anticyclonic from November to April—with average velocities near 0.35 m s−1. However, the
projected reduction in flow intensity raises questions about its impact on the formation and renewal of
Gulf of California Water (GCW) in the Upper Gulf, a topic warranting further investigation.

Wind forcing, represented by 10-m wind speed, also shows a general downward trend, albeit
with regional variability. For instance, a slight increase is projected along the north-central coast of
Sinaloa under SSP5-8.5, potentially linked to intensified pressure gradients during specific seasons.
Nevertheless, the overall decline in wind speed suggests reduced vertical mixing and enhanced
stratification of the water column.

All three scenarios analyzed using the CNRM-CM6-1-HR model project a warming of the surface
layer in the GoC. The annual SST variability signal remains dominant across scenarios, but summers
are expected to lengthen significantly, with surface temperatures exceeding 27 ◦C for durations ranging
from 8 to 12 consecutive months. Low-frequency processes such as El Niño (2–7 years) continue to
dominate interannual SST variability, with amplitudes between 0.5 and 0.9 ◦C. These anomalies may
persist for nearly a decade, indicating prolonged El Niño-like conditions under future climate regimes.

As climate forcing intensifies, the Gulf’s hydrodynamics are expected to transition toward a more
stratified circulation regime. While the dominant forcing mechanisms remain regionally consistent,
their relative influence shifts across scenarios. Baroclinic gradients gain prominence relative to inertial
and wind stresses, particularly under high-emissions pathways.

Latitude plays a critical role in modulating regional resilience. The Great Gulf Islands region
demonstrates the highest resilience, primarily due to the dominance of tidal forcing, which sustains
vertical mixing and system stability. Conversely, the Upper Gulf—despite its higher latitude—is less
resilient due to its dependence on wind stress, which is projected to weaken.

The southern coast of the Baja California Peninsula and the north-central coast of Sinaloa are
identified as the most vulnerable regions. In both cases, wind stress is the primary forcing mechanism,
and its projected decline under climate change increases susceptibility to warming, stratification, and
associated ecological impacts.
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