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Role of sea surface physical processes in mixed-layer
temperature changes during summer marine heat waves
in the Chile-Peru Current System
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Key Points:

e Extreme warm anomalies on time scales greater than 10 days occur mostly in De-
cember through March.

e Temperature change from the net surface heat flux anomaly during warm events
does not explain most of the anomalous warming.

« Wind stress was weakened over the area of positive anomalous warming, which
may contribute to mixed-layer shoaling.
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Abstract

We identified anomalously high sea surface temperature (SST) events during the 40-year
period 1980-2019 near the Punta Lavapié upwelling center in the Chile-Peru Current Sys-
tem (CPCS). Annual distributions of SST anomalies, taken from fifth generation Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWTF) reanalysis (ERA5), by
season and month indicated that warm SST anomalies were most likely to occur in the
austral summer (December through February). At the time of peak warming before the
strongest 37 events, we estimated a surface mixed-layer anomaly heat budget with the
mean rate of total SST anomaly change and mean rate of SST anomaly change from the
net surface heat flux anomaly. The mean net surface heat flux anomaly over the 37 his-
torical warming events was too small to account for most of the maximum rate of anoma-
lous warming. We propose that the weakened surface wind stress observed at the times
of maximum warming could amplify the effect of the positive summertime net surface
heat flux through mixed-layer shoaling or reduce cold water entering the mixed-layer via
entrainment at the base of the surface mixed-layer. This interpretation is based on sim-
ilarities between the composite mean anomalies of wind stress at the time of peak warm-
ing preceding these 37 events in the CPCS and the anomaly fields during previous stud-
ies of weak wind events in the California Current System (CCS). Future studies should
further investigate the behavior and influence of the surface wind stress and mixed-layer
evolution during warm SST anomaly events.

Plain Language Summary

Extreme SST events in and offshore of the Chile-Peru Current System (CPCS) over
the last 40 years are characterized in this work by using changes in sea surface temper-
ature relative to the long-term average annual cycle as a measure of heat transfer to the
ocean surface mixed layer. We compared events in the CPCS to wind-driven anomalous
warming events in the California Current System (CCS) that have similar spatial pat-
terns. Extreme warm events occurred primarily in the austral summer (December through
February). The net atmosphere-ocean heat flux does not fully explain the maximum rate
of sea surface temperature change in advance of warming events. Reduced mixing at the
base of the ocean surface mixed-layer and a shallower mixed-layer depth may be respon-
sible for the observed rapid warming of the upper ocean leading to extreme SST events.
We observed reduced wind stress magnitude over the area of maximum warming, and
similar ocean surface heat budget studies for the CCS found that reduced mixing and
shallower mixed layer depth were likely responsible for warming during weakened winds.
This work provides insight into the role of air-sea interactions in driving extreme sea sur-
face temperature anomalies in the CPCS.

1 Introduction

1.1 Marine Heat Waves in the Chile-Peru Current System and Califor-
nia Current System

Marine heat waves (MHWSs) are periods of unusually warm sea surface tempera-
tures (SST), or warm anomalies, that occur on a range of time scales of days to months
(Hobday et al., 2018). High SST anomaly events such as MHWSs are capable of reduc-
ing populations of copepods and microphytoplankton, and of threatening dependent fish-
eries of the southeast Pacific Ocean (Iriarte & Gonzélez, 2004), similar to the 2014-2016
MHW that altered biological activity in the California Current System (CCS) (Whitney,
2015; McCabe et al., 2016; Cavole et al., 2016; Peterson et al., 2017; Du & Peterson, 2018).
MHWs in eastern boundary upwelling systems (EBUS) have the potential to make sur-
face waters too hot for typical local fish populations and the larvae that will become the
stock in future years (Cheung & Frolicher, 2020). Those fish that do not perish may mi-
grate to cooler waters far away, as resulted from the 2013-2015 MHW in the CCS (Bond
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Figure 1. Annual distribution of extreme SST anomalies SST” near 36°S off the coast of
Chile. Anomalies are filtered to retain anomalies with time scales greater than seven days. Only
SST anomalies that exceeded two standard deviations from zero are included, with positive

anomalies in orange and negative anomalies in blue.

et al., 2015; Cavole et al., 2016; Daly et al., 2017; Auth et al., 2018). The Chile-Peru Cur-
rent System (CPCS) is the most productive EBUS in the world based on fish harvested
per unit area (Montecino & Lange, 2009). Due to the biological significance of the Punta
Lavapié upwelling center as a food and bait source, we limited this study to only focus

on the strongest events affecting this area. An important component in protecting this
natural resource is long-term monitoring and comprehension of the processes that drive
anomalous environmental variability, such as temperature, that could put strain on the
fisheries.

The forcing mechanisms that dominate the surface ocean heat budget during ex-
tremely warm SST anomaly events are not clear in the Chile-Peru EBUS. Currently, there
is not enough buoy coverage in the CPCS to track increasing surface temperatures as
warm anomaly events develop (Garreaud et al., 2011). This study uses reanalysis SST,
wind stress magnitude, and other measurements derived from satellite data that are used
to estimate how much heat passes through the air-sea interface. The annual distribu-
tion of extreme positive SST anomalies off central Chile (Figure 1) indicates that the high-
est SST anomalies occur most often in December through March, the austral summer,
or upwelling season. The tendency of events to occur in summer is reminiscent of anoma-
lous warming events in the CCS that are forced by wind relaxations (Flynn et al., 2017).
Propagating atmospheric cyclones weaken upwelling favorable winds in the summer months
of May through August in the CCS, leading to the wind relaxations (Halliwell & Allen,
1987; Fewings et al., 2016). A composite surface mixed-layer anomaly heat budget over
many wind relaxation events in the CCS was used to highlight the most important pro-
cesses that contribute to warming SST (Flynn et al., 2017). We are interested in which
of the terms in the surface mixed-layer anomaly heat budget equation contribute most
to the rate of increasing SST during warm events in the CPCS.
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Figure 2. A January 2016 marine heat wave event and preceding wind stress anomaly. (a)
Daily SST anomaly off western South America on 16 January 2016, relative to the daily climatol-
ogy during 2003—2014, from the daily 25-km resolution Multiscale Ultrahigh Resolution (MUR25)
L4 product from NASA’s State of the Ocean (http://podaac-tools.jpl.nasa.gov/soto).

(b) Mean wind stress anomaly during 5-16 January 2016, from L2 satellite ocean vector wind
stresses from RapidSCAT and ASCAT-A, relative to the climatology for 5-16 January 2000-2017
from QuikSCAT and ASCAT-A, calculated similarly to Fewings and Brown (2019).

1.2 Patterns of a Prolonged Warm Anomaly Event

Remotely sensed unfiltered SST anomalies in the CPCS revealed a significant warm
SST anomaly event in January of 2016 (Figure 2). The highest daily SST anomalies (Fig-
ure 2a) were at least 3°C, and SST anomalies in this area were paired with weak wind
stress anomalies (Figure 2b). Both the positive SST anomaly and negative wind stress
anomaly extended spatially offshore to the northwest from the Punta Lavapié upwelling
center near the coast.

Wind patterns over the CPCS are similar to winds over the CCS during wind re-
laxations as atmospheric low pressure systems occur over the ocean. The wind direction
is predominantly equatorward (Figure 3) and the strength of alongshore wind stress in
this direction primarily determines the strength of coastal upwelling in the CPCS (Bakun
& Nelson, 1991). West to east propagating anticyclones form coastal lows at 30°S over
the coast of Chile such that the winds relax or reverse to flow offshore around 40°S while
the coastal lows evolve (Garreaud et al., 2002). The Chilean Upwelling Experiment (CU-
pEx) off north-central Chile documented the stable southerly wind climatology and warm-
ing of 0.5°C-1°C per day during weak or reversed winds (Garreaud et al., 2011). Our study
region includes areas south of the CUpEx study area, which is known to have more fre-
quent weather systems pass along the mid-latitude storm track south of 30°S (Garreaud
et al., 2011).
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Figure 3. Mean summer SST with arrows illustrating mean summer 10-m wind stress in the
Chile-Peru Current System. The green box shows the area where we calculated a mean time
series to define SST anomaly events (see section 2.6). The cyan box is the area used for the off-

shore spatially-averaged time series described in section 2.6.
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1.3 Connections to MHW Events in the CCS

In the California Current System (CCS), SST anomalies and surface wind stress
anomalies exhibited dipole patterns during wind relaxations. Conditional averages of a
surface mixed-layer anomaly heat budget on different days of the wind relaxation event
cycle described in Fewings et al. (2016) over many events revealed SST anomalies that
divided the CCS into northern and southern regions (Flynn et al., 2017). During wind
relaxation events in the poleward (northern) half of the CCS, the net surface heat flux,
especially latent heat flux, was the dominant contributor to positive SST anomalies (Flynn
et al., 2017). During the wind relaxation phase in the southern (equatorward) region,

SST anomalies during wind relaxation events were preconditioned to be colder than av-
erage, but still increased from heating during the relaxation south of Cape Mendocino
(Flynn et al., 2017, their Figure 8c, day 5), likely via decreased entrainment and Ekman
pumping at the base of the mixed layer, and in the California Current extension region,
reduced advection of cold water from farther north. Flynn et al. (2017) proposed decreased
entrainment and Ekman pumping contributed to warming the most, as the contribution

of air-sea heat flux anomalies did not explain the change in SST.

The pattern of strong warm SST anomaly and weak wind stress anomaly connected
to an upwelling center in the January 2016 event in the CPCS (Figure 2) was similar to
a July 2015 MHW in the CCS. In that event, the wind stress anomaly and SST anomaly
extended southwest from Cape Mendocino (Fewings & Brown, 2019), a known upwelling
center (Largier et al., 1993). In the case of the July 2015 MHW in the CCS, a longer than
average wind relaxation event cycle prolonged the warming conditions so that the spa-
tial pattern of the SST anomaly was similar to the wind stress anomaly (Fewings & Brown,
2019). In contrast, the composite average southern phase of wind relaxation events in
the CCS only displayed the same pattern as the wind stress anomaly in the change of
the SST anomaly over a five-day event since SST was preconditioned to be cooler in the
northern wind relaxation phase (Flynn et al., 2017). Flynn et al. (2017) inferred from
the wind field evolution that mixed layer temperature changes were forced by decreased
vertical entrainment and mixed layer shoaling since the net surface heat flux was small
and advective terms were likely negligible more than several hundred km offshore (Flynn
et al., 2017; Correa-Ramirez et al., 2007). If warm SST anomaly events in the CPCS sat-
isfy this condition, other anomalously warm events may be similar to the January 2016
event (Figure 2).

1.4 Research Questions

The goal of this analysis is to provide an explanation for how warm SST anoma-
lies in the CPCS form without the effects of El Nino or long-term SST trends and to com-
pare and contrast CPCS warm events with those in the CCS. This study used a surface
mixed-layer anomaly heat budget under the assumption that SST approximated the mixed-
layer temperature to answer the research questions:

1. Is the area of anomalous warming for other historical warm SST anomaly events
in the CPCS similar in shape and location to the January 2016 warm event (Fig-
ure 2)?

2. Does the anomalous warming pattern coincide with a weak wind stress anomaly
pattern as in the warm SST anomalies during wind relaxations in the CCS?

2 Data and Methods
2.1 Data

Unfiltered data with 0.25° spatial resolution from 1979-2020 was retrieved from the
5th generation European Centre for Medium-Range Weather Forecasts (ECMWF) Re-
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analysis (ERA5) (Hersbach et al., 2018) for the southeast Pacific within 15°S to 50°S and
70°W to 90°W. To resolve sub-monthly time scales, we used time series of daily averages
of SST, the daily averages of the northward and eastward components of the accumu-
lated hourly surface wind stress, and the daily averages of the accumulated hourly com-
ponents of the net surface heat flux (section 2.4). These were obtained from the single
level sea surface dataset of ERA5 (Hersbach et al., 2018).

The rate of warming, or partial time derivative of SST, is approximated from SST
with the centered difference approximation:
GS’ST(t_) _SST(t; + At) — SST(t; — At) (1)
ot T 2At ’

where At is the one-day time interval between data points, and ¢; is the time of a dis-
crete observation in the time series.

2.2 Calculating Wind Stress Magnitude

The surface wind stress magnitude was calculated because weakened winds, regard-
less of wind direction, may contribute to mixed layer shoaling through reduced shear-
driven mixing (Price et al., 1986). Previous analyses of anomalously warm events in the
CCS have noted that mixed layer shoaling could amplify the warming from the net sur-
face heat flux (Flynn et al., 2017; Fewings & Brown, 2019). The surface wind stress mag-
nitude |7| was calculated from the ERA5 eastward and northward components of the hourly
accumulated wind stress, 7, and 7, by

7 = /72 4 72. 2)

Then the daily average of the wind stress magnitude was evaluated afterwards.

2.3 Calculating Daily Anomalies

Daily anomalies were computed by removing long-term daily mean values at each
grid point over the 42-year base period between January 1979 through the end of De-
cember 2020 by day of year. This process is applied to each location for the time series
of SST, 0SST/0t, the components of the surface heat flux Qpe: (section 2.4), and the
wind stress magnitude |7|. The daily anomalies computed in this way are denoted by
primes hereafter as SST', 0SST’/0t, the components of Q},.,, and |7|.

net?

2.4 Estimating Net Surface Heat Flux Anomalies

The net surface heat flux anomaly @, ., is the sum of the anomalies of the four com-
ponents of the surface heat flux into the ocean. The ERA5 daily anomalies of the tur-
bulent sensible and latent heat fluxes and the net longwave and shortwave radiative fluxes
are the four components used to calculate the net surface heat flux anomaly. The net
surface heat flux anomaly @Q,., is positive when heat is added to the ocean surface mixed-
layer through the sea surface by the sum of the anomalous net shortwave radiation into
the ocean (Qy r), anomalous net longwave radiation (Q' ), sensible heat transfer
anomalies (Q's ), or latent heat anomalies (QF 7 7):

Qnet = Qswr+ Qrwr + Qsur + Qrur - (3)

2.5 Filtering

The daily anomalies were band-pass filtered by applying the low-pass PL66 filter
(R. C. Beardsley et al., 1985) twice to isolate signals occurring on time scales between
10 days and 6 months. By restricting this study to events with time scales longer than
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10 days, rather than five days as in the Hobday et al. (2016) definition, the anomalously
warm events in this study may be better compared with similar extreme events such as
the July 2015 event in the CCS, which lasted multiple weeks (Fewings & Brown, 2019).
Since our events do not necessarily meet the widely-used Hobday et al. (2016) definition
of MHWs, we refer to events as warm SST anomaly events, anomalously warm events,
or variations of this henceforth. Removing the seasonal cycle and long-term trends with
the high-pass cutoff of 6 months allows us to keep as much variability as possible while
maintaining our focus on events that we can compare to wind relaxation events in the

CCS.

In the time domain, PL66 is a piecewise parabolic and linear weighting function,
giving the transfer function a sharp frequency cutoff and smaller and narrower side lobes
than a Lanczos filter (R. C. Beardsley et al., 1985). The first pass used a single PL66
filter as a low-pass filter with half amplitude cutoff frequency at fy = 1.16 x 107 Hz,
or 1 cycle per 10 days. To use PL66 as a high-pass filter, in the second pass the half-amplitude
cutoff frequency was fy = 6.34 x 1078 Hz, or 1 cycle per 6 months, and the difference
between the once-filtered time series and twice-filtered time series yielded the band-pass
filtered signal. After filtering and removing two high-pass window lengths from each end,
this data set spans the period of January 1980 through the end of December 2019.

The regional-scale dynamics within a single EBUS in this study are better observed
without the overlying influence of the El Nino Southern Oscillation (ENSO) or other warm-
ing and wind processes with periods longer than a year. The band-pass filter was applied
to SST' to include events obscured by long term trends, on 9SST’/dt and Q),.; to ob-
serve anomalous warming on these time scales, and on the wind stress magnitude anomaly
to show wind stress patterns on the same time scales. The resulting time series for each
location did not contain signatures of high-frequency variability such as diurnal warm-
ing and short-term wind gusts or variability associated with the seasonal cycle, interan-
nual variability from ENSO, and lower frequencies.

2.6 Defining Warm Events

We define warm SST anomaly events from the highest ~2.5 percent of SST anoma-
lies in the area offshore of Punta Lavapié. To find events, we used an average of 25 ad-
jacent SST' time series within a 1° by 1° area approximately 50— 150 km offshore as
a representative time series (green box in Figure 3). Although this average is taken within
the zone that can be influenced by filaments of recently upwelled water, the events found
in this time series were very similar in timing to a set of events in the spatial mean of
SST’ in a box of the same size 200-300 km offshore to the northwest (cyan box in Fig-
ure 3). We define warm events as the peaks of positive SST’ greater than two standard
deviations from the climatological annual cycle (Figure 4). To more easily compare CPCS
warm anomaly events with warm events in the CCS that occur in summer, we further
focused on just the events occurring in December through February of each year dur-
ing the austral summer. This restricts our number of independent events to 38 warm events
that met this criteria (Cooley, 2021, their Figure 2.2). Although these events are qual-
itatively similar, we did not use the individual events for additional analyses beyond the
conditional average in section 2.8 to illustrate the spatial similarity. A similar spatial av-
erage in the same nearshore 1° by 1° area for 95ST’ /0t was used to identify the near-
est time of peak anomalous warming preceding each maximum in SST” (Figure 4). Due
to the first event occurring at the beginning of the band-pass filtered record, there were
only 37 times of maximum anomalous warming before warm events (Figure 4). This def-
inition is different from the Hobday definition where MHWSs occur when the unfiltered
SST is greater than 90% of the values recorded on the same day of year, and the SST
remains above this threshold value for at least five consecutive days as the threshold value
changes with the climatological SST cycle (Hobday et al., 2016; Oliver et al., 2018).
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Figure 4. (a) 10-day to six-month band-pass filtered SST anomaly SST” (blue time series)

from an average in latitude and longitude over the area where we defined events (green square in

Figure 3), and rate of change aSaStT/ (orange time series) spatially averaged over the same area

from ERAS5 for warm events detected ~100 km offshore of the Punta Lavapié upwelling center re-
gion. After band-pass filtering (section 2.5), there are 37 events in both time series. (b) A section

of the time series from (a) including January 2008 to January 2010.
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2.7 Surface Mixed-Layer Anomaly Heat Budget

We used the differential form of the surface mixed-layer anomaly heat budget and
absorbed processes not changing temperature through the air-sea interface into a resid-
ual term, R, similarly to Flynn et al. (2017); Fewings and Brown (2019):

S ST -
= —fne : 4
ot chpho T ( )

The rate of anomalous SST change 0557’ /0t and the net surface heat flux anomaly Q/,.,
were defined in sections 2.1 and 2.4. The first term on the right side of equation 4 is @,
divided by the density of seawater, p,,, the specific heat capacity of seawater, c,, and the
mixed layer depth (MLD), hg, which converts @/, ., into a rate of temperature change.

We used values of p,, = 1025 kg m~3 (Silva et al., 2009; Talley et al., 2011),

cp = 3850 J kg~ °C~! (Talley et al., 2011), and hy = 25 m (Flynn et al., 2017). To
isolate the influence of net surface heat flux anomalies, we designated the MLD in equa-
tion 4 to be the first term in a Taylor expansion about a constant, climatological MLD,

ho (section 2.10). Other terms in the expansion which represented corrections to the MLD
were incorporated into the residual. Therefore, the residual of the surface mixed-layer
heat budget in equation 4 consists of changes to temperature resulting from a combina-
tion of penetrating radiation absorbed below the mixed-layer, horizontal advection of tem-
perature, horizontal eddy diffusion of temperature, changes in mixed-layer depth, and
entrainment and mixing at the base of the surface mixed-layer, similarly to prior stud-

ies (Flynn et al., 2017).

2.8 Compositing Anomalies at Maximum Warming

To understand the cause of high SST” events (blue stars in Figure 4), we exam-
ined the surface mixed-layer anomaly heat budget at the time of maximum anomalous
warming before those events (orange stars in Figure 4). We found the spatial extent of
maximum 9SST'/0t for a typical event by mapping the conditional average of 9SST'/dt
at the time of peak warming over the 37 events (orange stars in Figure 4). The values
of 0SST' /0t at each of these times of maximum anomalous warming were saved as a daily
slice to a data matrix “cube” and then averaged in time. The 95% confidence interval
of the mean anomaly at each location is defined by:

Ty

Py = fly £ 0y, , with §f1, = \/th(oz/Q,N -1) (5)

(Bendat & Piersol, 1986), where p,, is the true mean, fi, is the sample mean estimate,
and /1, is the uncertainty in the sample estimate. In the uncertainty, the sample esti-
mate of the standard deviation is 6,, a = 0.05 is the level of significance, ¢;(a/2, N—
1) is the upper tail of a Student-t distribution at the /2 point with N —1 degrees of
freedom, and N is the number of degrees of freedom which is equal to 37 for the num-
ber of independent events. When mapping the composite anomalies, we applied a mask
where this interval included zero to exclude any anomaly that was approximately equal
to zero, similarly to Flynn et al. (2017).

A similar conditional average and confidence interval was evaluated for the other
anomalies calculated in section 2.3. The anomalous warming from the @Q),,, term in the
anomaly heat budget (equation 4) was averaged at the time of peak anomalous warm-
ing @SST’ /0t before each of the 37 events (Figure 4). The difference between the con-
ditional average of 0SST’/0t and the conditional average of the Q,../pwcpho term yielded
the estimate of the mean residual over the 37 events as in equation 4. The difference be-
tween the quantities 9SST" /0t and Q,.,/pwcpho for individual events was used to find
a standard deviation and 95% confidence interval for the residual temperature change,
similarly to equation 5. Then, to estimate the mean surface wind stress magnitude anomaly
at times of maximum anomalous warming, the same process was used to calculate the

—10—
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conditional average and confidence interval of the surface wind stress magnitude anoma-
lies (section 2.2). The composite average of SST” at the time of the event provided a mean
maximum SST’ for anomalously warm events.

2.9 Mixed-Layer Depth Climatology

Our estimate of the contribution of the Q. term to the rate of anomalous warm-
ing depended on the MLD. Our estimate of hy = 25 m was similar to the MLD used
in previous studies (Flynn et al., 2017; Fewings & Brown, 2019) for mid-latitude offshore
waters. The offshore regional anomalous warming from the Q.. term was approximated
with this MLD since our study area was located in the CPCS around 35°S.

Seasonal MLD values were estimated from Argo float profiles and the Holte et al.
(2017) MLD monthly climatological values as a comparison to the approximate value used
here. The monthly climatologies contained missing values at locations with not enough
Argo profiles sampled. We evaluated the mean of the monthly MLD climatologies for
the months of December, January, and February in our study region to find the mean
summer climatological MLD. In this step, locations where the MLD for one or more months
was missing were also left missing in the summer mean MLD. This ensured that for a
summer mean MLD, we would not consider any mean values where an insufficient num-
ber of profiles were sampled for at least one of the months such that the other months
would bias the summer mean.

2.10 Linear Regression for MLD Assuming No Residual

A linear regression model for the surface mixed-layer anomaly heat budget tested
the possibility that the net surface heat flux anomaly term could explain all anomalous
warming in equation 4. We considered a case of the surface mixed-layer anomaly heat
budget where there is no residual change in SST’. We first calculated the correlation
coefficients between 9SST'/0t and Q),.,/pwcp for the 37 events at each location. Then
we used the linear regression

! ~ 08ST'
net =h
prp at + 67 (6)

where Q,.,/puw¢, is modeled as a function of SST’/dt, h is the coefficient, of the lin-
ear term which defines the best fit line, and € is the error in the model. This linear co-
efficient h is the MLD that would be most consistent with the case where Q,,, is respon-
sible for all mixed-layer warming during the warm events. For each location, we calcu-
lated the linear coefficient % from this regression using the 37 events.

At each location, we also tested whether the skill of the model S was greater than
the critical skill S_;; for a Gaussian distribution for N = 37 degrees of freedom. The
equations for these are:

Q>
<N

S:

(7)

Q>
<N

and
A qr(a, 1, N —2)
(a,1,N) =
Serit( L N) = o o @ LN = 9)

where S is the skill of the model at a location, 65 is the sample variance of the linear
regression model, and &, is the sample variance of the observations (Emery & Thom-
son, 2001). For the null hypothesis test, S'cm is the critical skill level, a = 0.05 is the
significance level, N = 37 is the number of degrees of freedom, and gp(a, 1, N — 2) is
the upper tail of the Fisher-F distribution for a univariate linear regression (Emery &
Thomson, 2001). At any location where S < Scrita a MLD estimate h for the linear re-
gression model was not determined.
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Figure 5. The heat budget (equation 4) where the sum of the composite mean anomalous
warming over 37 events from Q,.;/pcpho (b) and the residual temperature change R (c) equals
the composite mean 8SST" /0t over 37 events (a). White indicates composite anomalies that do
not differ from zero by more than half the width of the 95% confidence interval on the mean. The
black contour line indicates 8SST” /0t = 0.05°C day~*.

3 Results
3.1 Spatial Pattern of Anomalous Warming Events

Based on the spatial similarities between the wind stress anomaly and SST anomaly
in the January 2016 CPCS event (Figure 2), we hypothesized that the spatial pattern
of maximum 0S5ST’/0t for the composite average warm event in the CPCS around 40°S
would be a band reaching offshore towards the northwest from the Punta Lavapié up-
welling center as in the January 2016 warm event SST anomaly. On average, the max-
imum anomalous warming preceding warm events offshore of the Punta Lavapié upwelling
center (Figure 5a) occurred in a geographically similar area to the positive SST anomaly
pattern during the January 2016 warm event in the GHRSST satellite imagery (Figure
2a). The area affected by anomalously strong warming was a concave south band ~ 280 km
wide reaching offshore to the northwest. There was a small (~ 110 km across) patch of

anomalous cooling to the south of the band of warming, about 300 km offshore. The strongest

anomalous warming was concentrated in an area northwest of Punta Lavapié within 75 km
of the coast, while most of the anomalous warming offshore was contained in a band 200-
250 km wide, which is outlined by the black line in Figure 5a that denotes 0.05 °C day~*
in anomalous warming. Rates of anomalous warming in the area closest to the coast were
greater than 0.25 °C day~!, and in the offshore anomalous warming reached rates be-
tween 0.05-0.15 °C day 1.

The composite average of SST” over the 37 events illustrates that the highest anoma-
lies over 1.6 °C tend to be localized near the coast north of Punta Lavapié (Figure 6).
In contrast, the highest offshore anomaly along, for example, 80°W between 15°S and
50°S is 0.7 °C, less than half as warm, though it is still significantly different from zero.
The small area of negative SST’ /0t on the southwest side of Figure 5a implies that a
not insignificant rate of anomalous cooling is common in that area during warming events
off Punta Lavapié, although this was not enough cooling to materialize negative SST”
(no blue area in Figure 6).
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Figure 6. Composite average of SST’ over 37 events (blue stars in Figure 4). White indicates
anomalies not exceeding the uncertainty in the mean. SST’ was band-pass filtered to retain tem-
poral variability with time scales between 10 days and six months.
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3.2 Mean Rates of Warming From the Anomaly Heat Budget Terms

The anomalous rate of temperature change from the net surface heat flux anomaly
term preceding warm events was small compared to the total rate of anomalous warm-
ing. From the 37 events, the mean rate of anomalous warming from the net surface heat
flux anomaly term (Figure 5b) was generally below 0.05 °C day~—!, which is small com-
pared to the observed warming in the previous section. The gap between positive val-
ues and the coast indicates that the net surface heat flux anomaly term @, does not
contribute significantly to temperature change near the coast. The area of significant mean
anomalous warming from the Q/,., term has a similar pattern to the positive 9SST" /0t
region: warming from the net surface heat flux anomaly term is in the center of the black
outline of anomalous warming, extending from the upwelling center towards the north-
west (Figure 5b). Anomalous warming from the @), term affects a larger area than 8SST”/ot
preceding SST’ events (Figure 5b). Within several 100 km of the coast, the residual in
the anomaly heat budget, R, is much greater than the temperature change from Q’,.,

(Figure 5¢). Farther offshore, the residual is still substantial, approximately the same
value as @),/ pwCpho-

3.3 Effect of Mixed-Layer Depth on Warming

The impact of the net surface heat flux anomaly term in our 1-D surface mixed-
layer anomaly heat budget depends on the mixed-layer depth (MLD) since we assume
the density and the specific heat capacity are constant. A shallower MLD could allow
the net surface heat flux to be solely responsible for anomalously large SST” increases
as the residual in the heat budget trends towards zero. Under the assumption that R =0
(as in equation 4), the linear regression of the total anomalous rate of change in SST’
onto the anomalous warming from the net surface heat flux anomaly yielded the best-
fit MLD. The linear regression model was a good fit in most of the study area, as the
correlation coefficients between Q,.,/pwc, and 0SST’ /0t were greater than the criti-
cal value for statistical significance at the 95% confidence level, ...+ = 0.325 (Figure
7). Only in regions nearest to the coast, where the skill of the model was less than the
critical skill Se.y = 0.11 (Figure 8), were Q,.;/pwc, and ASST’ /At not significantly
correlated with 95% confidence. The section of the coast north of Punta Lavapié where
the residual was large in Figure 5c was one such area, so a MLD in the R = 0 case was
not determined.

Using the linear regression model from section 2.10, the coefficient of the linear term
iL, or slope of the line, was mapped over the study region as a best-fit estimate of the MLD
under the assumption that there is no residual rate of anomalous temperature change
(Figure 8). In most of the offshore area where there is a positive rate of anomalous warm-
ing preceding events, we found that the mixed layer depth would need to be between 2
and 7 meters if the net surface heat flux anomaly produced all of the temperature change
(Figure 8). The best-fit mixed layer depth from the linear regression model only reaches
a maximum slightly above 11 meters in the area where the net surface heat flux anomaly
is near zero (Figure 5b). In contrast, Figure 9 illustrates how most of the typical MLD
values for the austral summer fall around 30 meters within the red 9SST’ /0t = 0.05 °C day !
line. An average of all summer mixed-layer depths in the study domain weighted by the
area of each square yielded an average mixed layer depth of about 23 m. Since the MLD
from the Holte et al. (2017) climatology is much greater than the linear regression MLD,
it is not possible for the net surface heat flux anomaly term to explain most of the anoma-
lous warming during our events unless the MLD during these events is only ~1/3 as deep
as typical summer MLDs.
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Figure 7. Correlation coefficients between the net surface heat flux anomaly Q,., and rate of
change of SST anomaly 8SST’ /0t at the times of peak anomalous warming during the 37 events.

Correlation coefficients that are not above the critical value per;+ = 0.325 are shown in white.
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Figure 8. A map of the best-fit mixed layer depth (MLD) h from equation 6, which is the
MLD that would be necessary in the heat budget (equation 4) in the case that all anomalous
temperature change was due to the net surface heat flux anomaly absorbed in the mixed-

layer. The white areas are where the skill of the linear regression is less than the critical skill

Serit = 0.11.
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Figure 9. Seasonal climatology of MLD in summer, the mean MLD at each grid location
over December, January, and February from the monthly MLD climatology from Holte et al.
(2017). The blank squares are where there were not enough Argo profiles taken in any one month
to find a valid MLD climatological value. The red line shows the outline of the region where
0SST’/ot = 0.05°C day~'. This color bar scale has a range approximately seven times bigger

than than the range of the color bar in Figure 8.
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3.4 Wind Stress Anomaly Patterns Preceding Warm Events

The surface wind stress magnitude anomaly was used to map the mean surface wind
stress magnitude anomaly (Figure 10) over the 37 times of peak anomalous warming (or-
ange stars in Figure 4). In the area where 0SST’/0t is positive (within the red outline
in Figure 10), the wind stress magnitude anomaly is negative, indicating weakened wind
stress. A smaller positive wind stress magnitude anomaly area to the south is separated
from the northern negative wind stress magnitude anomaly by an area where there is
no significant wind stress magnitude anomaly about 40 km wide across the whole study
region. There is also a small negative anomaly area in the southwest corner of the study
region (Figure 10).

4 Discussion
4.1 Anomalous Warming Residual and MLD

The anomalous warming from the net surface heat flux anomaly term with a con-
stant MLD had a statistically significant mean spatial structure similar to 9SST"/0t.
This motivated us to determine whether the net surface heat flux anomaly is the dom-
inant term balancing SST'/dt in the anomalous heat budget. As shown in section 3.2,
the anomalous temperature change from the mean net surface heat flux anomaly term
during historical warm events (Figure 5b) was small compared to what would be needed
to explain the observed anomalous warming (Figure 5a). This result was dependent on
the MLD in the mid-latitude CPCS which we initially assumed was hg = 25 m. The
red outline in Figure 9 surrounds most of the area of anomalous warming over all 37 events.
In this area the mean summer MLDs are all deeper than our linear regression estimate
of MLDs from equation 6. At all locations where h is significant, the mixed layer depth
would need to be at most 11 m, or half as deep as the average mixed layer-depth in sum-
mer in the mid-latitudes (Figure 8). It does not appear to be reasonable that anoma-
lous sea surface temperature change in advance of warm events can be explained entirely
by the net surface heat flux anomaly unless the mixed layer depth is much shallower than
typical for these locations and season. Assuming that changes in the mixed layer depth
are dependent on changes in wind-driven mixing, without preexisting shallow MLDs a
change in the predominant surface wind stress in advance of the peak rate of warming
for each event is necessary to attain the observed anomalous rate of warming if the net
surface heat flux anomaly is small.

4.2 Offshore Warming From Other Processes

As mentioned in section 2.7, the residual, or amount of anomalous warming not ex-
plained by the net surface heat flux anomaly, includes 9SST’ /0t from penetrating short-
wave radiation anomalies that are absorbed below the mixed layer, horizontal advection
of SST’ gradients, horizontal eddy diffusion, temporal and advective changes in MLD,
and entrainment and mixing with colder water at depth z = —h. Anomalies of pene-
trating radiation are likely negligible as argued in Flynn et al. (2017) for the CCS be-
cause the shortwave radiative flux anomaly at the surface is small within the net sur-
face heat flux anomaly and SWR at depth z = —h is a fraction of this. Outside of the
upwelling zone, farther than approximately 200-300 km offshore (Bakun & Nelson, 1991;
Montecino & Lange, 2009), we do not expect advection by the mean flow or by eddies
to play a large role in the heat budget (Subramanian et al., 2013), so a major contribu-
tion from advection of MLD or SST’ gradients is unlikely. This leaves the vertical terms
in the residual, decreased entrainment and mixed layer shoaling, which were inferred to
be a substantial contribution to part of the heat budget in the CCS in Flynn et al. (2017).
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Figure 10. Average 10-day to 6-month band-pass filtered wind stress magnitude anomaly over
37 events at the time of peak anomalous warming. Anomalies not significantly different from zero
with 95% confidence are shown in white. The red line is the 8SST”/dt = 0.05 °C day~' contour,
and the purple line is the R = 0.04 °C day~! contour.
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4.3 Negative Wind Stress Anomalies Co-Located With Anomalous Warm-
ing

The mean wind stress magnitude anomaly is negative at the time of the mean peak
anomalous warming in the contour that encloses most of the anomalous warming (red
line in Figure 10) and in the contour around most of the residual (purple line in Figure
10). There is a significant negative wind stress magnitude anomaly north of Punta Lavapié,
nearer to the coast, which is over some of the area where a MLD estimate could not be
determined with the assumption R = 0 because the linear regression model did not have
statistically significant skill. Since in this area near the coast north of Punta Lavapié chang-
ing the MLD could not explain the residual using the net surface heat flux anomaly term
(i.e., they are not linearly related), there is likely some other process contributing to the
warm anomalies here that does not scale with the net surface heat flux anomaly, most
likely reduced coastal upwelling.

For the offshore areas in the anomalous warming region, mixed layer shoaling likely
contributes to enhanced warming based on the reduced wind stress magnitude (Price et
al., 1986) and the arguments in section 4.2. In section 4.1 we concluded that the observed
climatological summer (DJF) MLDs were not consistent with the net surface heat flux
anomalies explaining all of 9SST’/0t. The negative surface wind stress magnitude anomaly
during times of warming (Figure 10) could however lead to shoaling in MLD so that the
climatological and anomalous net surface heat fluxes would heat an anomalously shal-
low mixed layer, resulting in anomalous warming and helping to explain the residual in
the heat budget. Additionally, abnormally low surface wind stress magnitude may de-
crease rates of mixing and entrainment at the lower boundary of the mixed-layer to in-
crease rates of warming. The section of positive wind stress magnitude anomaly over the
area of anomalous cooling in the southwest (Figure 10) is potentially an example of the
opposite case in action. The surface wind stress anomaly-SST” relationship illustrated
by Figure 10 is good motivation for future studies to quantify the contributions of wind
stress in the mid-latitude CPCS surface mixed-layer anomaly heat budget during anoma-
lously warm events.

5 Conclusion

If future events are likely to shift towards current extremes (Intergovernmental Panel
on Climate Change, 2012), focusing on the highest 2.5% of SST anomalies provides a good
long-term estimate of future major warm events in the CPCS, as was proposed for ex-
treme MHWsS in the CCS (Fewings & Brown, 2019). The composite of the surface mixed-
layer anomaly heat budget during warm events off Punta Lavapié improved understand-
ing of the spatial structure of warm events in the CPCS by revealing the large offshore
extent of the area of significant anomalous warming. Areas where the composite anoma-
lous warming was significantly positive may be increasingly prone to high SST anoma-
lies as strong warm events occur more frequently.

The net surface heat flux anomaly term of the heat budget could not explain all
anomalous warming in the CPCS, and order of magnitude estimates similar to Flynn et
al. (2017) indicated the likelihood that reduced entrainment at the base of the mixed-
layer and MLD shoaling could contribute the most to anomalous warming offshore. Re-
duced wind stress contributes to both reduced entrainment and MLD shoaling (Price et
al., 1986). Negative wind stress magnitude anomalies in the high anomalous warming
area motivate future investigation of wind stress on time scales of 10 days to six months
for the CPCS. Most events on time scales of 10 days to six months that affected our study
area were detected in the austral summer, which is similar in timing to wind relaxations
in the CCS, which are more likely to occur in the boreal summer (Fewings et al., 2016).
This comparison of the surface mixed-layer anomaly heat budgets of two EBUS in the
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Pacific Ocean illustrates how the application of similar methods might be used to com-
pare anomalously warm events globally.

Open Research

The ERAS5 single-level data used for anomalies of SST, the net surface heat flux,
and the wind stress magnitude in the study are available at the ECMWEF Copernicus
Climate Change Service (C3S) Climate Data Store (CDS) via https://doi.org/10.24381/
cds.adbb2d47 with the License to Use Copernicus Products and a free account (Hersbach
et al., 2018). The temperature algorithm monthly mean mixed-layer depth data used for
the map of summer mean mixed-layer depth in the study are freely available at mixedlayer
.ucsd.edu from the University of California San Diego (Holte et al., 2017, last accessed:
15 June 2021). Design of the PL66 low-pass filter weights is described in R. C. Beard-
sley et al. (1985), and the code for the PLG66 filter is available on GitHub under the MIT
License at https://github.com/sea-mat/bobstuff/blob/master/pl66tn.m (B. Beard-
sley, 2000). PODAAC L4 MUR data for SST anomalies in Figure 2 is openly shared by
PO.DAAC via https://doi.org/10.5067/GHGMR-4FJ04 (Chin et al., 2017; JPL MUR
MEaSURESs Project, 2019). The ASCAT and RapidScat scatterometer winds in Figure
2 are also available from PO.DAAC via https://podaac. jpl.nasa.gov/dataset/ASCATA
-L2-Coastal and https://doi.org/10.5067/RSX12-L2C11 (Verhoef & Stoffelen, 2013;
EUMETSAT/OSI SAF, 2010; RapidScat Project, 2016).
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