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Abstract. The subpolar North Atlantic is an important part
of the global ocean and climate system, with SST variabil-
ity in the region influencing the climate of Europe and North
America. While the majority of the global ocean exhibited
higher than average surface temperatures in 2015, the subpo-
lar North Atlantic experienced record low temperatures. This
interannual cold anomaly is thought to have been driven by
surface forcing, but detailed questions remain about how the
anomaly was created and maintained. To better quantify and
understand the processes responsible for the cold anomaly,
we computed mixed-layer temperature budgets in the Esti-
mating the Circulation and Climate of the Ocean (ECCO)
Version 4 global ocean state estimate. State estimates have
been brought into consistency with a large suite of observa-
tions without using artificial sources or sinks of heat, mak-
ing them ideal for temperature budget studies. We found
that strong surface forcing drove approximately 75 % of the
initial anomalies in the cooling of the mixed layer in De-
cember 2013, while horizontal advection drove the remain-
ing 25 %. The cold anomaly was then sequestered beneath
the mixed layer. Re-emergence of the cold anomaly dur-
ing the summer and autumn of 2014 was primarily the re-
sult of a strong temperature gradient across the base of the
mixed layer, with vertical diffusion accounting for approxi-
mately 70 % of the re-emergence. Weaker surface warming
of the mixed layer during the summer of 2015 enhanced the
anomaly, causing a temperature minimum. Spatial patterns
in the budgets also show large differences between the north
and south of the anomaly region, with particularly strong ini-
tial surface cooling in the south related to the positive phase
of the East Atlantic Pattern. It is important to note that this

interannual cold anomaly, which is thought to be primarily
driven by surface forcing, is distinct from the multi-decadal
North Atlantic “warming hole”, which has been associated
with changes in advection.

1 Introduction

In 2015, while the majority of the global ocean experi-
enced warmer than average surface temperatures, the sub-
polar North Atlantic instead experienced record low tem-
peratures. This phenomenon, often described as the “At-
lantic cold blob” is thought to have been driven primarily
by surface forcing. The coldest monthly anomalies occurred
during the summer of 2015, with sea surface temperatures
(SSTs) reaching around 2 °C lower than the long-term aver-
age (Duchez et al., 2016; de Jong and de Steur, 2016). The
anomaly extended across the subpolar North Atlantic and
was observed from the surface to depths of at least 500 m
(Duchez et al., 2016; Josey et al., 2018). The low tempera-
tures led to an increase in convection (Piron et al., 2017) and
enhanced formation of Subpolar Mode Water (Grist et al.,
2016), with subsequent effects on the local climate (Duchez
et al., 2016; Mecking et al., 2019) and surrounding ecosys-
tems (Hatun et al., 2017). The rarity and intensity of the 2015
cold anomaly event, as well as the rate at which the anomaly
formed, mean that such events are difficult to predict using
models (Maroon et al., 2021). The Atlantic cold blob is sep-
arate to a multi-decadal cooling trend that has also been ob-
served in the North Atlantic (Drijfhout et al., 2012; Rahm-
storf et al., 2015).
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Previous studies have highlighted the importance of
anomalous surface heat loss in driving anomalies in both
surface temperatures and the strength of the convection in
the North Atlantic (de Jong and de Steur, 2016; Yeager
et al., 2016; Desbruyeres et al., 2019; Kostov et al., 2021).
From 2014-2015, the subpolar North Atlantic experienced
the strongest surface heat loss since the 1980s (Yeager et al.,
2016). This extreme heat loss spanned the whole subpolar
gyre (Piron et al., 2017) and has been linked to anomalously
strong westerly and northerly winds transporting colder air
over the region (Grist et al., 2016). While there is a strong
relationship between variability in upper-ocean temperature
and the strength of the Atlantic overturning circulation (Des-
bruyeres et al., 2019; Kostov et al., 2021), surface forcing
from 2013-2014 was strong enough to erode any correlation
between the strength of the overturning and the upper-ocean
heat content (Desbruyeres et al., 2019).

Re-emergence, the process by which surface temperature
anomalies are “stored” beneath the mixed layer and later
brought back up to the surface again as the mixed layer
deepens, has also been shown to be important for driving
and sustaining temperature anomalies over consecutive years
(Alexander et al., 1999). In the North Atlantic, this process
involves surface-driven SST anomalies associated with at-
mospheric modes of variability, such as the North Atlantic
Oscillation (NAO) or East Atlantic Pattern (EAP), being se-
questered beneath the seasonal thermocline as the mixed
layer shallows during spring and summer. The anomalies
then re-emerge at the surface the following autumn and win-
ter, as the mixed layer deepens again (Cassou et al., 2007;
Taws et al., 2011).

The 2015 cold anomaly has been linked to the two lead-
ing North Atlantic atmospheric modes of variability. The
NAO is defined by the pressure gradient between the Iceland
Low and Azores High, with a positive index representing a
stronger gradient (Rogers, 1984; Lamb and Peppler, 1987).
The EAP is recognised by a pressure anomaly in the east of
the subpolar gyre, with a negative anomaly associated with
a positive EAP index (Wallace and Gutzler, 1981; Barnston
and Livezey, 1987). During the strong surface heat loss in the
winter of 2013-2014, the EAP was dominant and in its pos-
itive phase, while the NAO was dominant and also positive
during the winter of 2014-2015 (Yeager et al., 2016; Josey
et al., 2018). Conversely, variability in the surface temper-
ature of the North Atlantic also has a strong influence on
the regional climate, as anomalous SSTs drive changes in
atmospheric temperature and subsequent changes in the at-
mospheric flow (Sutton and Mathieu, 2002). Cold anomalies
in the North Atlantic subpolar gyre have also been linked to
European heatwaves, and the 2015 cold anomaly may have
contributed to the development of extreme heatwave condi-
tions in central Europe during the summer of 2015 (Duchez
et al., 2016; Mecking et al., 2019).

Grist et al. (2016) showed that anomalous surface cooling
was important in driving the initial cold anomaly in 2013-
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2014, while Josey et al. (2018) reviewed the various pro-
cesses involved in driving and sustaining the cold anomaly
from 2013 to 2016. In this work, we use mixed-layer tem-
perature budgets within an ocean state estimate to quantify
the proportion of initial cooling due to each process and de-
termine the individual processes driving the re-emergence of
the cold anomaly the following year. We also look at the spa-
tial patterns in the drivers of the cold anomaly, focusing par-
ticularly on the differences between the north and south of
the cold anomaly region.

Following the methods of previous studies (Frankignoul,
1985; Peter et al., 2006; Dong et al., 2007), we choose to
approximate the mixed-layer temperature budgets offline us-
ing the monthly averaged model output, assigning changes
in temperature to well-known ocean processes. Because our
chosen method uses a certain set of well-understood as-
sumptions, including the concepts of entrainment and lat-
eral induction, it provides unique insights into the evolu-
tion of the mixed layer that would be unclear or unavailable
in a closed-budget representation. This may sound counter-
intuitive, since closed budgets are desirable in a large number
of applications. However, the advantage comes from the fact
that entrainment and lateral induction represent the average
effect of how the temporally varying mixed layer interacts
with its environment over a chosen time period, in our case
1 month, in a way that is not captured by following the mixed
layer at each time step. However, the disadvantage of this
method is that the budgets do not close perfectly. This is due
in part to the computation of the budgets on lower temporal-
resolution data than when closed budgets are computed on-
line. Error is also introduced by the various assumptions that
must be made, such as the values chosen to represent diffu-
sivity and the definition of entrainment velocity. The view of
the mixed layer produced by this method should be regarded
as one among many, as different views will complement each
other and help us build a more complete understanding of
mixed-layer evolution. That being said, for validation pur-
poses, we did compare the similarities between the anoma-
lies in our mixed-layer budgets and those in the fully closed
budgets and found them to be similar.

In Sect. 2, we discuss the state estimate used to analyse
the 2015 cold anomaly and outline the method used to com-
pute the mixed-layer temperature budgets within the model.
In Sect. 3.1, the cold anomaly is analysed within observa-
tions in order to validate the cold anomaly within the model
in Sect. 3.2. In Sect. 3.3, we determine the dominant pro-
cesses driving seasonal temperature variability within the
cold anomaly region, before examining anomalies in these
processes in the lead up to, and during, the 2015 cold
anomaly in Sect. 3.4. Finally, in Sect. 3.5 and 3.6, the spatial
patterns in the processes driving the cold anomaly are ex-
plored, focusing particularly on the differences between the
north and south of the region.
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2 Methods and data
2.1 Ocean state estimates

We use an MITgcm-based global ocean state estimate to
investigate the drivers of the 2015 North Atlantic cold
anomaly: Estimating the Circulation and Climate of the
Ocean (ECCO) Version 4, Release 4 (ECCOv4-r4, covering
1992-2017) (Fukumori et al., 2017). A state estimate is a nu-
merical simulation of the time-evolving ocean state that has
been brought into consistency with a suite of observations
(e.g. Argo float profiles, ship hydrography, satellite altime-
try). The process of constructing a state estimate involves
iteratively adjusting the initial conditions, surface forcing
fields, and mixing parameters in order to reduce model-
data misfit. The adjustments are carried out via the 4D-Var
method, whereby adjoint sensitivity fields are used to calcu-
late the adjustments that will decrease the model—data misfit.
Below we describe some relevant features of the state esti-
mate; we refer the reader to Forget et al. (2015a) and refer-
ences therein for more details.

ECCOvV4 uses a latitude—longitude cap (LLC) grid with
a nominal horizontal resolution of 1°, which corresponds to
roughly 40-50km at high latitudes and roughly 110km at
the Equator. In the vertical, it uses the z* rescaled height co-
ordinate, with 50 vertical levels ranging from 10 to 456 m.
ECCOv4 features parameterised diffusion, including simple
convective adjustment, diapycnal and isopycnal diffusion,
and the Gaspar—Grégoris—Lefevre mixed-layer turbulence
closure scheme (Gaspar et al., 1990). It also includes the bo-
lus transport parameterisation of Gent and McWilliams (GM,
1990). Despite the relatively coarse resolution of ECCOv4,
its water mass properties are in good agreement with obser-
vations, thanks in part to the 4D-Var optimisation process
that iteratively adjusts the spatially varying turbulent trans-
port coefficients (Forget et al., 2015b). As a first guess, EC-
COv4 uses ERA-Interim atmospheric forcing fields, which
are then adjusted to reduce model—-data misfit. The buoyancy,
radiative, and mass fluxes use the bulk formulae of Large and
Yeager (2009). The state estimate also uses fully dynamic sea
ice, with buoyancy and mass fluxes recalculated according to
Losch et al. (2010). Note that this setup does not use salinity
restoring at the surface. The analysis in ECCOv4-r4 set out
in this paper was also repeated in ECCO Version 4 Release 3
(ECCOv4-13, covering 1992-2015; see Forget et al., 2015a),
with the same conclusions reached (Appendix B).

The advantage of using a state estimate is that it provides a
physically consistent description of the ocean beyond what is
measured via observations and so can be used to identify the
processes behind the observed variability in the ocean. Many
previous studies have used ECCOvV4 to investigate variability
in the North Atlantic and have shown the state estimate to be
a good representation of the region. Variability in ocean heat
content in the subpolar North Atlantic is well-reproduced
in ECCOv4 in comparison to observations (Buckley et al.,
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2014; Foukal and Lozier, 2018; Asbjgrnsen et al., 2019), as
are trends in salinity (Tesdal et al., 2018) and overturning cir-
culation in the subpolar North Atlantic (Piecuch et al., 2017).
Interannual variability in the ERA-Interim air—sea heat fluxes
used to force ECCOvV4 are also very similar to independent
observations in the North Atlantic and Arctic Ocean (Lind-
say et al., 2014).

2.2 Mixed-layer temperature budget

We compute mixed-layer temperature budgets for the North
Atlantic using a well-established analysis method (e.g.
Frankignoul, 1985; Peter et al., 2006; Dong et al., 2007), as
described in Eq. (1) below. This method requires a number of
assumptions and parameterisations to provide an approxima-
tion of the budget. We define the mixed-layer depth (MLD),
hm, as the depth at which potential density is 0.03 kgm™3
greater than that of the surface cell. The net rate of change
in the average mixed-layer temperature, Tr,, is attributed to
surface heat fluxes, horizontal advection, entrainment of wa-
ter from beneath the mixed layer, vertical and horizontal dif-
fusion, and lateral induction, which describes the horizontal
transport of water through the base of a sloped mixed layer:

0T Onet — q(hm) 0hm AT
A2 Ty, VT — ——
ot poCphm — ot hp
Advection —
Surface flux Entrainment
AT K, AT s
—Un - Vhin—+ ——+ «kV°Ty. (1)
hm hm Az ——
———— " Horizontal
Lateral induction Vertical diffusion
diffusion

Onet 18 the net heat flux into the surface ocean, and pg and c),
are constants denoting reference density and specific heat ca-
pacity. The decay of incoming shortwave radiation within the
top depth cells is represented by the function g (Chakraborty
and Campin, 2013). uy, is the lateral ocean velocity averaged
over the mixed layer, and AT is the difference between the
average temperature of the mixed layer and that of the model
depth cell immediately below. The entrainment velocity is
defined as the rate of change in MLD but is set to zero for a
shallowing mixed layer, since detrainment does not alter the
properties of the remaining water in the mixed layer.

The ECCOv4 state estimate uses a variety of diffusion
schemes, with spatially varying parameters representing dif-
fusivity that are adjusted as part of the state estimation pro-
cess. The background mixing in the model is not directly
comparable to the diffusivity at the base of the mixed layer
that is used here to compute the diffusion term of the bud-
get. In the budget, we use constant vertical and horizon-
tal diffusivity values for simplicity. The values were opti-
mised in order to minimise the average error between the
right- and left-hand sides of the equations within the region
of the cold anomaly. We therefore use a vertical diffusivity,
K, of 2.01 x 10~*m?2 s~! and a horizontal diffusivity, «, of
2000m? s~ .
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This method to compute the mixed-layer temperature bud-
get results in an approximation of the budget, while taking
into account the dynamic nature of the mixed layer via the
inclusion of entrainment and lateral induction terms, which
are driven by the spatio-temporal changes in the depth of the
mixed layer. By defining the individual terms this way, we
can deconstruct those relevant to the formation of the cold
anomaly to further understand the processes and properties
that result in anomalies in the budget terms. Using Eq. (1),
the mixed-layer temperature budget was computed at each
individual point within the approximate area covered by the
North Atlantic cold anomaly, defined as 43—63° N, 50-20° W
(shown in Fig. 1). For comparison, fully closed budgets were
also computed online, using the output advection and diffu-
sion terms, following the steps set out by Piecuch (2017).
The budget terms for each cell within the mixed layer were
then averaged at each time step to replicate the terms of the
approximated mixed-layer budget. The surface heat flux term
of the budget is computed in the same way for each method;
however the fully closed budget does not include the entrain-
ment or lateral induction terms and so does not factor in the
changing depth of the mixed layer.

3 Results
3.1 The 2015 cold anomaly in observations

We first analyse the 2015 cold anomaly in observations, for
comparison with the cold anomaly in the state estimate. The
average 2015 anomalies in the HadISST1 monthly averaged
SST observations are shown in Fig. 1a. Negative SST anoma-
lies are present across the majority of the North Atlantic
and are more intense when only the summer is considered
(Fig. 1b). The coldest anomalies, of around —2 °C, occur in
the southwest of the region, centred at approximately 48° N,
44° W. The boxes shown in Fig. 1 represent the region that
encompasses the majority of the cold anomaly. While the
negative anomalies extend slightly further east and north,
the strongest anomalies are contained within the box. In the
northwest of the box, along the southwest Greenland coast,
positive (warm) anomalies are only present during the sum-
mer and so do not strongly affect the 2015 annual average.

3.2 The 2015 cold anomaly in ECCOv4

The 2015 cold anomaly is present in the SST of ECCOv4-
r4 (Fig. 1c, d). As in the observations, the SST anomalies
are most strongly negative when only the summer of 2015 is
considered, but a clear cold anomaly is also seen when the
anomalies are averaged over the whole year. The state esti-
mate captures the overall pattern of the 2015 cold anomaly
seen in the observations, especially within the box focused
on throughout this study, although there are some spatial dif-
ferences. The negative anomaly in the 2015 average is simi-
lar to that of observations within the box, except for slight
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positive anomalies along the southern coast of Greenland.
Positive anomalies also occur in the Labrador Sea when the
SST anomaly is averaged over the whole of 2015 (Fig. 1c).
However, in both the model and observations, the sign of the
anomalies in this region is strongly dependent on the period
over which the subtracted climatology is calculated. The pos-
itive anomalies in ECCOv4-r4 are driven by warming from
January to April, but when only summer is considered, the
anomalies in this region are much closer to the observations
(Fig. 1d). The positions of the 10 and 12 °C isotherms are
also shown in Fig. 1; strong similarities between the model
and observations suggest that ECCOv4-r4 does a good job of
reproducing the surface currents within the region.

In this work, we focus on the anomalies within the box
shown. Because the anomaly has no regular shape and in or-
der to remove the effect of the warm anomalies along the
Greenland coast which are not seen in observations, we de-
fine the cold blob region as the area within the selected con-
trol volume with an average 2015 SST anomaly below zero.
The results of the mixed-layer temperature budgets are insen-
sitive to the inclusion of these areas. When the SST anomaly
is averaged over this region, the R? value between the time
series of anomalies in HadISST1 observations and the state
estimate is 0.94 for the period 1992-2015.

Here, we focus on the cold anomaly within the mixed
layer. The time series of the mixed-layer temperature anoma-
lies averaged over the cold blob region is therefore shown
for both ECCOv4-r4 and Hadley Centre EN4 observations
in Fig. 2. The 2015 cold anomaly is clear in the mixed-layer
temperature as the most negative anomalies over each time
series, and there is good agreement between the state esti-
mate and the observations (R> = 0.89). Negative tempera-
ture anomalies first appear in November 2013, decreasing to
—0.8°C in March 2014 in the observations and to —0.9°C
in April 2014 in ECCOv4-r4, before switching to positive
anomalies during the summer. The anomalies then become
negative again and decrease strongly, reaching a minimum
of —1.5°C in the observations and —1.6 °C in ECCOv4-r4,
during August 2015. The linear trend in the anomalies in
mixed-layer temperature from the start of the cooling (De-
cember 2013) to the peak cold anomaly (August 2015) is
—0.48°Cyr~! in ECCOv4-r4, compared to —0.55°C yr~! in
the observations. The anomalies then remain predominantly
negative throughout 2016 and 2017. The linear trend in the
anomalies from the peak of the anomaly until the end of the
ECCOv4-r4 time series (December 2017) is 0.56°C yr~! in
ECCOv4-r4, compared to 0.53 °C yr~! in the observations.

There are clear signatures of re-emergence in the verti-
cal structure of the temperature anomalies and the MLD
(Fig. 3). The anomaly begins in the winter of 2013-2014 and
reaches a minimum within the shallow summer 2015 mixed
layer. During 2013, weak warm temperature anomalies ex-
tend through the water column, before cold anomalies de-
velop in the winter of 2013-2014, extending throughout the
deep winter mixed layer. The following summer, the mixed
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Figure 1. SST anomaly (°C) in (a, b) the HadISST1 monthly SST observations and (¢, d) ECCOv4-r4, relative to the 1992-2015 climatology,
averaged over the whole of 2015 (a, ¢) and the summer (JJA) only (b, d). The black boxes mark the region we use to define the extent of
the 2015 cold anomaly (43-63° N, 50-20° W), with a dashed line at 53° N separating the north and south of the cold anomaly region. The
contours show the average position of the 10 and 12 °C isotherms over the same period.
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Figure 2. Time series of anomalies in the mixed-layer average potential temperature (°C), relative to the 1992-2015 monthly climatology,
averaged over the cold blob region, for EN4 observations (red) and ECCOv4-r4 (blue). The shaded area marks the time period from when
the initial cold anomaly begins to emerge to when the anomaly once again becomes positive.

layer shallows and the negative anomalies are sequestered
beneath, where they continue to slowly decrease in temper-
ature. During this time, the mixed-layer temperature instead
experiences positive (warm) anomalies, as seen within the
average mixed-layer temperature in Fig. 2. In October 2014,
the mixed layer starts to deepen again and the cold anomaly
re-emerges within the mixed layer. Further cooling occurs
during the summer of 2015, with the minimum tempera-
ture anomaly occurring within the shallow summer mixed
layer. Following the minimum, the cold anomaly is sustained
through 2016 at a lesser magnitude and is again sequestered
below the mixed layer during the summer when very small
anomalies are seen within the shallow mixed layer. In gen-
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eral, both the warm anomalies prior to the formation of the
cold anomaly and the cold anomaly itself are more intense in
ECCOv4-r4 than in the EN4 observations. However, there is
still very little difference between the magnitude of the two
sets of anomalies when the average temperature of the mixed
layer is considered (Fig. 2).

At its deepest, the cold anomaly extends from the sur-
face to depths of at least 500 m. During the formation of the
cold anomaly, the depth of the winter mixed layer within the
cold blob region also increases. The winter mixed layer is
anomalously deep in each of the 3 years shown in Fig. 3,
with a maximum of 335 m in 2014 in the observations. In the
state estimate, MLD instead peaks in 2015, with a maximum
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Figure 3. Potential temperature anomaly over depth, relative to the
1992-2015 monthly climatology (colour; °C), averaged over the
cold blob region in (a) EN4 observations and (b) ECCOv4-r4. The
MLD is also shown (black line, m). Note the non-uniform spacing
of the vertical axes.

depth in of 393 m during March. This increase in MLD is
likely a result of the cold anomaly preconditioning the wa-
ter column for deep convection, as suggested by Piron et al.
(2017). To ensure ECCOv4-r4 accurately represents MLD
across the North Atlantic, the seasonal cycle in MLD is com-
pared with that calculated from EN4 temperature and salinity
observations (Fig. 4). Analysis of global mixed-layer depths
in ECCOV4 has also been completed by Forget et al. (2015a).
Within the cold anomaly region, patterns in MLD are fairly
consistent between the state estimate and observations, par-
ticularly during winter and spring when mixed layers are
deepest. Mixed layers are particularly deep in the northern
half of the cold anomaly region, along the south coast of
Greenland, and in the Irminger Sea, in both the observations
and the state estimate.

3.3 Processes driving seasonal temperature variability
in the cold blob region

To determine the processes controlling temperature variabil-
ity within the cold blob region, the average seasonal cycle of
the mixed-layer temperature budget was calculated (Fig. 5).
Our approximation of the budget is shown in Fig. 5a. This
approach to computing the mixed-layer temperature budget
takes into account the spatio-temporal variability in MLD,
but due to the low temporal resolution of the model data and
the various assumptions made in the method, there is a resid-
ual between the actual temperature tendency of the mixed
layer and the sum of the budget terms driving that tendency.
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The warming of the mixed layer during summer is slightly
overestimated (i.e. the sum of the temperature budget terms
is greater than the actual temperature tendency within the
model), and the cooling during winter is also overestimated.
The most likely source of error during spring and summer is
in the diffusion and advection terms, as entrainment should
be low during this period, and surface fluxes are computed
in the same way as for the closed budget and so correct for
the model. However, the majority of the seasonal tempera-
ture variability is captured by the budget. The horizontal dif-
fusion and lateral induction terms are not shown as they have
a negligible effect on temperature variability in the cold blob
region.

The average seasonal cycle in temperature tendency within
the region is dominated by the surface heat flux, which drives
a warming of the mixed layer from April to August and
a cooling of the mixed layer from September to March.
The maximum seasonal warming due to surface forcing oc-
curs in July (37.5°Cyr~!) and the maximum cooling oc-
curs in November (—18.6°C yr_l). Vertical diffusion is the
second-most important term, driving a cooling of the mixed
layer from approximately May to September, with the max-
imum cooling occurring from July to August and reaching
—11.9°Cyr~!. This seasonal variability in diffusive cooling
is driven by the seasonality in the temperature difference be-
tween the mixed layer and thermocline, with a greater differ-
ence when the mixed layer is shallow in summer. This rela-
tionship is further discussed in Sect. 3.4. No vertical entrain-
ment occurs from December to July due to the shallowing
mixed layer, but entrainment cools the mixed layer from Au-
gust to November, as the mixed layer deepens and entrains
colder water from below. The maximum mixed-layer cool-
ing via entrainment occurs in September, when the rate of
deepening of the mixed layer is highest. However, the im-
pact is small, causing a maximum cooling of —2.5°Cyr—.
Advection is also low throughout the year. When comparing
with the seasonal cycle in the fully closed budget (Fig. 5b),
the approximated budget does not reproduce the warming via
diffusion from October to December. This is because the ap-
proximated vertical diffusion is always negative due to a neg-
ative temperature gradient across the base of the mixed layer,
and the approximated horizontal diffusion is negligible.

3.4 Processes driving the 2015 cold anomaly

The 2015 cold anomaly is driven by a combination of sur-
face forcing, vertical diffusion, and entrainment, as shown
by monthly anomalies in the temperature budget (Fig. 6).
Anomalies in these processes are in turn the result of anoma-
lies in the net surface heat flux, the temperature gradient
across the base of the mixed layer, and the depth of the mixed
layer (Fig. 7). The mixed-layer budget prior to the removal of
the seasonal cycle is also shown for the same period in Ap-
pendix A (Fig. Al) to clarify the actual sign of each term.
Initial cooling of the mixed layer in the winter of 2013—
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Figure 4. The average seasonal cycle of the North Atlantic MLD (m) from 1992-2015 in the EN4 observations (a—d) and ECCOv4-r4 (e-h).
Note the varying colour scales between seasons. The boxes show the position of the cold blob region, with the dashed line separating the

northern and southern sections.

2014 is due to strong negative anomalies in the surface heat
flux term, signifying stronger than average surface heat loss.
The strongest surface-driven cooling of the mixed layer is
in December 2013, with anomalies of —8.4°Cyr~!. While
the change in temperature due to surface fluxes is dependent
on both the net heat flux through the surface and the MLD
(see Eq. 1), it is anomalies in the net surface flux that dom-
inate anomalies in the mixed-layer temperature change due
to surface fluxes, as can be seen by the strong correlation be-
tween the terms in Fig. 7a. Strong anomalies in the outgoing
flux during December cause the stronger mixed-layer cooling
during this period, with anomalies of at least —100 W m~2.
This cooling is enhanced by anomalies in advective cooling
of the mixed layer, reaching —3.3°Cyr~!. Advective cool-
ing also peaks in December 2013 and is due to a combina-
tion of both zonal and meridional advection. Approximately
75 % of the anomalous initial cooling of the mixed layer is
therefore due to surface forcing, while the remaining 25 % is
predominantly a result of horizontal advection.

Following the initial cooling, anomalies in each of the
main budget terms are then low until April 2014, when higher
than average surface warming drives overall positive anoma-
lies in the temperature tendency from April to June (Fig. 6).
Since the mixed layer is shallow over this period, while the
surface warming acts to increase the average temperature of
the mixed layer, it has a relatively small effect on the heat
content of the water column. The warming of the mixed layer
is also suppressed by strong vertical diffusion, driven by the
high temperature difference between the mixed layer and
thermocline (Fig. 7c). While there is a significant tempera-
ture difference across the base of the mixed layer during the
winter of 2014, due to the sequestration of the cold anomaly
and further cooling beneath the mixed layer, this does not
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lead to diffusive cooling due to the anomalously deep mixed
layer masking the impact (see the diffusion term of Eq. 1).
The temperature difference is greatest during summer when
the mixed layer is shallow and heated by strong surface heat
fluxes. The temperature difference then rises from May on-
wards, driving cooling of the mixed layer via diffusion. The
temperature difference peaks in August 2014 with a differ-
ence of 1.4°C, driving anomalies in diffusive cooling of
—5.6°Cyr~!. This anomalously strong vertical diffusion is
the main cause of the re-emergence of the cold anomaly after
being sequestered beneath the mixed layer during spring and
summer. The strong summer surface warming of the mixed
layer then reduces quickly in August as the anomaly in the
net surface heat flux becomes close to zero (Fig. 7a) and the
mixed layer deepens.

The re-emergence of the cold anomaly is also enabled by
the deepening of the mixed layer, which results in the entrain-
ment of colder water from below. The mixed-layer cooling
via entrainment in the model is small, with anomalies peak-
ing during August 2014 at —1.2°Cyr~!. The depth of the
mixed layer is not particularly anomalous during the win-
ter of 2014 (Fig. 7b), especially in comparison to the fol-
lowing year, and the timings of the minima in entrainment
anomalies do not always correspond to anomalies in MLD.
It is therefore the large temperature difference between the
mixed layer and thermocline that drives the re-emergence of
the cold anomaly, primarily through vertical diffusion, with
the cooling of the mixed layer enhanced by entrainment dur-
ing the autumn of 2014. The process of re-emergence fol-
lowing the strong cooling of December 2013 is illustrated in
Fig. 8. From June 2014 to January 2015, if the process of
re-emergence is taken to be the sum of the cooling driven
by vertical diffusion and entrainment, vertical diffusion is re-
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Figure 5. The average seasonal cycle of the dominant mixed-layer
temperature budget terms (°C yrfl ) averaged over the cold blob re-
gion for ECCOv4-r4, where positive values represent an increase in
the rate of change in the temperature of the mixed layer. (a) The ap-
proximated budget computed using Eq. (1), where the black dashed
line is the actual temperature tendency in the model and the solid
line is the sum of the budget terms driving that temperature change.
The remaining lines represent the temperature change due to each
individual process: surface heat fluxes (orange), horizontal advec-
tion (blue), vertical entrainment (yellow), and vertical diffusion
(purple). Horizontal diffusion and lateral induction are not shown as
the effects of both are negligible. (b) The closed budget computed
online for comparison, where the dashed line is the tendency, which
is equal to the sum of surface fluxes (orange), advection (blue), and
diffusion (purple).

sponsible for approximately 70 % of the re-emergence, while
entrainment is responsible for the remaining 30 %.
Anomalies in each term of the mixed-layer budget over
the winter of 2014-2015 are small. Further negative anoma-
lies in the surface forcing then occur in the summer of 2015,
signifying that, while surface heating is positive, it is around
10 % lower than the average from May to July 2015 and
is exacerbated by the shallow summer mixed layer. Nega-
tive anomalies in the surface flux term occur from March
to July 2015, reaching a minimum of —6.0°Cyr~! during
July. This then leads to the maximum cold anomaly in Au-
gust 2015, within the shallow mixed layer. Immediately after
the peak of the anomaly, positive anomalies in the surface
flux and diffusion terms as a result of stronger than average
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surface warming and weaker than average diffusive cooling
cause a decline in the intensity of the cold anomaly. How-
ever, over the winter of 2015-2016, anomalies in each term
of the temperature budget are small, allowing for the dimin-
ished cold anomaly to continue through to 2016. In the sum-
mer of 2016, anomalously strong mixed-layer warming via
surface forcing erodes the cold anomaly, with the average
mixed-layer temperature anomaly in the region switching to
positive in August 2016.

3.5 Spatial patterns in the 2015 cold anomaly

Anomalies in the temperature budget terms in the lead up to
the 2015 cold anomaly are not uniform across the subpolar
North Atlantic, with the most extensive differences between
the north and the south of the region. The budgets were there-
fore repeated and the anomalies averaged over the north and
south of the cold blob region separately (Fig. 9; note the dif-
ferent scales on the vertical axes), with the removed clima-
tology and the time series prior to the removal of the sea-
sonal cycle shown in Appendix A (Figs. A3, A4). Again, the
components comprising the individual budget terms are also
shown, in order to further understand what causes the anoma-
lies in the budget terms in each region (Fig. 10). In general,
the magnitude of the anomalies in the temperature budget
terms is reduced in the north due to a meridional gradient in
winter MLD, with deeper mixed layers in the north of the
region.

The surface-driven cooling that causes the initial cold
anomaly is much stronger in the south, with two clear peaks
in October and December 2013 (Fig. 9b). The strongest
surface-driven cooling of —11.4°Cyr~! occurs in Decem-
ber, compared to —3.7°C yr~! in the north. This is a result
of the stronger surface ocean heat loss (Fig. 10a, b) and be-
cause the mixed layer is generally shallower in the south,
so smaller anomalies in net heat flux are required to impact
the average mixed-layer temperature. A second, earlier min-
imum in the surface-driven cooling of the mixed layer is also
clear in the south in October 2013, due to a higher than aver-
age heat flux out of the surface ocean (Fig. 10b). In the north,
85 % of the total cooling anomalies during December 2013
is a result of surface forcing, while the remaining 15 % is
due to advection. In the south, the effect of advective cooling
is greater, driving approximately 30 % of the initial cooling
anomalies in December 2013, while the remaining 70 % is
due to surface forcing.

In the summer of 2014, surface-driven warming is stronger
in the south, resulting in a much greater temperature gra-
dient across the base of the mixed layer than in the north
(Fig. 10e, f) and subsequent stronger diffusive cooling of the
mixed layer. The maximum diffusion in the south occurs in
August 2014, with anomalies reaching —7.5°C yr~!, while
the maximum in the north reaches only —3.4°Cyr~!. This
diffusive cooling is followed by stronger negative-tendency
anomalies in the north in September 2014, caused by a com-
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Figure 6. (a) Anomalies in the dominant terms of the mixed-layer temperature budget (°C yr_1 ) relative to the 1992-2015 monthly climatol-
ogy, averaged over the cold blob region. (a) The approximated budget computed via Eq. (1), where the dashed black line shows anomalies in
the model temperature tendency and the solid black line shows anomalies in the sum of the temperature budget terms driving the temperature
change. The remaining lines represent these individual processes: the surface heat flux (orange), horizontal advection (blue), vertical entrain-
ment (yellow), and vertical diffusion (purple). The budget is shown in Fig. A1, prior to the removal of the seasonal cycle. (b) Anomalies in

the closed mixed-layer budget for comparison.

bination of surface fluxes, advection, entrainment, and diffu-
sion (Fig. 9a). The most negative anomalies are in the surface
flux term, reaching —3.6 °C yr—!, and are caused by negative
anomalies in the heat flux into the ocean, which are not seen
in the south (Fig. 10a, b). Anomalies in entrainment at this
time are due to the continued strong temperature gradient
across the base of the mixed layer rather than anomalies in
the MLD (Fig. 10e). Despite the anomalies generally being
of a lower magnitude in the north, the strongest entrainment
is of a similar level to that in the south (Fig. 9), meaning that
entrainment plays a greater role in the re-emergence of the
cold anomaly in the north. Entrainment drives a mixed-layer
cooling also of —1.6°C yr~! in August 2014 in the south, be-
fore driving a further cooling of —1.5°C yr~! a month later
in the north. While the temperature gradient at the mixed-
layer base is weaker in the north, anomalies in the MLD are
much larger (Fig. 10c, d), leading to entrainment of a sim-
ilar magnitude in both regions. In the north, anomalies in
processes driving re-emergence from June 2014 to Febru-
ary 2015 are approximately 60 % a result of vertical diffu-
sion and 40 % entrainment. In the south, where the impact
of entrainment is lesser, the re-emergence over this period is
a result of approximately 80 % vertical diffusion and 20 %
entrainment.

In January 2015, strong surface heat loss in the north of
the cold blob region (Fig. 10a) is not replicated in the sur-
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face flux term of the mixed-layer budget, due to concurrent
large anomalies in MLD. While surface forcing still drives
a cooling of the mixed layer in January 2015, anomalies
in the term are slightly positive as greater surface heat loss
would be required to affect the temperature tendency of the
greater volume of water in the mixed layer. The weakened
surface-driven warming (negative anomalies) in the summer
of 2015 leads in the north with a peak of —7.2°Cyr~! in
May, followed by a peak in the south of —12.4°Cyr~! in
July (Fig. 9). In both cases, the negative anomalies are due
to weak negative anomalies in the net heat flux (Fig. 10a, b)
into a shallow summer mixed layer. In both the north and
the south, the anomalies in each process lead to the strongest
SST anomalies in the summer of 2015 (Fig. 11). Anomalies
in the surface warming of the mixed layer are positive from
January to July 2016 in the north of the cold blob region, act-
ing to diminish the cold anomaly. Positive anomalies in the
surface flux term in the south also reach a similar magnitude
but oscillate between positive and negative. The processes
driving the cold anomaly in the north and south of the cold
blob region are illustrated in Fig. 11.

3.6 Drivers of the surface-driven cooling of the mixed
layer

While multiple processes are important for the evolution of
the 2015 cold anomaly, the anomaly would not have devel-
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Figure 7. The individual components that comprise the domi-
nant temperature budget terms averaged over the cold blob region.
(a) Anomalies in the net surface heat flux output by the model, de-
fined as Qpet in Eq. (1) (W rnfz; blue), and anomalies in the associ-
ated change in mixed-layer temperature, i.e. the surface flux term of
the budget (°C yr_l; red). (b) Anomalies in MLD (m; blue) and the
associated entrainment term of the budget (°C yrfl; red). (¢) The
temperature difference between the mixed layer and the model cell
immediately beneath (°C; blue), defined as AT in Eq. (1), where
positive values signify that the mixed layer is warmer than the ther-
mocline and the associated vertical diffusion term of the mixed-
layer budget (°Cyr—!; red). Note that the seasonal cycle has not
been removed in (c). The time series of (a) and (b) prior to the re-
moval of the seasonal cycle can be seen in Fig. A2.

oped without the initial strong surface cooling in Decem-
ber 2013. Since there are clear differences in the magnitude
of the heat flux out of the ocean in the north and south of
the cold blob region during this period (Fig. 10a, b), the spa-
tial distribution of anomalies in that heat flux is shown in
Fig. 12a. To further understand the reasons for those spatial
patterns, the simultaneous anomalies in the zonal and merid-
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ional components of the surface wind stress are also shown
(Fig. 12c, e) as well as the anomalies in MLD (Fig. 12g).

While the negative anomalies in the surface heat flux ex-
tend across the majority of the subpolar North Atlantic in
December 2013, the most negative anomalies occur in the
cold blob region south of 54° N, and to the northwest in the
Labrador Sea (Fig. 12a). Averaged over the entire cold blob
region, the heat flux out of the surface in December 2013
is approximately 45 % greater than the climatological mean.
At the same time, the usual westerly winds over the subpo-
lar gyre are much stronger in the southern half of the North
Atlantic and in the Labrador Sea (Fig. 12c), matching the
patterns of negative anomalies in the surface heat flux. The
westerly winds in December 2013 are approximately twice as
strong as the average December zonal wind stress when aver-
aged over the cold blob region. The only area of the cold blob
region that does not experience anomalously strong westerly
winds in December 2013 is in the far north, in the Irminger
Sea. This is also the only region that experiences strong
northerly wind anomalies (Fig. 12e) and positive anomalies
in the net heat flux in December 2013, indicating lower than
average heat loss. Anomalies in meridional wind stress are
minimal across the rest of the region. Patterns in anomalies
in the wind speed are also very similar to those in the zonal
wind stress. These complementary patterns in surface heat
flux and wind stress anomalies suggest that the initial devel-
opment of the cold anomaly is the result of anomalous local
winds, either increasing air—sea heat exchange due to the in-
creased wind speed or via the transport of cooler air over
the region. This then leads to the anomalously strong surface
cooling of the mixed layer that causes the initial development
of the 2015 cold anomaly.

Strong surface forcing in the winter of 2014-2015 has also
previously been observed, linked to the positive state of the
NAO (Yeager et al., 2016; Josey et al., 2018). However this
was not seen in the anomalies of the mixed-layer tempera-
ture budget, in either the north or the south of the cold blob
region (Fig. 9). Strong negative anomalies in the net surface
flux into the ocean were present in January 2015, and the
spatial distribution of these anomalies is shown in Fig. 12b.
There are clear negative anomalies in the north which have
a similar spatial pattern to positive anomalies in the zonal
wind stress (Fig. 12d). At the same time, anomalies in the
meridional wind stress are slightly positive across the ma-
jority of the cold blob region (Fig. 12f). Anomalies in the
MLD in January 2015 (Fig. 12h) explain why the increased
surface heat loss does not result in negative anomalies in
the mixed-layer temperature: the mixed layer is anomalously
deep in the north of the cold blob region, so stronger surface
forcing is required to affect the average temperature of the
larger volume of water in the mixed layer. Therefore, while
the mixed layer is cooling during January 2015, that cool-
ing is no greater than the climatological average. Since the
strong surface forcing extends to the east of the box defin-
ing the cold blob region (Fig. 12a, b), the mixed-layer budget
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Figure 9. Anomalies in the mixed-layer temperature budget (°C yr_l) in ECCOv4-r4 as in Fig. 6b but averaged over only (a) the northern
half of the cold blob region (53-63° N, 50-20° W) and (b) the southern half of the cold anomaly (43-53° N, 50-20° W). Note the different
scales on the vertical axes. The same is shown, prior to the removal of the seasonal cycle, in Fig. A4.

was repeated for a northeastern box (53—63° N, 35-5° W, see 4 Discussion
Fig. A6). However, this had little effect on the results and the
anomalies in the surface flux term of the mixed-layer bud-
get were close to zero. While anomalies in the surface heat
loss were indeed greater for this region, anomalies in MLD
were still large enough to mask the effect on the temperature

tendency of the mixed layer.

4.1 The influence of climate modes on the 2015 cold
anomaly

Previous studies have highlighted the influence of two cli-
mate modes of variability, namely the NAO and the EAP, on
the development of the 2015 cold anomaly (Yeager et al.,
2016; Josey et al., 2018; Maroon et al., 2021). During the
initial cooling in the winter of 2013-2014, the EAP was the
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Figure 10. The individual components making up the dominant temperature budget terms and the associated change in mixed-layer temper-
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cycle can be seen in Fig. AS.

dominant climate mode in the region and at its most positive
state in at least 6 decades (Josey et al., 2018). The patterns
in wind stress in December 2013 match composites of wind
speeds for winters with a positive EAP index (Josey et al.,
2019), with strong westerlies across the south of the region
driving the anomalously strong heat flux out of the surface
ocean. The anomalous northerly winds in the Irminger Sea
during the same period also relate to the pattern of the pos-
itive EAP. This region has previously been shown to experi-
ence lower air—sea temperature and humidity gradients gen-
erated by northerly winds when the EAP index is positive
(Josey et al., 2019), explaining the slightly increased surface
heat loss, seen in December 2013.

During the following winter of 2014-2015, the NAO was
the dominant climate mode and anomalously positive. Dur-
ing a positive NAO event, stronger surface cooling is gener-
ally observed in the North Atlantic north of 45°, with weaker
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surface cooling in the south (Marshall et al., 2001). Posi-
tive NAO conditions have previously been shown to result
in a particularly strong increase in the westerly winds in the
Irminger Sea, due to the interaction between the large-scale
flow and the Greenland topography (Doyle and Shapiro,
1999; Moore, 2003), as seen in the spatial distribution of
zonal wind stress anomalies in January 2015. These strong
westerly winds have been linked to increased surface heat
loss in the north of the cold blob region (Josey et al., 2019).
While the surface heat flux out of the ocean was stronger
in the north during January 2015 when the NAO was pos-
itive, this was not reflected in the anomalies of the mixed-
layer temperature. The effect was masked by anomalously
deep mixed layers for the simple reason that larger volumes
of water do not cool as readily as smaller volumes of wa-
ter. When a more northeasterly region was considered, where
surface heat loss in the winter of 2014-2015 was more in-
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Figure 11. Schematic illustrating the processes involved in the evolution of the 2015 North Atlantic cold anomaly. The black line shows the
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tense, the anomalies in MLD are still great enough to largely
mask the effect on the anomalies in the surface flux term of
the mixed-layer budget. These results suggest that while the
NAO clearly drove strong anomalies in winds and surface
heat loss over the subpolar North Atlantic during the 2015
cold anomaly, the anomalously strong EAP appears to have
had the largest effect on the temperature of the mixed layer
as a whole.

4.2 The re-emergence of the cold anomaly

After appearing in late 2014, the cold SST anomaly was sus-
tained through to 2015 via the re-emergence of the cold sub-
surface anomaly from below the mixed layer in the summer
and autumn of 2015. Previous studies have linked the re-
emergence of temperature anomalies in the North Atlantic
to the deepening of the winter mixed layer (Cassou et al.,
2007; Taws et al., 2011). While the deepening mixed layer
did result in the entrainment of colder water from below, we
found that this entrainment of colder water was not enough to
explain the re-emergence of the cold SST anomaly. Instead,
vertical diffusion dominated, while entrainment was still im-
portant but had a weaker influence. The re-emergence, via
anomalies in both vertical diffusion and entrainment, appears
to have been largely a result of the strong temperature gradi-
ent across the base of the mixed layer, which was particularly
high in the summer and autumn of 2014 due to summer sur-
face warming. The relative importance of entrainment was
greater in the north of the cold blob region, where deeper
winter mixed layers resulted in larger entrainment velocities
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in the autumn, though it was still a secondary process in com-
parison to the influence of vertical diffusion.

Since the mixed-layer budgets were approximated and the
diffusivity values chosen in order to reduce the error in the
budgets, there is some error in the magnitude of the vertical
diffusion term. However, the closed mixed-layer temperature
budget shows similar levels of diffusive cooling during the
summer and autumn of 2014 (Fig. 6b), giving further con-
fidence in our results. Our chosen method of computing the
budgets allows us to directly relate the levels of entrainment
and vertical diffusion to changes in MLD and temperature, in
order to describe the process of the re-emergence of the cold
anomaly in greater detail.

4.3 The influence of advection on the cold anomaly

While previous studies have shown the importance of advec-
tion in driving variability in the upper-ocean heat content of
the North Atlantic (Buckley et al., 2014, 2015), they are not
directly comparable with ours as they adopted a climatolog-
ical monthly depth for the upper ocean rather than consider-
ing interannual variability in MLD. We found that the effect
of advection on the temperature of the cold blob region as a
whole was small on seasonal timescales, relative to the effect
of surface forcing during the cold anomaly event. However,
on interannual timescales advection played a larger role. Ad-
vection drove approximately a quarter of the initial cooling
of the mixed layer during the winter of 2013-2014 and was
therefore important in causing the cold anomaly to reach the
magnitude it did.
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Figure 12. The spatial distribution of ECCOv4-r4 anomalies in the terms causing the initial anomalous surface cooling in Decem-

ber 2013 (a, c, e, g) and the same anomalies for January 2015 (b, d, f,

h), when the net heat flux out of the surface ocean was also high but

its impact not seen in the temperature of the mixed layer. Shown are anomalies in (a, b) the net surface heat flux (W m72), (¢, d) zonal wind

stress (Pa), (e, f) meridional wind stress (Pa), and (g, h) MLD (m).

The results of the mixed-layer budgets averaged over the
entire cold blob region only show the net impact of advection
transporting heat in and out of the region and not the redis-
tribution of heat within it. However, when the northern and
southern halves of the cold blob region were considered sep-
arately, advection still played a fairly small role in the initial
cooling in comparison to surface forcing. The fact that the
cold anomaly continued to cool while sequestered beneath
the mixed layer in the spring and summer of 2014 and 2015
suggests that advection beneath the mixed layer was impor-
tant in increasing the magnitude of the anomaly. This cooling
below the mixed layer then acted to further increase the tem-
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perature gradient across the base of the mixed layer, enhanc-
ing the cooling of the mixed layer via vertical diffusion. The
stronger role of advection in the south of the cold blob region
may confirm the findings of Holliday et al. (2020), with re-
spect to changes in circulation during the period of cooling
and freshening in the North Atlantic. From 2014-2016, they
found that the Labrador Current flowed primarily into the
North Atlantic Current zone, driving a fresh anomaly. These
changes are likely to have resulted in temperature anomalies
as well as the observed freshening.

Since advection played a smaller role in comparison to
surface forcing in driving the cooling that caused the cold
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Figure 13. Salinity anomalies over depth relative to the 1992-2015
monthly climatology (colour; psu), averaged over the cold blob re-
gion in ECCOv4-r4 for the period leading up to and during the 2015
cold anomaly. The MLD is also shown (black line, m). Note the
non-uniform spacing of the vertical axis.

anomaly to develop, particularly in the north of the region,
we can conclude that the 2015 cold anomaly was largely
the result of vertical processes, i.e. surface forcing, vertical
diffusion, and entrainment. The dynamics of the 2015 cold
anomaly could therefore potentially be represented by a one-
dimensional model, albeit with an underestimated magnitude
due to the lack of initial advective cooling.

4.4 Increased convection during the cold anomaly

During the 2015 cold anomaly, the depth of the winter mixed
layer in the cold blob region increased, reaching a maximum
depth during the winter and spring of 2015. At the same
time, the mixed layer in the region was undergoing a longer-
term freshening (Holliday et al., 2020), which is also present
in the ECCOv4 state estimate (Fig. 13). The freshening in-
dicates that the interannual deepening of the winter mixed
layer was the result of stronger temperature-driven convec-
tion, while changes in salinity instead acted to stratify the
mixed layer. The subsequent increased production of Subpo-
lar Mode Water following the enhanced convection has also
been suggested to have exacerbated the freshening, via its im-
pact on the velocity of the North Atlantic Current (Holliday
et al., 2020). The timing of the fresh anomalies in ECCOv4
supports this theory, with the strongest fresh anomalies oc-
curring in the aftermath of the peak cold anomaly and the
enhanced convection.

Average winter mixed layers are deeper in the north of
the North Atlantic in comparison to further south. The MLD
anomalies relative to the climatology were also much deeper
in the north of the cold blob region over the evolution of the
cold anomaly. MLDs were especially deep in the winter of
2015, explaining the stronger influence of entrainment in the
north. The increased convection also had subsequent effects
on the other terms of the temperature budget, with the dif-
ferences in the depth of the mixed layers between the north-
ern and southern regions leading to differences in how the
mixed layer was impacted by anomalies in the overlying at-
mospheric conditions. This shows the importance of consid-
ering the spatial patterns in the drivers of this and similar cold
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anomalies in the North Atlantic, particularly the meridional
differences in forcing.

4.5 Caveats of using ECCOv4

While there are many benefits of using state estimates such as
ECCOvV4 to investigate ocean variability, particularly when
computing budgets, there are also caveats that should be
taken into account. The spatial resolution of ECCOv4 is rel-
atively coarse, which could lead to bias due to the lack of ex-
plicitly resolved sub-grid-scale processes. For example, the
coarse resolution of the model could result in an underesti-
mation of eddy heat fluxes, a process known to be important
in this region from observations (Foukal and Lozier, 2018).
However, the mixing parameters in the model have been op-
timised via the state estimation process to better represent
these unresolved processes, partially offsetting the limita-
tions of the coarse resolution (Forget et al., 2015b)

State estimates are constrained by a set of available ob-
servations; some of these observations are relatively uncer-
tain and therefore only offer a weak constraint for the state
estimation process. For example, estimates of surface heat
flux can be particularly uncertain (Grist and Josey, 2003).
However, the reanalysis air—sea heat fluxes used to force EC-
COv4 are consistent with independent observations within
the North Atlantic and Arctic Ocean (Lindsay et al., 2014).

5 Conclusions

In this work, we used the ECCOv4 state estimate to anal-
yse the causes of the 2015 North Atlantic cold anomaly.
The anomaly was primarily driven by strong surface forcing;
specifically, anomalous winds were responsible for the ma-
jority of the initial cooling in the winter of 2013-2014. This
cooling was strongest in the south of the anomaly region, re-
lated to the strongly positive EAP. The re-emergence of the
cold anomaly the following winter was primarily driven by
vertical diffusion due to a strong temperature gradient across
the base of the mixed layer, while entrainment over the same
period was relatively weak. Although the NAO was strongly
positive in the winter of 2014-2015, the associated anoma-
lous surface cooling in the north of the cold anomaly region
was not reflected in the mixed-layer temperature, as deeper
winter mixed layers masked the impact of surface cooling on
temperature. Advection played a smaller but important role
in the evolution of the cold anomaly, however more work on
the processes occurring beneath the mixed layer would be
useful for determining whether advection was the cause of
the continued cooling of the sequestered cold anomaly. Fur-
ther work investigating the cold anomaly in higher-resolution
models would also be a welcome addition to the literature.

Ocean Sci., 18, 953-978, 2022
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Appendix A
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Figure A1l. The dominant terms of the ECCOv4-r4 mixed-layer temperature budget from 2013-2016 (°C yr_l), averaged over the cold blob
region. The dashed black line shows the model temperature tendency, and the solid black line shows the sum of the temperature budget terms
driving the temperature change. The remaining lines represent these individual processes: the surface heat flux (orange), horizontal advection

(blue), vertical entrainment (yellow), and vertical diffusion (purple). Lateral induction and horizontal diffusion are not shown because both
are negligible.
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Figure A2. Time series of the individual components that comprise the dominant ECCOv4-r4 temperature budget terms and the associated
change in mixed-layer temperature, averaged over the cold blob region. (a) The heat flux into the surface output by the model, defined as
Onet in Eq. (1) (W m2; blue), and the associated change in mixed-layer temperature, i.e. the surface flux term of the mixed-layer budget
(°C yr_l; red). (b) MLD (m; blue) and the associated entrainment term of the mixed-layer budget (°C yr_l; red).
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Figure A3. The average seasonal cycle in the dominant terms of the mixed-layer temperature budget averaged over the northern (53-63° N,
50-20° W; a) and southern (43-53° N, 50-20° W; b) half of the cold anomaly region (°C yr_l) for ECCOv4-r4. The model temperature
tendency is shown by the dashed black line and the sum of the temperature budget terms driving the change in temperature by the solid black
line. The remaining lines represent these individual terms: the surface heat flux (orange), horizontal advection (blue), vertical entrainment
(yellow), and vertical diffusion (purple).
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Figure A4. The dominant terms of the mixed-layer temperature budget from 2013-2016 (°C yr_l) in ECCOv4-r4, averaged over the
(a) northern and (b) southern half of the cold blob region. The dashed black line shows the model temperature tendency, and the solid
black line shows the sum of the temperature budget terms driving the temperature change. The remaining lines represent these individual
processes: the surface heat flux (orange), horizontal advection (blue), vertical entrainment (yellow), and vertical diffusion (purple). Lateral
induction and horizontal diffusion are not shown; both are negligible.
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Figure AS. Time series of the individual components that comprise the dominant ECCOv4-r4 temperature budget terms and the associated
change in mixed-layer temperature, averaged over the northern (a, ¢) and southern (b, d) half of the cold blob region. (a) The heat flux into
the surface output by the model, defined as Qpet in Eq. (1) (W m™2; blue), and the associated change in mixed-layer temperature, i.e. the

surface flux term of the mixed-layer budget (°C yrf1 ; red). (b) MLD (m; blue) and the associated entrainment term of the mixed-layer budget
°C yr_1 ; red).
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Figure A6. Anomalies in the dominant terms of the mixed-layer temperature budget (°C yrfl ) relative to the 1992-2015 monthly climatology
for ECCOv4-r4, averaged over the northeast of the North Atlantic (53-63° N, 35-5° W). Anomalies in the model temperature tendency are
shown by the dashed black line and anomalies in the sum of the temperature budget terms driving the change in temperature by the solid
black line. The remaining lines represent these individual processes: the surface heat flux (orange), horizontal advection (blue), vertical
entrainment (yellow), and vertical diffusion (purple).
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Appendix B: Analysis in ECCOv4-r3

The analysis of the drivers of the 2015 cold anomaly was
repeated for ECCO Version 4 Release 3 (ECCOv4-r3; For-
get et al., 2015a) to give further confidence in the conclu-
sions. The figures in this section are a repeat of those in
the main text but computed using ECCOv4-r3, rather than
ECCOv4-r4. Figures B1 and B2 show that the 2015 cold
anomaly is well-represented in the earlier release of the
model, particularly within the box representing the cold blob
region, with only slight differences between ECCOv4-r3 and
ECCOv4-r4. Figure B3 shows the average seasonal cycle of
the mixed-layer temperature budget computed in ECCOv4-
r3, and Fig. B4 shows the anomalies in the budget during
the evolution of the 2015 cold anomaly. Figure B5 shows the
properties comprising the dominant budget terms. These fig-
ures show that the same processes that are shown to drive the
cold anomaly in ECCOv4-r4 are also responsible for driving
the anomaly in ECCOv4-r3, with only small differences in
the magnitudes of the processes. Figures B6 and B7 show
the same anomalies but averaged over the north and south
of the cold blob region separately. Again, the results confirm
those found using ECCOv4-r4.

(a) ECCOv4-r3 (b) ECCOV4-r3: summer

66°N 66°N

60°N 60°N

54°N 54°N

48°N 48°N

42°N 42°N [

60°W  45°w  30°W  15°W 0° 60°W  45°wW  30°W  15°W 0°

Figure B1. The SST anomaly (°C) in the ECCOv4-r3 monthly SST observations, relative to the 1992-2015 climatology, averaged over
(a) the whole of 2015 and (b) the summer (JJA) only. The black boxes mark the region we use to define the extent of the 2015 cold anomaly
(43-63° N, 50-20° W). The average position of the 10 and 12 °C isotherms for each period is also shown.
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Depth (m)

Figure B2. The potential temperature anomaly over depth relative to the 1992-2015 monthly climatology (colour; °C), averaged over the
cold blob region in ECCOv4-r3. The MLD is also shown (black line, m). Note the non-uniform spacing of the vertical axes.
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Figure B3. The average seasonal cycle of the dominant mixed-layer temperature budget terms (°C yr— ) averaged over the cold blob region
for ECCOv4-13, where positive values represent an increase in the rate of change in the temperature of the mixed layer. (a) The approximated
budget computed using Eq. (1), where the black dashed line is the actual temperature tendency in the model and the solid line is the sum
of the budget terms driving that temperature change. The remaining lines represent the temperature change due to each individual process:
surface heat fluxes (orange), horizontal advection (blue), vertical entrainment (yellow), and vertical diffusion (purple). Horizontal diffusion
and lateral induction are not shown as the effects of both are negligible. (b) The closed budget computed online for comparison, where the
dashed line is the tendency, which is equal to the sum of surface fluxes (orange), advection (blue), and diffusion (purple).
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Figure B4. Anomalies in the dominant terms of the mixed-layer temperature budget (°C yr_l) relative to the 1992-2015 monthly clima-
tology, averaged over the cold blob region. (a) Anomalies in the approximated budget, where the dashed black line shows anomalies in the
model temperature tendency and the solid black line shows anomalies in the sum of the temperature budget terms driving the temperature
change. The remaining lines represent these individual processes: the surface heat flux (orange), horizontal advection (blue), vertical en-
trainment (yellow), and vertical diffusion (purple). Lateral induction and horizontal diffusion are not shown because anomalies in both are
negligible. (b) Anomalies in the closed budget.
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Figure B5. Time series of the individual components that comprise the dominant temperature budget terms and the associated change in
mixed-layer temperature, both averaged over the cold blob region in ECCOv4-13. (a) Anomalies in the heat flux into the surface output by
the model, defined as Qpet in Eq. (1) (W m—2; blue), and anomalies in the associated change in mixed-layer temperature, i.e. the surface
flux term of the mixed-layer budget (°C yr_1 ; red). (b) Anomalies in MLD (m; blue) and the associated entrainment term of the mixed-layer
budget (°C yr_l; red). (c) The temperature difference between the mixed layer and the model cell immediately beneath (°C; blue), defined
as AT in Eq. (1), where positive values signify that the mixed layer is warmer than the thermocline, and the associated vertical diffusion
term of the mixed-layer budget (°C yr_1 ; red). Note that the seasonal cycle has not been removed from either term in (c).
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Figure B6. Anomalies in the dominant terms of the mixed-layer temperature budget, relative to the 1992-2015 monthly climatology
(°C yr_l) for ECCOv4-r3. The anomalies in the model temperature tendency are shown by the dashed black line and the anomalies in
the sum of the temperature budget terms driving the change in temperature by the solid black line. The remaining lines represent these in-
dividual terms: the surface heat flux (orange), horizontal advection (blue), vertical entrainment (yellow), and vertical diffusion (purple). The
results are averaged over (a) the northern half of the cold blob region (53-63° N, 50-20° W) and (b) the southern half of the cold anomaly

(43-53°N, 50-20° W).
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Figure B7. Time series of the individual components that comprise the dominant temperature budget terms and the associated change in
mixed-layer temperature, both averaged over the north (a, ¢, €) and south (b, d, f) of the cold blob region in ECCOv4-r3. (a) Anomalies
in the heat flux into the surface output by the model, defined as Qpet in Eq. (1) (W m—2; blue), and anomalies in the associated change
in mixed-layer temperature, i.e. the surface flux term of the mixed-layer budget (°C yr_l; red). (b) Anomalies in MLD (m; blue) and the
associated entrainment term of the mixed-layer budget (°C yrfl; red). (¢) The temperature difference between the mixed layer and the
model cell immediately beneath (°C; blue), defined as AT in Eq. (1), where positive values signify that the mixed layer is warmer than the

—1.

thermocline, and the associated vertical diffusion term of the mixed-layer budget (°C yr—"; red). Note that the seasonal cycle has not been

removed from either term in (e)—(f).

Code and data availability. The ECCOv4-r3 data can be found
at  https://ecco.jpl.nasa.gov/drive/files/Version4/Release3  (last
access: June 2018), and the ECCOv4-r4 data can be found at
https://ecco.jpl.nasa.gov/drive/files/Version4/Release4/ (last access:
January 2021) (https://doi.org/10.5281/zenodo.3765929, ECCO
Consortium et al., 2021). ECCO Version 4 is described by Forget
et al. (2015a), and ECCO Version 4 releases 3 and 4 are described
by Fukumori et al. (2017) and ECCO Consortium et al. (2021)
respectively. The HadISST observational data can be found at
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html

and are described by Rayner et al. (2003). EN.4.2.2 data were
obtained from https://www.metoffice.gov.uk/hadobs/end/ (Met
Office Hadley Centre, 2019) and are © British Crown Copy-
right, Met Office, 2022, provided under a Non-Commercial

Government  Licence  http://www.nationalarchives.gov.uk/doc/
non-commercial-government-licence/version/2/  (last  access:
January 2019).
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