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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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SML: Heat Budget and MHW Drivers

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, MLDzg and MLD+s¢ 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.

FIGURE 5 | Surface plots of monthly mean surface temperature anomaly during the months when MHWs occurred (in the Eddy box) in 2007: (A) April, (B) May, and
(C) December. Surface temperature anomaly is shown with the colourbar and surface currents are shown with vectors.

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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FIGURE 6 | Time-series of air-sea heatflux anomaly during 1998 in the NZ box (A) as calculated using the three MLDs: MLDgq (green), MLDy (red), and MLD+so
(black). Dotted lines correspond to the Adv’ colorbar limits in panel (C). (C) Hovmoller diagram showing anomalous advection with depth. MLDy is shown with a solid
black line, MLD3g and MLD4s0 are marked by dashed lines. (E) Hovmoller diagram showing the temperature anomaly with depth. MLDy is shown with a solid black
line, MLD3p and MLD15¢ 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 25.9, 26.3, 26.6, and 26.9 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: MLDgp, MLDy, and MLD+sq are labeled above each event in this order.
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FIGURE 7 | Surface plots of monthly mean surface temperature anomaly (in the NZ box) in 1998: (A) February, (B) March, and (C) November. Surface temperature
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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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FIGURE 8 | Boxplots showing the statistical distribution of each term in the heat budget calculated across the three formulations: MLDg, (A,B), MLDy (C,D), and
MLD+s0 (E,F) for the Eddy box (left column) and the NZ box (right column). The boxplots are based on the daily values in each box over the 30-year study period
(1985-2014).

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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FIGURE 9 | Eddy box time-series (1985-2014) showing the air-sea heatflux term (A) as calculated using the three SML scenarios: MLDg3 (green), MLDy (red), and
MLD1s0 (black). Hovmoller plots shows advection contribution (B) and temporal change of temperature (C) with depth. MLDy is shown with a solid black line, MLD3q
and MLDqs0 are marked by dashed lines. MHWSs are marked with rectangles in the top bar with colors corresponding to the season in which an event began: summer
(DJF) = red, autumn (MAM) = yellow, winter (JJA) = blue, spring (SON) = green.
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FIGURE 10 | NZ box time-series (1985-2014) showing the air-sea heatflux term (A) as calculated using the three SML scenarios: MLDgq (green), MLDy (red), and
MLD+s50 (black). Hovmoller plots shows advection contribution (B) and temporal change of temperature (C) with depth. MLDy is shown with a solid black line, MLD3zg
and MLDqs0 are marked by dashed lines. MHWs are marked with rectangles in the top bar with colors corresponding to the season in which an event began: summer
(DJF) = red, autumn (MAM) = yellow, winter (JJA) = blue, spring (SON) = green.

(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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FIGURE 11 | Proportion of Adv’-MHWs (blue) and Q'-MHWSs (green) in the
Eddy (A,C,E) and NZ (B,D,F) in each of the three SML scenarios as marked
by row labels.

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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