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Temperature and salinity extremes from
2014-2019 in the California Current System and
its source waters

Alice S. Ren® '™ & Daniel L. Rudnick® '

The California Current System in the eastern North Pacific Ocean has experienced record
high temperatures since the marine heatwave of 2014-2016. Here we show, through a
compilation of data from shipboard hydrography, ocean gliders, and the Argo floats, that a
high-salinity anomaly affected the California Current System from 2017-2019 in addition to
the anomalously high temperatures. The salinity anomaly formed in 2015 in the North Pacific
Subtropical Gyre and was subsequently advected into the California Current System, in a
generation mechanism different from the events leading to the marine heatwaves of 2013/
2014 and 2019 in the North Pacific. The salinity anomaly was unique in at least 16 years with
an annual mean deviation from the long-term average greater than 0.2 and anomalies greater
than 0.7 observed offshore. Our results imply that different source waters were found in the
California Current from 2017-2019, with the near-surface California Current salinity rivaling
that of the California Undercurrent.
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boundary current system in the North Pacific. The CCS
consists of an equatorward-flowing, surface-intensified
current, the California Current, and a subsurface-intensified,
poleward-flowing current, the California Undercurrent. These
mean currents are accompanied by numerous eddying features
and an annual cycle including wind-driven upwelling. The coastal
environment of the central and southern CCS has experienced
anomalously high-temperature conditions since 2014 (refs. 1-4).
The high-temperature anomaly began in 2014 with the marine
heatwave (MHW) that affected the central and southern CCS°.
Positive temperature anomalies in the surface 50 m of the CCS
during 2014-2015 were above 4 °C°. We document changes in
temperature and salinity that are unique to the time period
2014-2019, expanding on previous studies that have focused on
temperature alone. In particular, we document a salinity anomaly
that affected the CCS from 2017 to 2019 but formed offshore in
2015. The salinity anomaly was noted in the annual report
describing the physical and biological condition of the CCS
organized and published by the California Cooperative Oceanic
Fisheries Investigations (CalCOFI).>® The relevance of regional
salinity changes is that they often indicate changes of source
water which may have a large impact on the marine ecosystem.
During the time period from 2014 to 2019, some established
relationships between sea surface temperature (SST) or SST
indices and biological indicators reversed, diverging from patterns
established up to 2010. Before the onset of the 2014-2016 MHW,
fluctuations in sardine and anchovy were largely believed to be
related to SST7~10 with higher sardine populations under warm
conditions and higher anchovy populations under cool condi-
tions, though there were alternate hypotheses!!-13. The abun-
dance of salmon was similarly correlated with a large-scale index
of SST, the Pacific Decadal Oscillation (PDO)!4. In 2016-2017
northern anchovy was found in high abundance during high SST
off central and southern California while Pacific sardine abun-
dance was relatively low!>16, opposite to the relationship estab-
lished from 1950 to 2002 (ref. 7). Subsequently, in 2019, northern
anchovy were abundant throughout the CCS while Pacific sardine
were locally abundant off central California®. This is similar to
findings in the Gulf of Alaska from 2014 to 2019, a period of
rapid ocean warming, where the relationship between the PDO
and salmon abundance switched from a positive or neutral cor-
relation to a negative correlation!”. The implication is that pre-
viously established correlations of biological abundance with
large-scale SST indices did not have predictive power during
the MHW of 2014-2016 and its aftermath!8. In contrast, from
1983 to 2016 young of the year (YOY) rockfish abundance was
found to be related to salinity on the isopycnal 26.0kgm—3,
interpreted to be an indicator of changes in the water mass
composition of the CCS1?. Here, we examine the temperature and
salinity record to identify changes in the physical environment.

The California Current System (CCS) is the eastern

Results and discussion

The temperature record from the southern California Current at
10m (Fig. 1a) from the CalCOFI and California Underwater
Glider Network (CUGN) demonstrates the unusually high-
temperature event in 2014-2016 (Fig. 1b). The temperature in
2015 was the highest in the California Current based on the time
series of almost 70 years. The 1997/1998 El Nino event does not
show up strongly in the time series at 10 m because larger
anomalies in temperature were observed at depth and inshore due
to the influence of the California Undercurrent and thermocline
displacement?0-21, The extreme in temperature in 2015 is fol-
lowed by cooler conditions, but from 2016 to 2019, the California
Current was still warmer than the baseline, here taken as the

mean of years 2007-2013 (see “Methods” for details). The
2007-2013 baseline is chosen for all three datasets used in this
manuscript: CalCOFI, CUGN, and Argo. The CalCOFI
2007-2013 time period is 0.55 °C cooler and 0.010 fresher than
the often-reported CalCOFI baseline of 1984-2012 and 0.33 °C
cooler and 0.037 fresher than the full time series from 1950 to
2019 here. There is discussion in the literature of two separate
MHWs with different generation mechanisms in the Northeast
Pacific, one beginning in the winter of 2013/2014 (ref. ?) and one
beginning in the summer of 2019 (ref. 23); however, the southern
CCS has had one extended period of elevated temperatures. The
CUGN and CalCOFI temperature anomaly time series agree well
during the MHW from 2014 to 2016, while they agree within the
99% confidence interval of the CalCOFI time series in the times
before and after.

From 2017 to 2019, in addition to a warm temperature
anomaly, the CCS experienced a high-salinity anomaly. The
salinity anomaly, identified offshore at 10 m from CUGN and
CalCOFI observations on Lines 80.0 and 90.0, had an annual
anomaly approaching 0.3 in 2018 (Fig. 1c). The
2017-2019 salinity anomaly was the strongest on record in this
region since 2001. The period since 2003 was one of relative low
salinity, gradually increasing with small interannual fluctuations.
The 2017-2019 salinity anomaly was the culmination of this 15-
year period of increasing salinity. The CUGN and CalCOFI
salinity anomaly time series match remarkably well.

Hovmoller diagrams of depth-averaged salinity anomaly from
10 to 100m from CUGN gliders (Fig. 2a—c) show how the
2017-2019 salinity anomaly approached the coast. The 10-100 m
depth range was chosen to focus on the surface mixed layer and
to avoid the halocline that exists in the mean from 105 to 135m
depth in the offshore portions of Lines 66.7, 80.0, and 90.0
examined here (Supplementary Fig. 1). Salinity anomalies plotted
against depth near the region of the halocline are often caused by
isopycnal heave. The salinity anomaly began in early 2017 on
transect Line 66.7 (for location see Fig. 1a) and in middle and late
2017 on Lines 80.0 and 90.0, respectively. The salinity anomaly
was stronger offshore and appeared to pass through the northern
line, Line 66.7, before the southern lines, Line 80.0 and Line 90.0.
The high-salinity anomaly ended on Line 66.7 in the middle of
2019 while continuing through the end of 2019 on Lines 80.0 and
90.0. Peak salinity anomalies averaged from 10 to 100 m reached
a maximum of 0.6 on each of the three lines. Plots of salinity
anomaly over depth and time, averaged over the distance between
stations 70 and 100 of the CalCOFI grid, demonstrate that the
salinity anomaly was largest in the top 100 m (Fig. 2d-f). Due to
high-salinity anomalies that occurred first on the offshore edge on
Line 66.7 and that did not dominate the across-shore average, the
salinity anomaly begins at near the same time on all three lines
when viewed from the depth versus time perspective.

Hovmoller diagrams of depth-averaged temperature anomaly
from 10 to 100 m show the salinity anomaly in contrast with the
anomalous warmth from 2014 through the end of 2019 on all
three lines (Fig. 3a—c). The 10-100 m depth-averaged temperature
anomaly during 2014-2019 was frequently greater than 3 °C and
exceeded 4 °C on Lines 66.7 and 90.0, while it approached 4 °C on
Line 80.0. The temperature anomaly was also concentrated in the
top 100 m (Fig. 3d—f) as seen from plots of temperature anomaly
over depth and time, averaged over the distance between stations
70 and 100 of the CalCOFI grid. The across-shore averaged plots
show that the high-temperature anomaly remained in the central
and southern CCS after 2016 and until 2019.

The origin of the salinity anomaly is examined in the greater
Pacific Ocean. Basin-wide salinity anomalies at 10 db from the
Roemmich-Gilson (R-G) climatology of Argo float data*
demonstrate that the anomaly originated offshore in September
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Fig. 1 Historical offshore temperature and salinity observations in the California Current. a Location of the CUGN glider Lines 66.7, 80.0, and 90.0
(black). The location of the portions of Line 80.0 and Line 90.0 of the CUGN glider lines used in the time series is overplotted in red while CalCOFI stations
70, 80, 90, and 100 along Lines 80.0 and Lines 90.0 used in the time series are plotted in blue dots. Stations 70, 80, 90, and 100 of Line 66.7 are plotted in
yellow dots. b The 10 m annual mean temperature anomaly (°C) from CalCOFI (blue) and 365-day lowpass filtered temperature anomaly (°C) from CUGN
(red). € The 10 m annual mean salinity anomaly from CalCOFI (blue) and 365-day lowpass filtered salinity anomaly from CUGN (red). The CalCOFI

average is calculated from stations 70, 80, 90, and 100 on Lines 80.0 and 90.0 while the CUGN average is from the distance between stations 70 and 100
on Lines 80.0 and 90.0. The average annual standard error of the CalCOF| temperature anomaly (0.26 °C) and salinity anomaly (0.025) is plotted as a

black bar in the lower right-hand corner in b and ¢, respectively.

2015, years before its detection along the California coast (Fig. 4).
In the 8-month interval plots, the anomaly appears in September
2015 and then follows the path of the surface geopotential height
contours east towards the coast and then south towards the
equator. The plotted monthly surface geopotential height con-
tours are approximate streamlines of the ocean currents and
indicate the portion of the North Pacific Current that feeds into
the California Current and the southward limb of the North
Pacific Subtropical Gyre. While a pattern of positive salinity
anomaly between 160° and 170°W at 40°N also occurred in the
Argo data in 2010-2011, 2017-2019 was the only instance in the
Argo record (2004-2019) when an anomaly persisted, intensified,
and subsequently moved equatorward along the coast. The per-
sistence of the salinity anomaly from 2015 to at least 2019 in the
eastern North Pacific is unique in the Argo record.

The salinity anomaly had a large spatial extent not measured
by the coastal CUGN lines or CalCOFI hydrography but captured
by Argo. The salinity anomaly was quite strong offshore; in
September 2017, the positive salinity anomaly at 35.5°N, 135.5°W
was 0.78. The edge of CUGN Line 66.7, corresponding to station
100 on the CalCOFI grid, is 35.5°N 125.5°W, which is usually well
approximated by the location of the 1951 m geopotential height
contour. Considering the plots of May 2016 and January 2017,
the salinity anomaly existed offshore but did not reach the edge of
the CUGN lines. This is consistent with CUGN observations that
only showed a strong salinity anomaly after January 2017 on Line
66.7 and June 2017 on Lines 80.0 and 90.0. In addition, not of
primary interest in this paper, but readily apparent, is an extre-
mely strong fresh salinity anomaly that formed to the west of the
salinity anomaly and also appears to be advecting eastward in the
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Fig. 2 Hovmoller diagrams of salinity anomaly from CUGN gliders on Lines 66.7, 80.0, and 90.0. a-c 10-100 m depth-averaged salinity anomaly on each
of the respective lines and d-f spatially averaged salinity anomaly from the distance between CalCOFI stations 70-100 on each of the respective lines.

North Pacific Current as of 2019. It is possible that this fresh
anomaly will appear in the CCS in coming years.

Possible causes of the salinity anomaly include advection,
surface fluxes by precipitation and evaporation (E-P), and ver-
tical turbulent entrainment. From the Argo and CUGN data, we
suggest that one important factor is advection. The eastward salt
flux by the North Pacific Current in the surface 100 m across 135°
W from 35-44°N (Fig. 5a) was calculated and shows a large
positive anomaly which begins in the second half of 2016, peaks
in 2017, and ends in mid-2018. This matches the timing of the
positive salinity anomalies that moved through the region

according to the salinity anomaly plots at 10db (Fig. 4) and
provides strong evidence that the salinity anomaly was advected
east into the region where the California Current begins. Along
CUGN lines, an increased southward advection of salt is not
clear; however, even though the mean salinity, as averaged over
the top 100 m and over the entire lines, increases in 2017-2019
(Fig. 5b, c). Here, southward velocities are treated as positive so
consequently a positive value indicates southward advection.
From 2017 to 2019, the salt flux is positive on all three lines
indicating the mean flow was southward, consistent with the
presence of the California Current. The alongshore salt flux may
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Fig. 3 Hovmoller diagrams of temperature anomaly (°C) from CUGN gliders on Lines 66.7, 80.0, and 90.0. a-c 10-100 m depth-averaged temperature
anomaly on each of the respective lines and d-f spatially averaged temperature anomaly from the distance between CalCOFI stations 70-100 on each of

the respective lines.

be difficult to measure in an eddying environment like in the
CCS. The salinity anomaly of 2017-2019 was roughly 0.2 com-
pared to a mean of 33.3. In contrast, the standard deviation of the
alongshore geostrophic velocity was 0.03 ms~! compared to a
mean geostrophic velocity of 0.02ms~! southward (over the
entire lines 66.7, 80.0, and 90.0), emphasizing the eddying nature
of the CCS. Thus, changes in salt flux were dominated by changes
in volume flux in the CUGN region. There is also possibly an
onshore component, as suggested from the Argo salinity anomaly

plots (Fig. 4). A more complete analysis of the causes of the
salinity anomaly may require an assimilative ocean circulation
model.

From 2013 to 2019, it is apparent that numerous environ-
mental forcing mechanisms were abnormal in the North Pacific.
The winter 2013/2014 MHW in the North Pacific is thought to be
due to changes in ocean advection and reduced heat loss from the
ocean to the atmosphere?2. The extension of the MHW through
2016 and transformation into a coastal SST pattern may rely on
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Fig. 4 Plots of salinity anomaly at 10 db from the R-G Argo climatology. Plots are in 8-month intervals including a January 2015, b September 2015, ¢
May 2016, d January 2017, e September 2017, f May 2018, g January 2019, and h September 2019. The geopotential height (m) of select contours of the
North Pacific Current that contribute to California Current and southward limb of the North Pacific Subtropical Gyre are overplotted for each month. Notice
that the aspect ratio of degrees latitude to degrees longitude has been stretched in the latitudinal direction to better show characteristics of the salinity

anomaly.

complex interactions between the ocean and atmosphere?> while
its extension through 2019 remains to be explained. Local
mechanisms in the CCS during 2014-2016 include increased heat
flux from the atmosphere and increased heat flux from horizontal
and vertical advection*. The summer 2019 MHW in the North
Pacific is thought have formed due to increased short wave
radiation on the surface ocean and reduced surface winds, which
reduced heat loss from the ocean to the atmosphere and reduced
mixing and entrainment?3. While the salinity anomaly advected
into the source waters of the California Current, the possible
causes for the salinity anomaly’s formation in 2015 in the central
North Pacific are increased evaporation, increased entrainment
from below, or advection of saltier water from further south in
the subtropical gyre.

The salinity anomaly was not predicted by the North Pacific
Gyre Oscillation (NPGO), a climate index thought to be relevant
to salinity in the CCS. The NPGO, the second EOF of sea surface
height anomaly in the North Pacific, was in a strongly negative
phase from October 2017 to at least June 2019 (ref. 2), and the
negative phase, or phase with reduced sea surface height anomaly
difference between the Alaska Gyre and the North Pacific Sub-
tropical Gyre, has been associated with fresh, or negative, sea
surface salinity anomalies?®. In particular, the positive (negative)
phase of the NPGO was correlated with greater (less) upwelling in
the past which was the explanation for why salinity and other
variables were related to the NPGOZ®. One explanation is that the
causal mechanism that linked CCS salinity to the NPGO may
have changed®?’. Another is that the relationship between sali-
nity and the NPGO was based on relatively short records and may
not hold as longer climate records are collected.

The California Current is usually the source of fresher water
into the CCS, and yet in 2017-2019, it was a source of salty water
that spread from offshore towards the coast. The values of salinity

in the California Current in 2018 rival values in the California
Undercurrent at the surface (Fig. 6), especially on Line 90.0. From
the temperature and salinity (T-S) diagrams, it is clear that the
surface temperature in 2018 was warmer than the mean both
inshore (0-100 km) and offshore (200-400 km) while the surface
salinity was significantly saltier offshore (200-400 km). Figure 6
shows the top sections of curves in 2018 (dashed red for offshore,
dashed blue for inshore) are located further up (warmer) and
further to the right (saltier). The high salinity of the California
Current and the evidence presented that the high salinity was
advected into the region point to new source waters for the
California Current from 2017 to 2019. In particular, the forma-
tion of the salinity anomaly in the North Pacific Gyre suggests
that increased Eastern North Pacific Central Water, which is
relatively warmer and saltier, may have been in the California
Current from 2017 to 2019.

With respect to biological impacts, new source water for the
California Current from 2017 to 2019 may be important. Unusual
water masses coming into the CCS may bring different biological
and biogeochemical signatures to the local environment?8, In the
CCS, zooplankton displacement volume has been found to be
correlated with advection of the California Current2*-31 (pp.
13-60), where displacement volume may be impacted by zoo-
plankton body size and species composition. In light of recent
sardine and anchovy abundance anomalies, reanalysis of fisheries
models from 2005 to 2014 suggest that SST alone is not an
adequate indicator of sardine biomass32. A plausible hypothesis is
that different source water in 2017-2019 of the California Current
brought water with different nutrient properties that supported a
different plankton population. With respect to YOY rockfish, the
relationship of higher abundance during cooler and fresher
conditions!® appears to have held up in 2017-2019 with lower
abundances observed in the warmer and saltier conditions?.

6 COMMUNICATIONS EARTH & ENVIRONMENT | (2021)2:62 | https://doi.org/10.1038/s43247-021-00131-9 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00131-9

ARTICLE

4 | | | | | | |
2004 2006 2008 2010 2012 2014 2016 2018 2020
«107 Alongshore Salt Flux at CUGN lines
AN T T T T T
Y 4+ ¥ ,/’“ M vy P A 3
m‘n oL b ~ AT A \.\x/wf/\j{;&\‘,&v\/ AfM /\\\, :;::
E | | | | | -~ | |
2004 2006 2008 2010 2012 2014 2016 2018 2020
Mean Salinity at CUGN Lines
33.5 T T T T T T T
C —— s ]
- TN S
33 L Il Il Il Il Il Il Il
2004 2006 2008 2010 2012 2014 2016 2018 2020
40°N !
[0}
©
=
=
-—
@©
— /
35°N
500 km / L
500 ml / Esri, HERE
140°W 130°W 120°W 110°W
Longitude

Fig. 5 Salt flux in the North Pacific and CCS. a Eastward salt flux integrated over the surface 100 m at 135°W from 35 to 44°N (m3s—"). b Alongshore salt
flux integrated over the surface 100 m at CUGN lines (m3s=1). ¢ Mean salinity averaged over the top 100 m at CUGN lines. For both b, ¢ the across-shore
extent of CUGN lines is the equivalent of CalCOFI stations 50-100, and Line 66.7 is plotted in blue, Line 80.0 in orange, and Line 90.0 in yellow. d Location
of the North Pacific Current salt flux calculation (blue) and the three CUGN lines (red) on which salt flux and mean salinity were calculated.

i . Line 90.0

o Line 66.7 %) Line 80.0 %) h
s ) v »®
< ﬁ/ s P L2 o C »
= . o o
=) 15 | & = E 15 »°
© T ©
o ® (0] ) ®
[oX o (o
510 & § 5 o
— o= 10
® = o hore - 2018 P © — — Offshore-2018 \\\ N © 7, 4
E - Ins:o‘r);e--zms \\\ "E = = Inshore - 2018 "E — =— Offshore - 2018
— Offshore 5 Offshore — — Inshore - 2018
_.G_') 5 Inshore -oq—'-) Inshore ..9 Offshore
Do. D? QO_ 5 Inshore /{‘//\‘0
33 335 34 345
Salinity Salinity

Fig. 6 T-S diagrams of 2018 compared to the mean. a Line 66.7, b Line 80.0, and ¢ Line 90.0. Inshore is defined as 0-100 km and offshore as 200-400
km from shore. The mean is from 2007 to 2013 on Lines 80.0 and 90.0 and from 2008 to 2013 on Line 66.7.

Understanding source water changes may help with a more
mechanistic understanding of forage fish population dynamics,
which is needed to understand population fluctuations in a
changing climate®3. Specifically, larval survival and recruitment
may govern the population fluctuations of the species, and
oceanic conditions may affect early life history survival. The
mechanistic understanding of forage fish abundance is important
as the CCS, combined with the other eastern boundary upwelling

systems represent around 20% of global marine fishing take over
an area of around 1% of the global ocean3*.

The regional effects of climate variability may be more diverse
than just increases in atmospheric or ocean temperature; here, it
is shown that concomitant with anomalously high temperatures,
a major regional current experienced a source water change and
extreme salinity values. Experiencing both temperature anomalies

and other effects such as source water changes concurrently may
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have a large impact on the ocean ecosystem. Both salinity and
temperature ocean observations should be sustained and further
analyzed to better understand the marine physical environment
as it changes.

Methods

Data came from three main sources: underwater gliders, shipboard hydrography,
and Argo. Observations within 500 km of the coast were taken from gliders in the
CUGNU3>, CUGN gliders have been running off of the California coast since 2006
along three traditional CalCOFI hydrographic lines: Line 66.7 off of Monterey Bay,
Line 80.0 off of Point Conception, and Line 90.0 from Dana Point (Fig. 1a). The
gliders profile to 500 m completing a cycle from the surface to depth and back in 3
h and covering a horizontal distance of 3 km in that time. Gliders complete sections
on the across-shore lines in roughly 2-3 weeks. A climatology of the CUGN data is
available which includes the annual cycle and anomalies of measured variables
temperature and salinity. Salinity in this manuscript is reported on the Practical
Salinity Scale 1978, which is unitless. The annual cycle is computed from full years
2007-2013 on Lines 80.0 and 90.0 and 2008-2013 for Line 66.7 using a constant
and three harmonics!*°. Anomalies from this annual cycle are objectively mapped.
Areas of the objective map where the ratio of error to signal variance is larger than
0.3 are masked out. The climatology is calculated in a gridded format with spacing
of 10 days in time, 5 km in horizontal distance, and 10 m in depth with depth bins
centered on 10, 20, and so on to 500 m. Analyses of temperature anomaly and
salinity anomaly here used the CUGN climatology. The climatology also includes
the alongshore geostrophic velocity calculated by referencing geostrophic shear to
the glider’s depth-average velocity>’. The calculation of alongshore salt flux

used the geostrophic velocity and salinity of the CUGN climatology over the top
100 m and over the distance between CalCOFI stations 50-100 on each of the Lines
66.7, 80, and 90.

The CalCOFI hydrographic bottle-sample salinity and temperature from 1950 to
2019 was used to provide historical perspective. The CalCOFI program has been
taking bottle samples of salinity and temperature since 1949 on Lines 80.0 and 90.0.
The sampling pattern changed during the first few decades of CalCOFI, including
years without cruises in the 1970s. A consistent sampling plan has been in place on
Lines 80.0 and 90.0 since the 1980s with four cruises per year3! (pp. 8-11). Cal-
COFI has not maintained a consistent presence on Line 66.7. The CalCOFI pro-
gram originally created a grid of offshore transects along the west coast of North
America from Line 10 at the US-Canada border to Line 120 off Point Eugenia, Baja
California, Mexico; however, only a core 66 station sampling survey spanning Lines
76.7-93.3 have been sampled for the entire time series (though with a period of less
regular sampling in the 1970s-mid-1980s)3! (pp. 8-11). A CalCOFI time series was
created using an annual average of data from Lines 80.0 and 90.0, stations 70, 80,
90, and 100 at 10 m depth. Data from years when both Line 80.0 and Line 90.0 had
salinity data were included in the time series. CalCOFI anomalies were calculated
as differences from the mean during 2007-2013, to be consistent with the mean
used in the CUGN climatology. For comparison, CUGN climatology salinity and
temperature anomalies at 10 m were averaged over the distance between stations 70
and 100 on Lines 80.0 and 90.0. Subsequently, a 365-day running mean was applied
to the CUGN salinity and temperature anomaly time series.

The standard error of the mean was calculated for each year of the CalCOFI time
series. The average standard error of all years for the salinity anomaly was 0.025,
small compared to the interannual variations in the time series which were often
0.2. During a year with four cruises and data at all stations at 10 m, the CalCOFI
sample size was n = 32. The average standard error of all years of the CUGN time
series was 0.0024 where the sample size was n = 3293 climatology grid points per
year. The standard error of the CUGN time series of salinity anomaly was less than
that of CalCOFI, even considering autocorrelation in time and space of the CUGN
profiles (reducing the effective CUGN sample size by a factor of 100 would make
the standard errors comparable), so the standard error of CalCOFI was reported on
the time series plot. Similarly, the standard error of the mean of the temperature
anomalies was 0.26 °C for CalCOFI and 0.013 °C for CUGN, so only the CalCOFI
standard error was reported on the plot. Importantly, with grid points every 5km,
the CUGN climatology is able to resolve mesoscale eddy variability, which can have
a signature of 0.2 and 1°C and greater in the CCS.

Salinity in the open ocean was from the R-G climatology of Argo data
profiles?*38, The R-G climatology calculates the monthly values of temperature
and practical salinity on a 1° x 1° grid with 58 pressure levels from 2.5 to 1975 db.
The gridded product is produced by a weighted least-squares analysis that calcu-
lates the mean from the nearest 300 Argo observations, followed by objective
analysis of the anomalies. An annual cycle for R-G salinity was calculated at every
grid cell and pressure level using a constant and three harmonics for the full years
2007-2013, matching the method used to calculate the annual cycle for the CUGN
climatology. Salinity anomaly was calculated as the difference from this annual
cycle. Geopotential height, Z, was calculated by

1 (P21
7 =—— —dp 1
9.8 Jp, P M

using the in-situ density, p, calculated from the R-G temperature and salinity
and then integrating in pressure from p;, = 1975 db to p, = 2.5db3. The

geostrophic velocity was calculated using

flv,—v)=-98 g—i, (2)
Fluy — ) =98 % (3)

where the velocities u; and v, at 1975 db were assumed to be zero. The salt flux
was calculated over the top 100 m using the R-G climatology salinity and the
calculated geostrophic velocity.

Data availability

The CUGN glider data can be found online at https://spraydata.ucsd.edu/projects/ CUGN
(https://doi.org/10.21238/S8SPRAY1618), and the CUGN climatology is available at
https://spraydata.ucsd.edu/climCUGN (https://doi.org/10.21238/S8SPRAY7292). The
Argo data were collected and made freely available by the International Argo Program
and the national programs that contribute to it (http://www.argo.ucsd.edu, http://argo.
jcommops.org)38. The Argo Program is part of the Global Ocean Observing System. The
CalCOFI data can be found online at https://calcofi.org/ccdata.html.
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