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Abstract Starting in late 2013, the Northeast (NE) Pacific Ocean experienced anomalously warm sea
surface temperatures (SSTs) that persisted for over 2 years. This marine heatwave, known as “the Blob,”
produced many devastating ecological impacts with socioeconomic implications for coastal communities.
The warm waters observed during the NE Pacific 2013/2016 marine heatwave altered the surface energy
balance and disrupted ocean-atmosphere interactions in the region. In principle, ocean-atmosphere
interactions following the formation of the marine heatwave could have perpetuated warm SSTs through a
positive SST-cloud feedback. The actual situation was more complicated. While reanalysis data show a
decrease in boundary layer cloud fraction and an increase in downward shortwave radiative flux at the
surface coincident with warm SSTs, this was accompanied by an increase in longwave radiative fluxes at
the surface, as well as an increase in sensible and latent heat fluxes out of the ocean mixed layer. The result is
a small negative net heat flux anomaly (compared to the anomalies of the individual terms contributing

to the net heat flux). This provides new information about the midlatitude ocean—-atmosphere system while it
was in a perturbed state. More specifically, a mixed layer heat budget reveals that anomalies in both the
atmospheric and oceanic processes offset each other such that the anomalously warm SSTs persisted for
multiple years. The results show how the atmosphere-ocean system in the NE Pacific is able to maintain
itself in an anomalous state for an extended period of time.

1. Introduction and Background

From boreal fall of 2013 through early 2016, anomalously high sea surface temperatures (SSTs) were
observed in the Northeast (NE) Pacific, appearing in the Gulf of Alaska waters and eventually affecting
regions along the coastline of North America. The warm SSTs exceeded 6 °C above normal in some locations
during its multiyear duration, making it the largest and longest marine heatwave (MHW) ever observed
(Bond et al., 2015; Frolicher & Laufkotter, 2018; Gentemann et al., 2017; Jacox et al., 2016; Scannell et al.,
2016). MHWs often have devastating ecological and economic impacts, which can increase in severity
with the length and intensity of the MHW. Anomalously warm SSTs can cause coral bleaching (Hughes
et al., 2017; Le Nohaic et al., 2017), movement of marine species to cooler water (Cavole et al., 2016;
Oliver, Benthuysen, et al., 2018; Wernberg et al., 2016), mass species die offs (Jones et al., 2018; Oliver,
Benthuysen, et al., 2018; Garrabou et al., 2009), and harmful algal blooms (McCabe et al., 2016). For the
NE Pacific MHW in particular, the harmful algal bloom associated with the event was the largest ever
recorded and caused closures of many lucrative fisheries in the U.S. Pacific Northwest (Cavole et al., 2016;
McCabe et al., 2016). A better understanding of MHWSs, working toward the ability to forecast the intensity
and duration, could improve the adaptive capacity of communities impacted by these events.

The NE Pacific 2013/2016 MHW (hereafter the NE Pacific MHW) is one of the most well-studied MHW
events (Bond et al., 2015; Di Lorenzo & Manuta, 2016; Gentemann et al., 2017; Hartmann, 2015; Hobday
et al., 2018; Jacox et al., 2016; Myers et al., 2018; Oliver, Perkins-Kirkpatrick, et al., 2018), making it a good
case study for understanding the maintenance mechanisms of MHWs. A MHW is defined as a period when
SSTs exceed an upper threshold, typically the 90th percentile relative to local climatology, for 5 days or longer
(Hobday et al., 2016). This NE Pacific MHW (“the Blob”) is defined as a severe MHW since SST anomalies
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reached 3 times the 90th percentile differences from the local climatological SSTs (Hobday et al., 2018).
MHWs are increasing in severity and frequency, and this trend will likely continue into the future due to cli-
mate change (Oliver, Donat, et al., 2018); consequently, it is prudent to understand the physical drivers that
start and maintain MHWSs (Frolicher & Laufkotter, 2018; Oliver, Benthuysen, et al., 2018). The onset of the
high SSTs in the NE Pacific was associated with a ridge of high pressure that persisted over the Gulf of Alaska
region for many weeks, stagnating winds and causing anomalous atmosphere-ocean heat fluxes (Bond et al.,
2015; Gentemann et al., 2017; Hartmann, 2015). Less attention has been paid to why the anomalously warm
SSTs lasted for so many years.

One possible process responsible for the maintenance of the MHW is a positive SST-cloud feedback. Many
studies of the NE Pacific atmosphere—ocean system have observed concurrent increases in SSTs, decreases
in low cloud fraction, and increases in incoming solar radiation at the ocean surface, suggestive of a positive
SST-cloud feedback (Bellomo et al., 2014; Clement et al., 2009; Norris et al., 1998). In the subtropical Pacific
off the coast of Baja California during the same MHW, Myers et al. (2018) observed a positive SST-cloud feed-
back and concluded that it did indeed play a role in the persistence of the anomalous SSTs. However, they
also found that further north in the NE Pacific (40-50°N and 140-160°W) from January 2013 to December
2013, there was no evidence of a positive SST-cloud feedback during the onset of the MHW (Myers et al.,
2018). The NE Pacific MHW offers a convenient natural experiment to study whether or not a SST-cloud
feedback helped maintain the MHW in the midlatitudes—a region that was not been the focus of most pre-
vious work. Regional studies of cloud feedback are essential for understanding spatial patterns in these
feedbacks- an important step in reducing our uncertainty of cloud feedbacks in climate models.

Here we expand on the work of Bond et al. (2015) and Myers et al. (2018) by studying a time period that
encompasses the entire duration of the MHW (November 2013 to January 2016), using different datasets
(Climate Forecast System Reanalysis [CFSR] and Global Ocean Data Assimilation System [GODAS]) and
analyzing a different study region. We seek to understand the drivers contributing to the persistence of warm
SST anomalies during the entire 2013-2016 NE Pacific MHW. Specifically, we address the following
questions:

1. How does the atmosphere respond to anomalously warm SSTs during the NE Pacific MHW?
2. How does the atmospheric response to anomalously warm SSTs in turn affect the SST anomalies? In other
words, what processes caused the warm SSTs to persist for multiple years?

2. Data and Methods
2.1. Reanalysis Data

Data from the National Centers for Environmental Prediction (NCEP) CFSR (Saha et al., 2010, 2014) are
used to determine anomalies of SSTs, surface radiative heat fluxes, turbulent heat fluxes, and cloud
fractions during the MHW. More details on the CFSR product are in the supporting information. We use
reanalysis due to its complete spatial coverage, long time series, and comprehensive list of variables.
CFSR was found to be the most appropriate reanalysis dataset for the NE Pacific region, based on compar-
isons between six reanalysis datasets and National Aeronautics and Space Administration's CERES satellite
estimates of radiative flux and cloud fraction in which CFSR included the smallest errors (Schmeisser et al.,
2018). An analysis using CERES-EBAF data is included in the supporting information so readers can see the
sensitivity of results to dataset choice. Qualitatively, CERES and CFSR yield the same results (Table S1 and
Figures S4 and S5 in the supporting information). CFSR turbulent fluxes were also compared to the OAFlux
product (a dataset of best estimates of surface fluxes using satellite data and numerical weather prediction
output), and the differences were small enough that the choice of dataset has minimal effect on results of
this study (see the supporting information). All data are either provided as a 1°x1° gridded product or
are regridded to 1°X1° resolution using linear interpolation. Monthly mean data are utilized for all analyses
presented here, unless otherwise noted. Climatologies were computed by averaging data from 1979 to 2016,
and anomalies were computed by subtracting the monthly mean from the monthly climatology. The MHW
time period is defined from November 2013 to January 2016. Any MHW composited averages were
computed by averaging data from that time period. The NE Pacific region of interest is defined here from
40 to 50°N and 130 to 150°W. We used the location of the maximum average SST anomaly to help define
the study region for this analysis.
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Figure 1. (a) Sea surface temperature anomaly from Climate Forecast System Reanalysis (CFSR), averaged over the time period of the marine heatwave from
November 2013 to January 2016, study region outlined in black. (b) Monthly averaged sea surface temperature time series from CFSR in black, sea surface tem-
perature (SST) monthly average climatology in blue and the monthly average 90th percentile in green. The red shading indicates any time period where SST exceeds
the 90th percentile threshold and is thus defined as a marine heatwave.

2.2. MHW Identification

Here we use the MHW definition similar to Hobday et al. (2016), but we use monthly data instead of daily
data. Anytime observed SSTs exceed the monthly 90th percentile threshold, it is considered a MHW.
Using this method, the MHW time period for this study is defined as starting in November 2013 and ending
in January 2016.

2.3. Ocean Mixed Layer Heat Budget

A mixed layer heat budget was constructed to analyze the processes contributing to anomalous SSTs during
the NE Pacific MHW. Following Cronin et al. (2015), the mixed layer temperature tendency is computed
from the following equation:

d Q, dh\ (T-T;) 8T
h hdz

Zr= —u VT an
3t pCoh (wh+dt

z=h

where T is SST, Q, is net heat flux at the ocean surface, poC, is the volumetric heat capacity of water
(pCp = 4.088 X 10°J° - C~' - m™>), h is the mixed layer depth, u, is ocean current velocity, wy, is vertical
velocity, T}, is the temperature at the bottom of the mixed layer, «x is the diffusivity constant, and z is depth.
The first term on the right side of the equation represents the contribution of ocean surface net heat
flux to mixed layer temperature tendency, the second term represents the contribution by horizontal
advection, the third term represents entrainment at the bottom of the mixed layer, and the fourth term
represents vertical diffusivity at the bottom of the mixed layer. For the purposes of this study, the third
and fourth terms on the right side of the equation are combined into one term and are referred to as ocean
processes at the bottom of the mixed layer. Given a lack of necessary data, this term is treated as the com-
putational residual.

SSTs, radiative heat fluxes, and turbulent heat fluxes for computation of the mixed layer heat budget are from
CFSR. Ocean current velocity and mixed layer depth data are from NCEP GODAS. The mixed layer depth is
defined as the depth where the ocean temperature does not exceed more than 0.8 °C from that of the surface.
This value was found to be appropriate using monthly mean data for the region of interest.

All radiative fluxes are defined with respect to the ocean mixed layer, so positive upward radiative fluxes are
from the ocean to the atmosphere, and positive downward radiative fluxes are from the atmosphere to the
ocean. All turbulent fluxes are defined as positive upward from the ocean to the atmosphere.
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Table 1

Climatological Average® and Standard Deviation of Parameters From 1979 to 2016, Followed by Anomalies Composited and Averaged Over the Marine Heatwave
(November 2013 to January 2016) for Sea Surface Temperature, Radiative Fluxes, Turbulent Fluxes, and Cloud Cover at Different Levels

Climatological average Average Average DJF Average MAM Average JJA Average SON
and standard deviation anomaly anomaly during anomaly during anomaly during anomaly during
(1979 to 2016) during MHW MHW MHW MHW MHW

SST (K) 285.1+5.9 1.6 +0.2 1.3+0.2 1.7+0.3 1.9+03 14 +£03
Upward LW (W/m?) B7OWERSINS 82+1.0 6.8 +0.9 8.6+ 1.6 10.1 + 1.6 7.6 £14
Downward LW (W/m>) 334.0 + 304 41+138 44+13 39+3.7 2.8+22 3.8+20
Downward SW (W/m?) 1332 + 744 7.1l 55 8.3 28+17 59+72 171+ 7.9 51+30
Net radiative flux (W/m?) 831729 23+19 00+14 0.8 +4.2 88 +54 09 +24
Latent heat (W/m?) 56.7 + 40.4 7.0 2.5 14+45 59432 9.1 +3.7 17.3 + 3.7
Sensible heat (W/m?) 1.8 +16.4 1.1+1.0 —-33+1.8 1.7+ 1.1 20+ 1.2 44+1.6
Net heat flux (W/m?) 24.5 +£ 1054 =58 45 36 19 +£6.7 —6.8 + 6.0 —24+59 —20.8 £ 5.6
Total cloud cover (%) 79.6 +13.5 —33+13 —2.7+11 —29+23 —6.1+29 —28+14
Boundary layer cloud cover (%) 449 + 184 —6.9+1.9 —6.3+1.8 —7.6 +4.5 —11.0 + 2.7 —5.4+20
High cloud cover (%) 334 +11.9 53+1.0 58 +2.6 6.0+ 1.3 6.0+ 2.3 32+16

Note. All values are spatially averaged over domain from 40 to 50°N and 130 to 150°W. Seasonal anomalies composited over the marine heatwave are also

presented.

Abbreviations: CFSR: Climate Forecast System Reanalysis; DJF: December-January-February; JJA: June-July-August; LW: longwave; MAM: March-April-May;
MHW: marine heatwave; SON: September-October-November; SW: shortwave.
Climatological average is computed using monthly values from CFSR averaged over the time period from 1979-2016

3. Results
3.1. Atmospheric Response to 2013-2016 NE Pacific MHW

The CFSR data show that there was a strong anomalous atmospheric response to the warm SSTs in the NE
Pacific throughout the duration of the MHW. The mean SST anomaly during the MHW averaged 1.6 K
throughout the study region (Figure la). The duration of the NE Pacific MHW was unprecedented
(Figure S2), lasting for over 2 years (Figure 1b). The atmospheric response can be seen in the MHW-
composited average anomalies of surface radiative fluxes, turbulent fluxes, net heat flux, and cloud fractions
during the MHW (Table 1 and Figures 2-4). Upward shortwave radiative flux anomalies are not presented
here because the changes are small compared to the other radiative flux terms, and mirror changes in the
downward shortwave radiative flux since ocean surface albedo remains relatively constant. More details
on the processes associated with the NE Pacific MHW follow.

All CFSR surface radiative fluxes had anomalous responses to the warm SSTs in the NE Pacific. During the
MHW, upward longwave radiative flux increased by 8.2 W/m® on average (Table 1; climatological averages
and standard deviations also provided in table). This increase in upward longwave radiative flux is expected
given the Stefan-Boltzmann law and, unsurprisingly, the pattern of the longwave flux anomaly mirrored the
pattern of the SST anomaly (Figures 1la and 2c). During the MHW, downward longwave radiative flux
increased by 4.1 W/m? on average. The largest downward longwave radiative flux anomalies were co-located
with the largest anomalies in upward longwave radiative flux and SST (Figure 2b). The downward longwave
radiative flux anomaly was due to some combination of an increase in air temperature, changes in clouds,
and changes in humidity. CFSR data show changes in all of these parameters during the MHW (positive
anomalies of air temperature and humidity not shown), though the relative contribution of each of these
variables contributes to the increase in downward longwave radiative flux is unknown. Downward short-
wave radiative flux increased by 7.1 W/m? during the event, likely due to the accompanying reduction in
low cloud (Figure 4).

Within the region of interest, shortwave radiative flux anomalies were greatest in the southern half of the
domain compared to farther north (Figure 2d). This pattern closely matches observed changes in low cloud
(Figure 4). Increases in downward longwave radiative flux, upward longwave radiative flux, downward
shortwave radiative flux, and upward shortwave radiative flux (not shown) result in a net radiative flux
anomaly of 2.3 W/m? into the ocean mixed layer during the MHW (Figure 2a). Due to the spatial pattern
of the shortwave radiative flux anomaly shown here, the net radiative heat flux anomaly also was
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Figure 2. (a) Net radiative flux, (b) downward longwave radiative flux, (c) upward longwave radiative flux, (d) downward shortwave flux anomalies composited and

averaged over marine heatwave time per

iod (November 2013 to January 2016). The region of interest from 40 to 50°N and 130 to 150°W is boxed in black. Positive

downward fluxes defined as into the ocean surface, positive upward fluxes defined as out of the ocean surface, per Climate Forecast System Reanalysis (CFSR)

convention.

strongest in the southern part of the domain compared to the north (where net radiative flux anomalies were
smaller or even negative).

As with radiative flux anomalies, turbulent heat flux anomalies observed during the MHW also varied spa-
tially and seasonally. Latent heat flux anomalies were positive throughout the entirety of the domain, and
averaged an additional 7.0-W/m? flux of energy out of the ocean mixed layer during the MHW
(Figure 3a). The latent heat flux anomaly was largest during autumn (September-October-November)
months throughout the MHW (an average of 17.3 Wm™2 energy loss from the ocean mixed layer), and smal-
lest during winter (DJF) months throughout the MHW (an average of 1.4 Wm ™ energy loss from the ocean
mixed layer; Table 1). Sensible heat flux anomalies were mostly positive throughout the domain and average
1.1 Wm™ energy lost from the ocean mixed layer during the MHW (Figure 3b). There was also a seasonal
signature in sensible heat flux anomalies with the highest positive anomaly in September-October-
November (4.4 W/m?) and a negative anomaly in December-January-February (—3.3 W/m? Table 1).
Anomalously weak winds were observed during the MHW (Bond et al., 2015; Gentemann et al., 2017;
Myers et al., 2018) and could be partially responsible for the latent and sensible heat flux anomalies during
the MHW. The combination of turbulent and radiative heat fluxes yields the net flux from the ocean surface,
which in this case was dominated by turbulent flux anomalies.

The average net heat flux anomaly, including both radiative and turbulent heat fluxes, was negative (—5.8
W/m?) during the MHW and was dominated by the turbulent heat flux anomalies described above. While
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Figure 3. As in Figure 2 but for (a) latent heat flux, (b) sensible heat flux, and (c) net heat flux, including both radiative and turbulent heat fluxes. Positive turbulent
fluxes defined as out of the ocean surface, positive net heat fluxes defined as out of the ocean surface, per dataset conventions.

the net radiative heat flux anomaly during the MHW provided a positive anomalous heat flux of 2.3 W/m? to
the ocean mixed layer, the turbulent heat flux anomaly of —8.1 W/m? more than offset this so that the ocean
mixed layer experienced net anomalous cooling (—5.8 W/m?) due to the net anomalous heat flux alone
(Figure 3c). The net heat flux anomaly was influenced by the cloud cover response to the MHW mainly
through the radiative heat flux response.

Substantial cloud changes were observed which coincide with the radiative flux anomalies during the MHW.
A reduction in total cloud cover occurred during the MHW, with an average anomaly of —3.3% (Figure 4a).
The total cloud cover anomaly was highest during summer months (June-July-August, an anomaly of —6.4%,
Table 1), when total cloud cover is highest in the NE Pacific. This summer cloud anomaly resulted in an
anomalous downward radiative flux of 17.1 Wm™> during a time of year when the upper mixed layer is shal-
low and thus the heating rate is higher. The warmer surface temperatures were in turn accompanied by
enhanced heat loss (primarily due to latent heat fluxes) in the summer and fall. A reduction of boundary
layer cloud cover (—6.9%) was also observed throughout the domain during the MHW (Figure 4b). The
reduction in cloud cover was largest in the southern part of the domain compared to the north, and the lar-
gest anomalies were observed during the summer (June-July-August, an anomaly of —11.0%; Table 1). This
reduction in low cloud was very likely the primary driver of the observed increase in shortwave radiation at
the surface during the MHW. Despite reductions in low cloud cover, clouds were not reduced throughout the
entirety of the atmospheric column. High cloud cover increased during the MHW by 5.3% on average
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Figure 4. As in Figure 2 but for (a) total cloud cover, (b) boundary layer cloud cover, and (c) high cloud cover.

throughout the domain (Figure 4c). It is presumed that the most important effect of the high cloud changes
was to contribute to an increase in the downward longwave radiative flux at the surface.

Although the elevated SSTs during the NE Pacific MHW coincided with a reduction in low cloud cover and
an increase in radiative heat flux into the ocean surface, the turbulent heat flux anomalies offset the radiative
heat flux anomalies such that the net heat flux anomalously cooled the ocean mixed layer (Figure 3c).
Without the radiative component, however, the turbulent heat flux anomaly-driven cooling would have been
more efficient.

3.2. Ocean Mixed Layer Heat Budget During 2013-2016 NE Pacific MHW

The terms of the ocean mixed layer heat budget reveal that atmospheric processes (represented in the net
heat flux term) often balance the ocean processes (represented in the advection, entrainment and diffusion
terms), despite varying greatly throughout the year. The time series of ocean mixed layer temperature ten-
dency shows that it has a strong seasonality, with increasing SSTs (positive temperature tendency) from
approximately February to September each year and decreasing SSTs (negative temperature tendency) from
October to January (Figure 5a). This temperature tendency is largely driven by the seasonality in net heat
flux, which warms SSTs in the summer when insolation is highest and cools SSTs in the winter when turbu-
lent heat fluxes dominate (Cronin et al., 2015). Horizontal advection contributes a positive temperature ten-
dency by advecting warmer water from the western Pacific and from lower latitudes. The bottom flux term,
which is the computational residual and represents entrainment and diffusion at the bottom of the mixed
layer (in addition to any errors) balances seasonality in the other terms. In summer, when the mixed layer

SCHMEISSER ET AL.

10,778



~1
AGU

100 Journal of Geophysical Research: Atmospheres 10.1029/2019JD030780

ADVANCING EARTH
'AND SPACESCIENCE

®
N

1 L L L L | 1

= 3 i

© 0.20 — -

2 ] I

O , L

(<)

SN - -

> 0.10 —+ L

(&) 4 L

C

(0]

2

o 000 17 -

o i L

S

=

5 -0.10 =

— 9 L

[0} B \/ r

[oX i \/ L

£ I I

o -0. — ~Bottom Flux [

- 0.20 i —Horizontal Advection [

4 —Heat Flux L
i —TemperatureChange L
I ! I T
2013 2014 2015 2016 2017
Time

(b) (c)

Term1:TempFrature Chan?e with Time . Term2: Heat lflux .
= 020 - = = 020 1 -
© ©
2 k<3
g £
g 0.10 - g 0.10 -
%) [9)
= C
3 3
$ 000 - = $ 000 - -
[ [
o e
=3 p=}
® 010 = © 010 -
@ @
o Q
5 5
= -0.20 - - = 020 - -

T T T T T T
2013 2014 2015 2016 2017 2013 2014 2015 2016 2017
Time Time

—
D
~

(d)

Term3: Honz(‘)ntal Advectiop Term4: Ocearc ML Bottom lTrocesses

1
= 020 - - = 020 1 -
© ©
kel o
O [©]
< <
= 010 - = = 0.10 - -
o [$)
f= C
[0 [0}
° W °
$ 000 - $ 000 - +
[ [t
4 o
2 2
T -0.10 - S -0.10 - -
Q [}
o Q.
£ £
(o] (]
= 020 = = -0.20 - -
T T T T T T
2013 2014 2015 2016 2017 2013 2014 2015 2016 2017

Time Time

Figure 5. (a) Time series of components of ocean mixed layer heat budget-temperature change over time (black line), heat flux (red line), horizontal advection in
the ocean mixed layer (blue line), and ocean processes at the bottom of the ocean mixed layer (light green line); (b) time series of temperature tendency, where
the solid line is the climatology and the dashed line is observed temperature tendency 2013-2016; (c) as in (b) but for heat flux component of mixed layer heat
budget; (d) as in (b) but for horizontal advection component of mixed layer heat budget; (e) as in (b) but for contribution to mixed layer heat budget by ocean
processes happening at the bottom of the mixed layer. In (b)-(e), positive anomalies are shaded in red and signify that there is either additional warming (or

less cooling) than typical, while negative anomalies are shaded in blue and signify that there is either less warming (or additional cooling) than typical.
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Table 2
As in Table 1 But for the Four Terms of the Ocean Mixed Layer Heat Budget
Climatological average =~ Average monthly Average DJF Average MAM Average JJA Average SON
and standard deviation anomaly during  monthly anomaly = monthly anomaly = monthly anomaly = monthly anomaly
(2001 to 2016) MHW during MHW during MHW during MHW during MHW
Temperature (°C/day) —1.0e-4 + 5.3e—2 -2.2e-3 +1.5e-2  —9.3e-4 + 9.8e-3 2.9e-3 + 2.8e-3 1.8e-3 + 9.8e-3 —1.3e-2 + 1.6e-2
tendency (W/mz) —0.30 £+ 160.8 =517 4= 392 —4.9 + 51.7 12.0 £ 11.6 L7/ 26 CL1 —24.9 + 30.6
Net heat flux  (°C/day) 3.9e-2 + 7.8e-2 —3.9¢-3 + 1.9e-2 1.1e-3 + 6.0e-3 1.6e-3 + 1.6e-3 —1.2e-3 + 1.5e-2 —1.7e-2 + 6.9¢e-3
(W/mz) 118.3 + 236.6 —10.2 + 49.7 5.8 +31.6 6.6 + 6.6 -1.1+14 —32.5+13.2
Horizontal (°C/day) 24e-2 + 1.1e-2 —3.0e—3 + 8.0e-3 -3.2e-3 + 1.3e-2 1.0e-3 + 3.0e-3 —6.1e—3 + 2.1e-3 -3.9e-3 + 1.7e-3
advection  (w/m?) 72.8 + 33.4 —7.8 +20.9 —16.9 + 68.6 42 +125 —5.7+20 —7.5+33
Ocean ML (°C/day) —6.3e-2 + 3.5e-2 4.5e-3 + 1.6e-2 3.4e-3 + 1.5e-2 2.1e-4 + 3.2e-3 —9.0e-3 + 6.9¢-3 8.1e-3 + 7.7e-3
bottom (W/m?) —191.1 + 106.2 11.8 + 41.8 17.9 + 79.1 0.87 + 13.5 -84+ 6.4 15.5 + 14.7
processes

Note. The blue shading indicates negative anomalies—less warming or more cooling than average. The orange shading indicates positive anomalies—more

warming or less cooling than average.

Abbreviations: DJF: December-January-February; JJA: June-July-August; MAM: March-April-May; MHW: marine heatwave; ML: mixed layer; SON: September-

October-November.

is shoaling and at its most shallow, the bottom processes are strongly cooling SSTs, while in the winter, when
the mixed layer is deepest, bottom processes have a very minimal effect on SSTs in the mixed layer (Ronca &
Battisti, 1997). Anomalies of the ocean mixed layer heat budget terms reveal that processes that control
mixed layer SSTs were anomalous during the NE Pacific MHW (Table 2).

Furthermore, the net heat flux anomalies (section 3.1 and Figure 5c) offset positive anomalies in ocean
processes (Figures 5d and 5e) in order to maintain a near-climatological SST tendency throughout the
MHW. Despite the large positive anomaly in 2013 at the beginning of the heatwave, the temperature ten-
dency remains more or less close to 1979-2016 climatology throughout the MHW, which reflects the fact that
the SSTs remained elevated after the initial forcing (Figure 5b). The anomalies in each heat budget term are
relatively small and not consistently either positive or negative (Figures 5b-5e). The slight seasonal varia-
tions in the anomalies of terms contributing to temperature tendency tend to offset each other, such that
the temperature tendency anomaly throughout the MHW remains negligible. This analysis shows that after
the initial forcing that warms SSTs and marks the onset of the MHW, these elevated upper ocean tempera-
tures did not just relax back to climatology in a few months’ time. Instead, the anomalous atmospheric and
ocean processes offset and largely balanced each other (Table 2; MHW-average radiative flux anomaly of 2.3
W/m?, latent heat flux anomaly of —8.1 W/m?, ocean advection anomaly of —7.8 W/m?, and mixed layer
entrainment and diffusion anomaly of 11.8 W/m?), resulting in the maintenance of the MHW for over 2 years.
While the latter value was estimated as a residual, the sign of the term is reasonable. The warmth of the
upper mixed layer during the MHW implies greater stratification near its base, consistent with suppressed
exchanges between the mixed layer and cooler waters at depth. The demise of the MHW occurred in late
2016 during a period of enhanced cooling. The principal mechanisms were the surface heat fluxes
(Figure 5¢) and horizontal advection (Figure 5d) in association with anomalous winds from the northwest
(not shown).

4. Discussion

Analysis of the NE Pacific 2013/2016 MHW using a combination of reanalysis data and a mixed layer heat
budget shows that the atmosphere had a strong anomalous response to the warm SSTs. A positive regional,
nonequilibrium SST-cloud feedback does play a role in reinforcing high SSTs but is offset by the large turbu-
lent flux anomalies in the region. Anomalous ocean processes were largely balanced by atmospheric
processes, which preserved the atypically warm SSTs, maintaining the MHW for over 2 years.

A remarkable result from this study is that the midlatitude NE Pacific atmosphere-ocean system has the
ability to maintain itself in an anomalous state for multiple years through a subtle balance between oceanic
and atmospheric processes. After the initial atmospheric forcing that caused the SST warming (Bond et al.,
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2015), the atmosphere responded with anomalies in radiative fluxes (2.3 W/m?) that were largely offset by
anomalies in latent heat fluxes (—8.1 W/m?) and balanced by anomalies in ocean advection (—7.8 W/m?)
and mixed layer entrainment and diffusion (11.8 W/m?). This yielded a near-climatological SST tendency
during the MHW and led to the unprecedented persistence of the warm SST anomalies. Our results also
show that mechanisms that start a MHW are not necessarily the same as the combination of oceanic and
atmospheric mechanisms that maintain the anomalous SSTs during a MHW or contribute to the decay of
a MHW (Bond et al., 2015; Myers et al., 2018).

Myers et al. (2018) did not follow the MHW to termination and analyzed a slightly different region than the
one analyzed here. Nevertheless, while magnitudes of radiative and latent heat flux anomalies during the NE
Pacific MHW differed between this study and Myers et al. (2018), both analyses highlight the importance of
latent heat fluxes in the mixed layer heat budget in the NE Pacific MHW. This study finds an average net
radiative flux anomaly of 2.3 + 1.9 W/m? additional energy into the ocean mixed layer from November
2013 to January 2016; Myers et al. (2018) find a much smaller net radiative flux anomaly 0.4 + 1.7 W/m”
net for the region from 40 to 50°N, 140 to 160 °W in 2013, and the 0 + 1 W/m? anomaly in 2014. Here we
find turbulent heat flux anomalies of 8.1 + 3.5 W/m? out of the ocean from November 2013 to January
2016, while Myers et al. (2018) present turbulent heat flux anomalies of —12.7 + 4.7 W/m? (into the ocean)
in 2013. Results show different processes at work at the onset of the MHW (Myers et al., 2018) compared to
throughout the duration of the MHW. Here we show that positive radiative flux anomalies throughout the
MHW were important in maintaining the SST anomalies, contrary to conclusions in Myers et al. (2018).
In addition, turbulent heat fluxes actually contributed to the onset of anomalously warm SSTs in 2013, while
throughout the duration of the MHW, the turbulent fluxes provided anomalous cooling to the ocean mixed
layer, which offset the positive radiative flux anomalies and yielded near-climatological SST tendencies. Still,
our analyses of the NE Pacific MHW agree with Bond et al. (2015) and Myers et al. (2018) on the central role
of turbulent fluxes on SSTs during the event, and that radiative anomalies associated with a SST-cloud feed-
back do not dominate SST tendencies in this midlatitude region.

The findings presented here have important implications for the study of SST-cloud interactions in general.
While the observed reduction in low cloud concurrent with elevated SSTs during the MHW further supports
ample documentation of a negative SST low cloud correlation in the NE Pacific (Clement et al., 2009; Klein
et al., 1995; Klein & Hartmann, 1993; Norris, 2000; Norris et al., 1998; Norris & Leovy, 1994), the offsetting
turbulent heat fluxes show that a positive SST-cloud feedback alone does not necessarily drive SST tenden-
cies in the region. Observations of a coincident increase in SST, decrease in low cloud, and increase in inci-
dent shortwave radiative flux are not enough to infer additional SST warming. Turbulent fluxes play an
essential role in determining how the change in heat flux actually affects SSTs and must be considered in
analyses of SST-cloud interactions. The observed ocean-atmosphere interactions during the NE Pacific
MHW closely follow the theoretical framework of Ronca and Battisti (1997), in which clouds respond to
SST changes but do not further warm SSTs due to compensating turbulent heat fluxes. Ronca and Battisti
(1997) find for the NE subtropical Pacific that net heat flux anomalies associated with SST anomalies are
too small to in turn affect SSTs. In other words, the atmosphere responds to changes in SSTs, but the subse-
quent net heat flux anomalies are not large enough to feed back onto SSTs. This combined effect is more aptly
described as a SST-cloud/atmosphere response than a SST-cloud/atmosphere feedback. Numerous studies
claim positive SST-cloud feedback based on observations of a SST-cloud response-anomalously warm
SSTs, reduction in low cloud, and increased incident solar radiation at the surface (Bellomo et al., 2014,
Bellomo et al., 2016; Clement et al., 2009; Norris et al., 1998). We show here that this may not always be
enough evidence to claim the presence of a true SST-cloud feedback that yields sustained anomalous SST ten-
dencies, given the importance of turbulent fluxes and ocean processes to SST tendencies in the midlatitudes.
Studies should be careful to specify the effect of SST-cloud feedback on SST tendency. In the case of the NE
Pacific MHW, an observed positive SST-cloud feedback does not yield anomalous SST tendencies since tur-
bulent fluxes counterbalance radiative fluxes to sustain SST anomalies.

In the context of other NE Pacific SST-cloud feedback studies, our work suggests that both SST-cloud feed-
back and turbulent flux feedback in this region likely have high spatio-temporal variability. While we show
that a positive SST-cloud feedback did not dominate the mixed layer heat budget in the midlatitude NE
Pacific during this MHW, there is evidence of a positive SST-cloud feedback dominating and driving the per-
sistence of warm SSTs during the same MHW at lower latitudes in the subtropical NE Pacific (Myers et al.,
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2018). Moreover, many other studies present evidence for a positive SST-cloud feedback in the NE Pacific at
lower latitudes than the region studied here (Clement et al., 2009; Klein et al., 1995; Klein & Hartmann, 1993;
Norris, 2000; Norris et al., 1998; Norris & Leovy, 1994). The important role of turbulent fluxes in the
midlatitudes appears to be enough to dampen positive SST-cloud feedbacks that have been documented in
the lower latitudes of the subtropics (Ronca & Battisti, 1997). If SST-cloud feedback indeed have such high
spatio-temporal variability, more work is needed to understand what environmental variables support
SST-cloud feedback. Regional studies like this are necessary to reduce the uncertainty in cloud feedback
and incorporate their spatial variability more appropriately into climate models.

5. Conclusions

Reanalysis data show that the anomalously warm SSTs during the NE Pacific 2013/2016 MHW were accom-
panied by increases in upward longwave, downward longwave, upward shortwave, and downward short-
wave radiative fluxes. The changes in downward shortwave radiative flux were associated with a
reduction in low cloud fraction. The observed positive net radiative flux anomaly provides evidence for a
positive SST-cloud feedback; however, this feedback does not dominate SST tendencies during the MHW.
Instead, near-climatological SST tendencies were observed due to negative anomalies in turbulent fluxes that
offset the radiative flux anomalies throughout the MHW. These results show the importance of turbulent
fluxes to SST tendencies in the midlatitudes.

Moreover, analysis of the ocean mixed layer heat budget during the MHW reveals the essential role of ocean
processes in determining the maintenance of SST anomalies during the MHW. Small anomalies in oceanic
horizontal advection and processes at the bottom of the ocean mixed layer offset small anomalies in the
net heat flux such that the MHW persisted for over 2 years. Through the balance in oceanic and atmospheric
anomalies, the atmosphere—ocean system in the NE Pacific is able to maintain anomalous SSTs for the dura-
tion of the longest MHW ever observed.
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