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Marine heatwaves (MHWSs) are extreme warming events that can result in significant
damage to marine ecosystems and local economies. The primary drivers of these events
have been frequently studied using an upper ocean heat budget. However, various
surface mixed layer (SML) depths have been used with little attention paid to the impact
of the depth chosen on heat budget term estimates. We analyse MHW drivers in two
dynamically contrasting regions off the east coast of Australia (East Australian Current
extension) and the west coast of New Zealand over a 30-year period (1985-2014,
inclusive). We compare the magnitude of the air-sea heatflux and advection terms in a
volume-averaged heat budget using three different SML depth estimates. We show that
the SML depth over which the heat budget is calculated has direct consequences on
the identification of MHW dominant drivers. The air-sea heatflux term is amplified when
the SML depth is underestimated and dampened when overestimated. The variation
in the magnitude of the advection term is dependent on the barotropic or baroclinic
structure of the currents. We, also, show that the impact on MHW driver classification
is both temporally and regionally dependent. Generally, a deep SML estimate results in
more MHWs being classified as advection and less classified as air-sea heatflux-driven.
However, during the cool months, a shallow estimate produces the opposite pattern and
to a varying degree of intensity depending on the region’s dynamics. Use of daily and
spatially variable SML depth in a heat budget calculation allows the comparison between
regions with different dynamics influencing the mixed layer depth. These results show
that when using a heat budget approach to explore marine heatwaves over extended
time and space (e.g., regions and seasons), it is imperative to consider the temporal and
spatial variability in the SML depth.

Keywords: air-sea heatflux, advection, mixed layer depth, East Australian Current, heat budget, dominant drivers,
surface mixed layer, marine heatwaves
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1. INTRODUCTION

Marine heatwaves (MHWs) are discrete, prolonged anomalously
warm water events (Hobday et al., 2016, 2018) that can have
devastating consequences on ocean ecosystems. Impacts that
have been reported include marine organism mortality and
ecosystem redistribution (Wernberg et al., 2013; Salinger et al.,
2019; Smale et al, 2019) resulting in financial burdens on
local fisheries and governments (Mills et al, 2013). These
events are not necessarily restricted to the surface (Oliver
et al., 2017), but rather can reach their maximum temperature
intensity in the ocean sub-surface (Benthuysen et al, 2018;
Elzahaby and Schaeffer, 2019), in particular near the thermocline
(Schaeffer and Roughan, 2017). Extremely warm temperature
anomalies during MHWs are often restricted to the surface
mixed layer (SML) being the turbulent surface layer within which
temperature and salinity are well mixed and close to vertically
uniform. However, extreme temperature anomalies have also
been detected at ocean depths of hundreds of meters (Elzahaby
et al,, 2021). Moreover, sub-surface warming that penetrates the
SML can persist at depth, linger past the disappearance of the
surface signal and become re-entrained into the surface layers
in a subsequent season (Deser et al., 2003; Jackson et al., 2018;
Scannell et al., 2020).

During a MHW, the depth extent of the elevated temperature
anomalies is linked to the event’s primary driver (Elzahaby et al.,
2021). Primary drivers of MHWs range from atmospheric (Chen
et al., 2014; Benthuysen et al., 2018) and local oceanic forcing
(Oliver et al.,, 2017; Gawarkiewicz et al., 2019) to large-scale
forcing via tele-connections (Feng et al., 2013). On a large scale,
remote influences like El Nifio-Southern Oscillation (ENSO)
have been linked to sea surface temperature (SST) variation (Feng
et al., 2013; Sen Gupta et al.,, 2020), whilst Rossby waves can
modulate the mixed layer depth (MLD, Bowen et al., 2017; Li
et al., 2020). Focusing on local processes, Elzahaby et al. (2021)
showed that, on average in the Tasman Sea, anomalous warming
from local advection-driven MHWs is four times deeper than
atmospheric-driven events, which are mostly restricted to the
surface layers. The impact of atmospheric forcing is almost
entirely restricted to the SML (Chen et al., 1994) unlike oceanic
advection, which is linked to the ocean dynamics. The impact of
oceanic forcing can affect the ocean at any depth and especially
when associated with deep mesoscale eddy structures (Rykova
and Oke, 2015). That is, accounting for the depth extent of the
ocean SML relative to the primary drivers of MHW:s is imperative
in understanding the respective impact of the forces that generate
a MHW event.

Heat budgets have been used to describe the contribution
of atmospheric and oceanic processes in the SML and the
dominant drivers in the evolution of MHWSs. Generally, heat
budgets describe the processes that affect the temperature
tendency including horizontal and vertical ocean advection,
air-sea heatflux, entrainment of water into the mixed layer
and horizontal and vertical mixing (diffusion). This diagnostic
tool has often been used to identify the dominant drivers
(Chen et al,, 2015; Bowen et al, 2017) or the evolution of
the different mechanisms influencing the temperature variation

during MHWs (Chen et al., 2015; Oliver et al., 2017). The mixed
layer heat budget is usually volume-averaged over a fixed depth
used as an estimate of the SML with the assumption that the
temperature is homogeneous in the surface layers. The range of
fixed depths used varies from approximately 50 m (Benthuysen
et al., 2014; Fathrio et al., 2018) to 250 m (Bowen et al., 2017).
In some cases (e.g., Marin et al., 2021), heat budgets have been
applied over large spatial and temporal scales (e.g., globally, from
the coastal to deep ocean, over decades), without consideration
of the variability in MLD between regions and seasons, but it
is not clear what impact the constant SML has on the heat
budget estimates.

The main temporal variability of the MLD is linked to
the many processes occurring in the mixed layer (surface
forcing, advection, internal waves, etc.) and ranges from diurnal
(Brainerd and Gregg, 1995) to interannual variability including
seasonal and intraseasonal variability (Kara, 2003). The vertical
seasonal variability of the MLD, globally, is large and can range
from less than 20 m in the summer to 500 m in the winter, whilst
spring and autumn are transitional periods in between (Monterey
and Levitus, 1997).

Biological activity is almost entirely restricted to the upper
ocean which makes understanding the SML depth essential for
understanding the ecosystem (Polovina et al., 1995). Moreover
and for our purpose, information on the SML, including
diagnostics of atmosphere and ocean variability within it, is
essential in understanding the role of different mechanisms in the
evolution of MHWs (e.g., Bond et al., 2015; Chen et al., 2015).

There is no single objective criterion for the SML depth,
rather a variety of definitions are used with emphasis on
differing criteria depending on the purpose of the analysis.
Parameters used to define the SML include temperature, salinity
and density criteria, calculated over various time scales (e.g.,
daily, monthly, seasonally) using gradient or threshold methods
to define. Some typical examples include Kara et al. (2000),
who used a temperature-based threshold approach and showed
that a value of AT = 0.8°C was an optimal estimate of
turbulent mixing penetration (mixed layer activity) where AT is
the temperature difference with respect to a fixed depth. Levitus
(1982), using a density threshold, found a threshold value of
Ao = 0.125 kg m~3 which corresponds to the water-mass
characteristics of Subtropical Mode Water in the North Atlantic,
whilst Ohlmann et al. (1996) chose 0.5 kg m 3 based on extensive
study of the penetration of shortwave radiation in the upper
ocean. Gradient methods aim to identify the depth at which a
strong variation occurs, assuming this is the base of the mixed
layer. Values for the gradient method range from 0.0005 to
0.05 kg m~* for density and 0.025°C m ™! for temperature (Dong
et al., 2008). Using threshold criteria, de Boyer Montégut et al.
(2004) defined the SML depth as the value of temperature or
density where AT = 0.2°C or Ao = 0.03 kg m~3, respectively.
The authors used a reference depth at 10m, so as to avoid a
large part of the strong diurnal cycle in the top few metres of
the ocean, and identified the MLD as the depth at which one
of the thresholds was exceeded. Most of these methods capture
the regional characteristics and the temporal variability of the
SML depth.
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Here, we show analysis that illustrates the sensitivity of MHW
driver classification to the choice of SML depth used in a heat
budget. We investigated 82 MHW events in two dynamically
different regions of the Tasman Sea (Figure 1). We compare heat
budget results in three scenarios: a near-realistic scenario using a
daily varying SML depth (MLDy) based on de Boyer Montégut
et al. (2004) as a benchmark for comparison with two constant
scenarios of fixed depths at 30 m (MLD3() and 150 m (MLD;5).
We, further, compare the discrepancy in MHW dominant driver
detection across the three scenarios. We present the results in
the form of two focus case studies, one for each of the regions
of interest, then we show the results on a statistical scale over a
30-year period (1985-2014) from the output of an eddy resolving
ocean model. Finally, we discuss the results in the context of the
impact of classifying MHW drivers across regions and seasons.

2. MATERIALS AND METHODS
2.1. Region and Model Data

For this analysis, we used model output from the Bluelink
Ocean Forecasting Australia Model (OFAM3) which is an eddy-
resolving (0.1° resolution) near global model. The model covers
the period of 1985-2014 with daily resolution and 5 m vertical
resolution in the upper layers increasing with depth (Oke et al.,
2013). We used data output from a free-running model because
some assimilation approaches can violate conservation principles
and as such, introduce uncertainty in the heat budget (Stammer
et al., 2016). Elzahaby et al. (2021) have previously used this
model for heat budget analysis of MHWs after validation with
Argo and satellite data.

We chose two sub-regions in the Tasman Sea that represent
contrasting dynamical regimes (Figure 1). These are an “Eddy
box” located in the eddy field south of the East Australian Current
(EAC) separation (bounded by 151.2° — 153.2°F and 35° — 37°S)
and a “New Zealand box” located off the west coast of the North
Island of New Zealand (bounded by 170°—172°E and 38° —34°S),
hereafter, referred to as Eddy and NZ boxes, respectively.

In the western Tasman Sea, the East Australian Current
(EAC) is a highly energetic western boundary current that is
characterized by strong SST variability (Ridgway and Dunn,
2003, Figures 1C,D). The Eddy box is in a region that is
characterized by the presence of a large number of anticyclonic
eddies shed from the EAC (Tranter et al., 1980), which result
in frequent, deeper surface mixing (Tilburg et al., 2002), and
captures the extreme temperature anomalies in the eddy field
of the EAC southern extension. Here, the MLD ranges between
30 m in summer and 150 m in winter (Figure 1) due to high
seasonal variability and pole-ward penetration of the EAC eddies
in the southeastern Australia region (Condie and Dunn, 2006).
Consequently, it has been shown that MHW:S in the Eddy box are
mostly driven by ocean advection (Elzahaby et al., 2021).

In the eastern Tasman Sea off the west coast of New Zealand,
the temperature is comparatively more stable than the western
Tasman Sea (Heath, 1981). The MLD varies between 20 m in
summer and 100-150 m in winter (Figure 1) in close agreement
with findings from Rahmstorf (1992). It has been shown that

MHWs in the NZ box are mostly driven by air-sea heat flux
anomalies (Elzahaby et al., 2021).

2.2. Marine Heatwave Definition

MHWs were defined, as per (Hobday et al., 2016), as periods
when the mean temperature in the SML (using a daily varying
MLD) exceeded the 90th percentile for a consecutive 5-day
period or longer based on a 30-year baseline daily climatology
(here 1985-2014). We calculated a temperature climatology
in each box, using temperature over the SML which was
then volume-averaged (over the depth of the SML and per
region). These climatologies were used for MHW identification.
Individual events that were separated by one or 2 days were
amalgamated into a continuous event, as per the definition.
Seasonality of the MHWSs was determined based on the month
the first day of each MHW occurred.

2.3. Heat Budget

To investigate and compare the mechanisms modulating
temperature variability in the mixed layer we calculated the
terms of a daily heat budget following the methodology of
Elzahaby et al. (2021) where the heat budget was defined based
on Stevenson and Niiler (1983) as follows:

1 [0dT 1[0
- dz=—= .VyTd
7 f 7 zZ h/h u.vygliaz
1 0 net — h
4= Mdz + Residual, (1)
h Ju peph

where h corresponds to the SML depths in each of the scenarios
daT

outlined above, ‘7 is the temperature tendency and u.VyT
is the horizontal advection. Q,.; is the net air-sea flux (such
that positive fluxes are directed into the ocean), and p and ¢,
(1027kg m~> and 3850/ (kg C)™1) are the water density and
specific heat capacity, respectively. The heat loss by the shortwave
radiation that penetrates below the depth h is given by g(h)
assuming an exponential decay of surface shortwave radiation
with 25 m e-folding depth (Wang and McPhaden, 1999; Schlundt
et al.,, 2014). The residual term accounts for vertical advection
and horizontal and vertical diffusion. This term also includes
computational error.

Daily climatologies (mean values for each day of the year
over the study period) and anomalies (deviations from the daily
climatology) were calculated over each model grid cell in each
box for all terms in the heat budget, which were then volume-
averaged (over the depth of the SML and per region) and
integrated in time (over the duration of each MHW event) to
produce a total anomaly per term for each event.

The dominant driver of the MHW was defined based on the
dominant mechanism contributing to the change of temperature
during the evolution of each event. More precisely, following the
methods outlined in Elzahaby et al. (2021), a MHW was classified
as Adv-MHW (Q’-MHW) if the total advection (air-sea heatflux)
anomaly over the duration of each event was dominant (similar
to methods used in Chen et al., 2015; Bowen et al., 2017). If the
difference between the contribution of Adv’ and Q” was 10% or
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FIGURE 1 | Mean sea surface temperature (SST) from the Bluelink OFAM3 model during the summer months (A,C) and winter months (B,D) SST [colorbar, (A,B)]
with MLD contours (m). Panels (C,D)) show the SST variance with SLA contours. Values are based on the mean of the 30-year study period (1985-2014). The two
boxes analyzed in the study are marked with black rectangles, Eddy box is on the left and NZ box on the right. An orientation map shows the study boxes in context.

less, the event was classified as “mixed” and was omitted in the
summary analysis (Section 3.3).

2.4. Surface Mixed Layer Depth Estimates
We calculated the heat budget using three different depth
estimates for the SML: (1) daily variable MLD based on
de Boyer Montégut et al. (2004) (MLDy), readily available from
model output, (2) a fixed SML depth of 30 m (MLD3p) and
(3) a fixed SML depth of 150 m (MLDjs5p). We chose the
two fixed SML depths based on the region’s seasonal MLD
signature. MLD3( corresponded to the mean summer MLD
(20-40 m) which was then used to compare to the results of
MLDjs5p, which encompassed the winter maximum MLD in
the region (Figure 1).

To justify our choices of SML depth, the vertical structure
of the SML is shown in Figure2 and the seasonal cycle of

the SML is shown in Figure3 for the two boxes. Overall,
MLD3 intersected the high range of temperature and salinity
variability in the mixed layer, whilst MLDsy encapsulated
the total SML, on average (Figure2). The daily varying
SML depth shows the large annual MLD range (Figure 3) in
both boxes.

Using the three different SML depths for the heat budget
(MLD3p, MLDy, and MLDjsg), the primary driver of each
MHW event was classified to analyse the sensitivity of the
MHW driver detection to variability in the SML depth.
Given the term magnitude dependence on the value of
h (Equation 1), especially the air-sea heatflux term, we
expected the balance between the magnitude of the terms
in each of the scenarios to vary and, therefore, impact the
identification of dominant drivers during MHWs. These ideas are
explored below.
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FIGURE 2 | Mean temperature (A) and salinity (B) for the Eddy box (grey) and NZ box (blue). MLDzo and MLD1so are marked by dashed black lines and the mean
SML depth (MLDy) per region is marked by solid horizontal lines.
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FIGURE 3 | Climatological temperature variability (colorbar) from the surface down to 500 m depth in the Eddy (A) and NZ boxes (B). Mean SML depth is marked
with solid black lines on each of the plots while the grey lines show annual SML depths for the 30 year period from 1985 to 2014.
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3. RESULTS
3.1. Case Studies

Focusing on the dynamical evolution surrounding MHW events
over the course of a single year, Figure 4 shows the temporal
evolution of the heat budget terms in the Eddy box during
2007. Three MHW s were identified in April (19 days), May (5
days), and December (5 days). The advection of anomalously
cold water in February/March was followed by a deep, warm
advection anomaly in March-May (Figure 4C). The first MHW
occurred as a result of deep, strong, anomalously warm advection
(Adv, Figure4C). Air-sea heatflux anomaly (Q) Figure4A)
was relatively negligible (approximately neutral temperature
contribution compared to 1.6°C from the advection term over
the duration of the event) and, unsurprisingly, the event was
classified as an Adv’-MHW in all three SML depth scenarios.

During the second event, pronounced Q’ was detected in both
MLD3j and MLDy reaching a maximum of ~ 0.12°C day_l and
~ 0.05°Cday_1, respectively (and <O.O2OCalay_1 in MLDjs50).
During this event, the varying SML depth was approximately
70 m. In the SML, Adv’ averaged 0.01°Cday~!, however, a
warmer advection signal was detected below the SML (>
0.05°Cday_1). In this case, MLD3y overestimated the relative
contribution of Q” whilst MLD 5 captured the warm advection
below the SML that was not contributing to the change of
temperature in the mixed layer. Thus, the event was classified as
Q) mixed (near equal contribution of anomalous advection and
air-sea heatflux) and Adv’-MHW using the MLD3, MLDy, and
MLD 50, respectively.

The final MHW in 2007 occurred during summer when
the varying SML depth was approximately 20 m and the
warm temperature anomaly was mostly restricted to the SML
(Figure 4E). Throughout the whole water column, Adv’ was
negligible whilst Q” exhibited a significant signal in both MLD3
and MLDy and as such the three scenarios classified this event as
aQ-MHW.

During the first event, negative density anomaly was
associated with a deepening of the thermocline which can be
observed during the May MHW (deepest isopycnal deflecting
downwards, Figure 4F). The surface was fresh and warm
(Figures 4B,E) but the anomalous warming extended well
throughout the water column (as deep as 650 m). This
warming was negligible on the 28.3kgm > potential density line
(equivalent to 500 m isobar) suggesting water-mass conservation
and possibly isopycnal heaving (Supplementary Figure 1). The
surface snapshot shows that a warm-core eddy occupied the
region which supports the possibility of heaving (Figure 5A)
and confirms advection as the driver. During the second event,
the warming depth extent on isobars also exceeded that on
isopycnals but to a lesser extent compared to the first event
(Supplementary Figure 1) with the region appearing to be
enveloped by a meandering of warm currents (Figure 5B). The
third event, driven by Q) exhibited a strong spice signal (density
compensated temperature and salinity gradients, Bindoff and
McDougall (1994), Figure 4D) and density anomaly (Figure 4F)
in the SML. The event appeared to be a part of an almost Tasman
Sea region-wide MHW (Figure 5C).

Our second case study focusses on 1998 off the west coast of
New Zealand. Three MHW:s occurred in 1998 during the months
of February (11-days), March (5-days), and November (8-days)
(Figure 6). The first event appeared in highly stratified water with
warming affecting the SML only, whilst the denser and cooler
January water-mass detrained below the mixed layer (Figure 6E).
During the first two events, significant Q" was detected and
reached maximums of ~ 0.28Cday~! and ~ 0.15°Cday~! in
February and March, respectively (Figure 6A). The varying SML
depth was ~ 10 m and, thus, MHWy represented the largest
magnitude of Q" during both these events. Nonetheless, given
the negligible contribution of Adv’ in the region (Figure 6C),
both events were classified as Q-MHWSs across all three SML
depth scenarios. In contrast, the November MHW was classified
differently in each of the scenarios. The varying SML depth
during this event was, also, shallow (~ 20 m). Relatively mild
Adv’ and significant Q* was detected in the surface layers which
was classified as a Q-MHW using the MLDy scenario (20 m
average SML depth). MLD3( underestimated the Q’ contribution
and, thus, classified this event as a mixed-driven MHW. Whilst,
MLDjs5y further underestimated Q’ to the point that it was
negligible compared to the mild positive Adv’ in the SML and
throughout the water column and, accordingly, the event was
classified as an Adv’-MHW.

Spice anomalies were particularly weak during these MHW's
compared to the Eddy region, indicating potential water mass
transformation rather than compensation between salinity and
temperature anomalies with the exception of a slight signal
elevation during the first and last events. The surface maps of
monthly mean temperature anomaly (Figure 7) show that in all
three MHWs in this region, the events appear during region-wide
extreme warming.

3.2. Role of MLD on Heat Budget Term

Estimates
Next, we explore the statistical distribution of the magnitude
of each heat budget term across the 30 years (1985-2014) in
the three SML depth scenarios (Figure 8). In the Eddy region,
on average, advection warmed the box while air-sea heatflux
cooled the region as shown by the positive median value for
the advection term (Adv) in Figures 8A,C,E. However, the
relative magnitudes of the terms varied in the three SML depth
scenarios. For the MLD3q scenario, the standard deviation of
the residual was found to be of equivalent magnitude to that
of the temperature tendency term whilst the air-sea heatflux
term’s standard deviation was approximately 1.5 times the
magnitude of the temperature tendency’s, on average (Table 1).
This implied that some significant terms (e.g., the vertical terms)
were not resolved in this scenario and that the impact of the
air-sea heatflux term on the change of temperature was being
overestimated. Consistent with the results found in the Eddy
box, MLD3q in NZ also overestimated the air-sea heatflux term
and produced a residual term equivalent in magnitude to the
temperature tendency term.

For the MLDy scenario in the Eddy box, air-sea heatflux,
advection and temperature tendency terms all had similar

Frontiers in Climate | www.frontiersin.org

March 2022 | Volume 4 | Article 838017


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Elzahaby et al.

SML: Heat Budget and MHW Drivers

2007

AdvAdvVAY  QiMixed Adv' Qaa Eddy box
‘ B
T 05
02 =
A - 2
<ok s g
>
g 5 g
o
2 9 ‘ﬁ' o5
e 2 <
oo 3 2
WD, a :
02 MLD,
MLD,
0 10 1 L ! L L L L i I 400 05
c? D g
0.1
o 05 @';
g 0.05 : g E
< ) 2 5
< 0 3] =1 o 8
g g 2 £
fa] 3 2 <
-0.05 £ 8
0.5 &
0.4
0.15 4
25 F
E b !
2 0 Sl
N, =
15 O . —
e 0 ! g W ... [ 3
L} ClR 05 %
T . L 2
= 2 g
E 05 § S L~ 5
= 2 = N &
s o < @ 200 //_/ L ~—{ [ o B
& ] 2 g
05 2
2] I3 8 250 57 5kg m? 2
g a B TR @
300 058
a5 @ B | DR 05 &
2 350
25 400 ”
Jan Feb Mar Apr =My — Jun Jul Aug Sep Oct Nov Dec

FIGURE 4 | Time-series of air-sea heatflux anomaly during 2007 in the Eddy box (A) as calculated using the three MLDs: MLD3g (green), MLDy (red), and MLD1so
(black). Dotted lines correspond to the Adv’ colourbar limits in panel (C). (C) Hovmoller diagrams showing anomalous advection with depth. MLDy, is shown with a
solid black line, MLDg3p and MLD+s( are marked by dashed lines. (E) Hovmoller diagram showing the temperature anomaly with depth. MLDy, is shown with a solid
black line, MLD3p and MLD1so are marked by dashed lines. (B,D,F) The evolution of salinity (B), spice (D) and density (F) anomalies against pressure. Isopycnal
surface contours of 25.2, 25.9, 26.5, and 27.5 kg m~2 are shown using alternating dashed and solid lines (as per labels). MHWs are marked in the top panel with
black rectangles. Drivers as identified by each scenario: MLDgzp, MLDy, and MLD1s5p are labeled above each event in this order.
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distributions whilst the residual was approximately half their
magnitude. This suggests that the advection and air-sea
heatflux terms were sufficiently descriptive of the temperature
variability in the SML. In the NZ box, the MLDy produced
an equivalent magnitude of heat budget term distributions for

air-sea heatflux and temperature tendency while the residual
term was much smaller (half the magnitude of the other
terms at most), suggesting that in this region, the change
of temperature with time can be sufficiently described by
atmospheric forcing.
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The MLDjs5g scenario in the Eddy region produced similar  although the small residual suggests that the terms were mostly
relative term magnitudes as the MLDy scenario for all terms  resolved, the air-sea heat flux contribution to the temperature
except air-sea heatflux, which had an equivalent magnitude  variability in the SML is unlikely to be properly represented.
to the residual term. That is, the role of air-sea heatflux on  In the NZ region, the MLD,59 budget appeared to reasonably
the SML temperature was underestimated in this scenario. So,  represent the budget terms. The air-sea heatflux term was
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TABLE 1 | Standard deviations (°Cday~") of the heat budget terms calculated in
each of the three SML depth scenarios in the Eddy and NZ regions.

Eddy NZ

MLD3 MLDy  MLDsss,  MLDzp  MLDy  MLDyso
dT/dt 0.07 0.06 0.04 0.05 0.05 0.02
uwHT 0.05 0.05 0.04 0.01 0.01 0.005
Q 0.11 0.06 0.02 0.08 0.05 0.02
Residual 0.07 0.03 0.02 0.05 0.02 0.01

similar in magnitude to the temperature tendency term and
the residual was half that magnitude on average, again, with
negligible advection.

To demonstrate the sensitivity of the heat budget terms to
the SML estimate, Figure9 (Eddy box) and Figure 10 (NZ
box) illustrate the temporal evolution of the terms in each of
the scenarios (equivalent figures with term anomalies shown
in Supplementary Figures 2 and 3). The time-series of each of
the terms in the Eddy region show advection was not always
constrained within the surface and, sometimes, extended deep in
the water column. Advection was highly variable and barotropic.

In the New Zealand region, advection played a very small
role in the temperature variability in the mixed layer. The time-
series of each of the heat budget terms show that the influence
of advection in this region was very small when compared to air-
sea heatflux in all three scenarios. Across both regions, MLD;5
produced the smallest magnitude of the air-sea heatflux term
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(Figures 9A, 10A). During the cool months, MLD3y produced = However the magnitude of the heat budget terms, and hence
the largest magnitude of the cooling air-sea heatflux term, whilst  the classification of each of these MHW drivers changed across
during the warm months some extreme warm contributions were  the three different SML scenarios (Figure 11). Overall, in the

only represented in the MLDy scenario. Eddy region MLDy resulted in the largest number of Q-MHW:s

. L. . when compared to the other two scenarios (41% compared to
3.3. Role of MLD in Identlfylng Drivers of 30% and 13% using MLD3p and MLDsg, respectively), whilst
MHWs MLDj5¢ resulted in the largest number of Adv-MHWs (87%

The relative magnitude of the terms in the heat budget for the  compared to 70% and 59% classified by MLD3y and MLDy,
various SML scenarios were explored to understand the influence ~ respectively) (Figures 11A,C,E). In the NZ box, MLD3; and
on the identification of the dominant drivers during MHWs. ~ MLDy produced similar numbers of Q-MHWs (74% and 71%,
We detected 41 MHWs in the SML in each of the regions.  respectively) whilst MLD;5¢ resulted in the largest number of
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Adv’-MHWs (36% compared to 26 and 29% produced by MLD3,
and MLDy, respectively).

As the depth of the SML changes throughout the year, we
explored the classification of the MHW drivers by month and
the temporal evolution of the heat budget terms (Figure 12).
MLD;5¢ consistently classified the least number of Q-MHWs
and the most Adv’-MHWs throughout the year in both regions
(marked with green lines in Figures 12E,F). In the Eddy region,
MLD5¢ classified ~2.8 Adv’-MHWs per month compared to
~1.8 Adv’-MHWs classified by MLDy, on average. In the same
region for Q-MHWSs, MLD s classified ~0.4 Q-MHWs per
month compared to 1.25 classified by MLDy, on average. This
difference is the least pronounced in May (austral autumn).
In the NZ region, on average, MLDs5 classified ~1.1 Adv’-
MHWSs per month compared to MLDy which classified 0.5
Adv-MHWs per month. MLD;5y classified 1.9 events as Q’-
MHWSs on average per month compared to 2.7 classified
using MLDy. The gap between the three scenarios in their
classification was the least pronounced during the months of
July-September (winter-spring).

MLD3p showed pronounced seasonality in its driver
identification. In the Eddy region, over the autumn and summer
periods when the MLD is shallow, the results were consistent
with the relationship identified above, being that a deep estimate
of SML resulted in a reduced (increased) number of Q-MHWs
(Adv’-MHWs). Given that this region is characterized with
relatively deep MLD (average MLD during these months was

~45m), the number of Q-MHWs was higher in the MLD3
scenario compared to MLDy (1.5 compared to 1.2) and the
number of Adv’-MHWSs was lower (2.3 compared to 2.5). During
the cooler months (over the winter and spring seasons) the
pattern is inverted. The MLD3y produced a larger number of
Adv-MHWs than MLDy (2.3 compared to 1.2, respectively)
and a smaller number of Q-MHWs (0.5 compared to 1.3,
respectively) despite it being a shallower depth than the SML.
That is, a shallow SML estimate resulted in an increased number
of Adv’-MHWs and a reduced number of Q-MHWs indicating
that surface advection could be skewing the results toward
classifying the events as Adv’-MHWs.

In the NZ region, the SML was mostly shallower than
30 m in the warmer months (~20 m in summer with a
minimum of ~10 m and maximum of ~40 m). Thus, MLDy
produced the largest number of Q-MHWs during the warmer
months compared to the MLD3y (2.9 compared to 2) and
fewer Adv’-MHWSs (0.5 compared to 1). During the cooler
months (winter and spring) the difference was, overall, less
pronounced compared to the Eddy region since advection is
weaker in the NZ region (Figure 10). There was a slightly
smaller number of Q-MHWSs in the MLD3; compared to
MLDy (2.3 and 2.5, respectively) but little to no difference
in the Adv-MHWs except during the months of October
and November.

4. DISCUSSION

The heat budget is an informative tool that can be used to
diagnose the mechanisms modulating the temperature variability
in the SML during the evolution of MHWSs. However, when
using a simplified depth-integrated heat budget over the SML
for the purpose of MHW dominant driver detection, the main
assumptions need to be carefully considered and, in particular,
the depth estimate of the SML.

Here, we analyzed the contributions of ocean advection
and atmospheric processes (through the heatflux at the air-
sea interface) to temperature variability in two dynamically
contrasting regions of the Tasman Sea (Eddy and NZ
boxes). The advection and air-sea heatflux terms of the
heat budget were calculated using three different SML
depth estimates, allowing us to compare the use of a
fixed SML depth (set to the typical summer and winter
thresholds, MLD3y and MLDjs5p) to that of a more realistic
daily varying SML depth calculated from density and
temperature thresholds (MLDy, de Boyer Montégut et al,
2004).

In the advection-dominated region (Eddy box), the air-sea
heat flux term in the heat budget was dampened (had an
equivalent standard deviation magnitude to that of the residual
term and half of the temperature tendency term) in MLDjs
while the advection and temperature tendency terms were of
comparable magnitudes. The opposite was true in the MLD3g
scenario, where the air-sea heatflux term was amplified (1.5 times
the magnitude of the standard deviation of the temperature
tendency term) and the advection term dampened (smaller
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magnitude than the residual term). The residual term in the
MLD3, scenario had an equivalent magnitude to the temperature
tendency term which implied that not all processes modulating
the change of temperature were resolved in this budget. In
comparison, the benchmark scenario (MLDy) represented the
air-sea heatflux, advection and temporal change of temperature

terms at nearly equal magnitudes with the residual term at half
that magnitude.

In the air-sea heatflux-governed region (NZ box), the
advection term played a minor role in the budget and is
relatively small regardless of the SML estimate. The air-sea
heatflux term was amplified in the MLD3( scenario (1.6 times
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the standard deviation magnitude of the temperature tendency
term) compared to being at equivalent magnitude in the MLDy
and MLDj 5 scenarios. The residual term in MLD3 is equivalent
to the temperature tendency term, consistent with the Eddy
box results, suggesting that the mechanisms modulating the
temperature variability in the SML were not resolved. MLDy and
MLD 5 represent similar relative term magnitudes with air-sea
heatflux at equivalent magnitude to the temperature tendency
term and residual at half that magnitude.

We, also, explored the impact of seasonality on driver
detection across the three scenarios and found that, in general,
a deep estimate of the SML resulted in a larger number of MHW's
classified as Adv’-MHWSs and a smaller number classified as Q’-
MHWs across both regions with the biggest discrepancy being in
the warmer months. An inverse pattern, however, was detected in
the shallow budget (MLD3() during the Austral winter months
whereby a shallow estimate produced a larger number of Adv’-
MHWs and a smaller number of Q-MHWs with the difference
being more pronounced in the Eddy region. MLD3y appeared
to capture anomalous shallow surface warm advection which
skewed the relative contribution of the air-sea heatflux and
advection terms. Furthermore, despite MLD;5p appearing to
reasonably represent the budget terms in the NZ box, the extent
to which the SML can shoal in this region during the Austral
summer (up to 10 m, Figure 3) implies that this budget may fail
to detect the drivers of summer MHWs .

Advection-driven MHWSs in the SML are a result of
anomalous warm ocean currents which could be due to strong
geostrophic flow, surface Ekman currents, or eddies (Rebert
et al., 1985). With the exception of Ekman currents, advection
is not restricted to the surface and can be captured using various
estimates of the SML regardless of season. However, our results
show that air-sea heatflux-driven MHWs are sensitive to the
estimate of SML since their detection is constrained to that
depth. Penetrative shortwave radiation has a depth structure,
albeit decaying at an exponential rate from the surface (Wang
and McPhaden, 1999). The schematic in Figure 13 illustrates the
several cases in which Adv’- and Q- MHW:s can be misclassified
or misconstrued. In summer, a deep approximation of the SML
can result in surface advection contribution (Ekman flow) being
underestimated. Conversely, in the winter months a shallow
estimate of the SML depth may result in the amplification of
the advection contribution to the SML warming. In the case
where warm anomalous advection is detected below the mixed
layer, a deep estimate of the SML may misrepresent it as a
surface mechanism. A deep estimate of the SML depth dilutes the
contribution of the air-sea heatflux anomaly and can cause mixed
layer warming that is driven by air-sea heatflux in the summer
months to be missed. On the other hand, in the winter months, a
shallow estimate can result in amplifying the term’s contribution
to the SML warming.

Being able to accurately restrict the heat budget analysis to
the temporally varying mixed layer enables the inter-comparison
of dynamically contrasting regions. Since the SML depth is
linked to a region’s dynamical signature, we have shown that
it is unlikely that a common fixed MLD can appropriately
represent the mechanisms impacting the temperature variability

across the regions (see SML variability in Figure1). As in
our findings, despite MLD3y; (MLDjsp) having resulted in
amplified (dampened) air -sea heatflux term compared to
the temperature tendency term on average in both regions
(Figure 8), the identification of an event’s dominant driver
was highly dependent on the region’s dynamical signature.
In the Eddy box, Adv’-MHWs outnumbered those in MLDy
in both cases of fixed depths (MLDj3y and MLDj5). In
the New Zealand region, the number of Q-MHWs in the
two fixed scenarios was underestimated compared to MLDy.
Due to the significant anomalous advection in the Eddy
region, a deep estimate of SML is more likely to classify
events as advection-driven at the expense of air-sea heatflux-
driven events. For example, Elzahaby et al. (2021) found
that the dominant driver of MHWSs in the EAC upstream
to be Q-MHWSs, which may have been more difficult to
detect in a fixed layer depth since deep anomalous advection
is also prevalent in this region (Supplementary Figure 4).
We, therefore, propose that a variable SML depth reduces
the results’ dependence on seasonality and a region’s local
dynamical regimes.

In some heat budget applications, capturing the variability of
the mixed layer is less consequential to the results. For example,
studies that focus on the temporal evolution of each term rather
than identifying a dominant term, like Oliver et al. (2017) who
investigated the driving mechanisms of the 2015/16 MHW in
the Tasman Sea. The authors focused on the change of each
term’s cumulative anomaly (heat budget integrated over 100 m
depth) and, as such, a SML depth estimate is inconsequential
to the results. Furthermore, studies that use an overly deep
estimate of the SML (encompassing the entire mixed layer, for
example, Bowen et al., 2017) and, also, define MHWSs in that
depth can avoid ambiguity when relating deep drivers to the
SML extreme warming. However in some cases, when authors
use a heat budget approach across large geographic regions
with different oceanic conditions, and/or over multiple seasons
(e.g., Marin et al., 2021) this could result in a mis-classification
of the MHW drivers if a fixed SML is used. In cases where
shallow estimates of the SML are being used, a heat budget
that resolves all the terms (including vertical diffusion) can
produce a more accurate depiction of the mechanisms than a
simplified budget.

A fixed SML estimate can be especially ambiguous in cases
when MHWSs are driven by the re-emergence of detrained
persistent temperature anomalies or the shoaling of the SML.
In the first instance, the re-emergence of anomalously warm
water occurs over a period of several seasons (Alexander et al.,
1999), thus, a fixed MLD approach would need to explicitly
resolve vertical terms, otherwise, the driver may be undetected.
Furthermore, shoaling of the mixed layer can result in an
amplified impact from the air-sea heatflux anomaly which can,
then, result in a MHW. The shoaling of the MLD acts on
larger time-scales than the immediate effect of stratification
from the surface warming (Supplementary Figure 5). Given
the driver detection dependence on larger time-scales of SML
variability, a fixed depth may not capture the potential impact
of Q and, thus, driver (Figure 13B). In summary these results
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from two dynamically contrasting regions show that when
comparing heat budget results over large spatial and temporal
scales, a variable SML is necessary in order to accurately
identify the driver.
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