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Abstract: A hot blob for near-surface water was identified eastward of New Zealand in the South
Pacific in December 2019, which was the second strongest event on record in this region. Its sea surface
temperature anomalies reached up to 5 °C, and the anomalous warming penetrated around 40 m deep
vertically. From the atmospheric perspective, the anomalous high-pressure system from the surface
up to 300 hPa lasted for about 50 days, accompanied by the blocking pattern at 500 hPa and a deep
warming air column extending downward to the surface. A mixed-layer heat budget analysis revealed
that the surface heat flux term was the primary factor contributing to the development of this hot blob,
with more shortwave radiation due to the persistent high-pressure system and lack of clouds as well
as higher temperature of the troposphere aloft denoted by sensible heat. The oceanic contribution
including the horizontal advection and vertical entrainment was changeable and accounted for less
than 50%. Moreover, we used the strongest hot blob event which peaked in December 2001 as another
example to evaluate the robustness of results derived from the 2019 case. The results show similar
circulation features and driving factors, which indicate the robustness of the above characteristics.

Keywords: New Zealand hot blob; mixed-layer heat budget; heat flux; anomalous high-pressure
system

1. Introduction

Regional summer heatwaves have occurred more frequently over the globe since 2000 [1-4],
which has attracted wide attention among researchers. Moreover, marine heatwave days have increased
54% globally since the early 20th century, according to the definition of Hobday et al. [5], in particular
with an increase of 3-9 days per decade in the New Zealand region [6]. Recently in December 2019, a hot
blob (also termed “marine heatwave”) appeared and spanned at least a million square kilometers—an
area nearly four times larger than New Zealand—in the South Pacific (Figure 1a). This remarkable
spike in sea surface temperature (SST) reached up to 5 °C above average across a massive patch and
was located to the east of New Zealand, near the sparsely populated Chatham Islands archipelago.
In addition, it was the biggest patch of anomalous warming over global oceans at that time. As the news
reported, this New Zealand “marine heatwave” brought tropical fish from 3000 km away [7]. This surge
in ocean heat over a short period could have been difficult for local marine life if it had penetrated far
beyond the surface. This record-breaking hot blob followed a marine heatwave two summers ago that
propelled the hottest summer of New Zealand on record, more than 3 °C above average SST, and led to
tropical fish from Australia being found along the country’s coast [8]. Furthermore, Salinger et al. [9]
analyzed three unparalleled coupled ocean-atmosphere heatwaves around the New Zealand region
during the austral summers of 1934/1935, 2017/2018 and 2018/2019.
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Figure 1. (a) The sea surface temperature anomaly (SSTA) (shading, in °C) in South Pacific on
25 December 2019. Black box indicates the blob area (34° S-52° S, 150° W-178° W). (b) The climatological
monthly SST (green bar, left axis, in °C) averaged over blob area. The black line depicts its monthly
SD (right axis). (c) The SSTA time series of blob area from 1950 to 2019. Red-dashed line indicates its
linear trend using linear regression. The red dots represent the values in December 2001 and 2019,
respectively. (d) The normalized SSTA time series of the blob area from 1950 to 2019. The pink shading
indicates the duration of two extreme cases when the time series was larger than 1.0 SD. The red dashed
line denotes the threshold of 1.0 SD.

Heatwaves are natural hazards that have substantial impacts on human health, the economy
and the environment in both the atmosphere and ocean [10]. For example, the 2011 marine heatwave
in Western Australia exerted great effects on marine biodiversity [11,12] while the ones near New
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Zealand also caused the rapid loss of snow and glacier ice and largely affected the agriculture [8,9].
In the Northern Hemisphere, the record-breaking warm and persistent water mass in the Northeastern
Pacific during 2013-2015, termed the “Pacific warm blob” [13] and “marine heatwave” [14,15], also had
catastrophic influences on the climate, coastal ecosystems and fisheries [16,17], which led to the
anomalously warm winter in Alaska [18] but colder winter in wide regions of North America [19],
the migration of marine species [20,21], a large amount of dead species [20,22], and the shutdown of
local fisheries [23], as well as possibly the severe drought in California [24]. However, the underlying
physical mechanisms of marine heatwaves are less well understood. Several reasons are documented
to be the potential drivers: El Nifio-Southern Oscillation (ENSO) [11,14,25], mesoscale eddies [26],
oceanic heat advection/transport [27,28], high atmospheric temperatures and low local winds [13,29-31].
However, research into marine heatwaves is still in its infancy, with little consensus about the driving
mechanisms [10].

In short, many issues remain unresolved about the marine heatwaves in the South Pacific.
Given that there have been more and more local events in recent years [11] and their associated
disasters, considerable efforts are required to illuminate their driving mechanisms and generate future
projections of marine heatwaves [9]. In this study, we took the recent hot blob eastward of New Zealand
in December 2019 as an example and analyzed its synoptic characteristics and heat budgets, aiming to
quantify the contributions from atmosphere and ocean. Moreover, we used another hot blob event
in December 2001, the strongest event east of New Zealand on record, as another example to have a
comparison and further prove the robustness of circulation anomalies and the leading driving factor
derived from the recent December 2019 case.

2. Data and Methods

We employed both daily and monthly data to illustrate the hot blob events in this study.
The atmospheric data were obtained from the National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) Reanalysis 1 [32-34]. They had a horizontal resolution
of 2.5° x 2.5° in latitude and longitude, with 17 standard pressure levels vertically. The climatology is
the mean state computed by averaging the 30-year data from 1990 to 2019. We used the departure
from the climatology as anomalies according to Shi and Qian [35]. The variables including the air
temperature, sea level pressure (SLP), geopotential height, surface winds, and heat fluxes in this study.

For the SST data, we utilized the monthly Extended Reconstructed Sea Surface Temperature
(ERSST) V5 data in a 2° X 2° horizontal resolution from the National Oceanic and Atmospheric
Administration (NOAA) [36,37]. The monthly SST climatology was constructed by averaging the SST
from 1950 to 2019. The daily SST dataset was retrieved from the Optimum Interpolation (OISST) with
a 0.25° x 0.25° horizontal resolution [38]. The subsurface temperature and current velocity data were
obtained from the NCEP Global Ocean Data Assimilation System (GODAS) [39,40]. We also used Argo
subsurface temperature for comparison [41]. We further calculated the anomaly of specific variable as
the difference between the total value and the corresponding climatology.

The focused blob area covered (34° S-52° S, 150° W-178° W) in the South Pacific. For the definition
of marine heatwaves, Hobday et al. [5] proposed a comprehensive one considering an anomalously
warm event to be a marine heatwave if it lasts for five or more days, with temperatures warmer than
the 90th percentile based on a 30-year historical baseline period. However, we did not apply this
definition because we do not focus on the detailed daily evolution of the hot blob cases in December
2001 and 2019. Instead, we give a relatively wide picture of the blobs especially in the mixed-layer heat
budget analysis, which is illustrated using the monthly data.

To quantify the relative contribution of at mospheric and oceanic processes in above hot blob
events, we employed the mixed-layer heat budget analysis in November and December of 2019
according to Cronin et al. [42] and Schmeisser et al. [43]. As shown in Equation (1) below,
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where T is the SST anomaly (SSTA) over the blob area derived from ERSST V5 and the first term
indicates the tendency of SST. Qy is the net heat flux at the ocean—atmosphere interface, which is the
sum of the net shortwave radiation flux (SW), net longwave radiation flux (LW), net latent heat flux
(LH), and sensible heat net flux (SH). The heat fluxes were regridded from NCEP-NCAR Reanalysis 1
to a 1° x 1° horizontal resolution using linear interpolation. All the heat flux terms were converted
into positive downwards to indicate the favorable condition for blob warming. The pC, describes the
heat capacity of water (pC, = 4.088 x 10° J° - C™'-m™3) and h is the long-term mean mixed layer depth
via the potential temperature in a 1° X 1° horizontal resolution from the NODC (Levitus) World Ocean
Atlas 1994 [44,45]. The second and third terms on the right-hand side of equation (1) represent the
oceanic horizontal advection in the mixed layer and vertical entrainment at the bottom of the mixed
layer, respectively. It should be noted that we did not explicitly calculate the vertical entrainment in
this study in part due to the lack of ocean subsurface data and we obtained this term as the residual by
removing the heat flux and advection terms from the SST tendency term. More details can be found in
Cronin et al. [42] and Schmeisser et al. [43]. In addition, the least-squares linear regression method is
utilized to estimate the linear trends of regional blob variation.

3. Results

3.1. Features of the Hot Blob Eastward of New Zealand in December 2019

Firstly, we inspected the annual cycle of the SST (Figure 1b) in the blob area of the South Pacific
(black box in Figure 1a). In December, the climatological SST is around 14 °C, followed by the hottest
months of January, February, and March. Due to the anomalous warming in 2019, the local SST could
reached 20 °C in December. Moreover, the SST standard deviation (SD) in this region is large in
December, indicating a relatively larger natural variability at this time.

Furthermore, the historical context in this blob area was given by the monthly SSTA from January
1950 to December 2019 (Figure 1c). Within this area, an extreme hot blob event was presented in
December 2019 with SSTA about 2.8 times the SD warmer than the climatological SST (also see
Figure 1d). Clearly, it is common to see patches of warmer water off New Zealand, but this magnitude
is the second largest on record. The event that occurring in December 2001 was the strongest case during
our study period (Figure 1c). These two events were prominent in magnitude compared to the SSTA at
other times. It should be noted that the above two events both occurred in December, implying the
potential phase-locking feature of hot blobs in this area during austral summer. On the other hand,
there is a prominent increasing trend of SSTs in this blob region (Figure 1c), partly contributing to
the extreme magnitude of these two blob events. In addition, this significant warming trend is very
consistent with the global warming tendency. To depict the duration of the two extreme hot blobs,
we calculated the normalized monthly SSTA averaged over the blob area (Figure 1d). Both of them are
long-lived events in a monthly-based context if we take 1.0 as the threshold. The duration of the 2001
event is 11 months, while it is 10 months for the recent 2019 event (pink shading in Figure 1d).

Figure 2 further illustrates the depth of the hot blobs using both monthly GODAS and Argo data.
The positive temperature anomalies greater than 0.5 °C could penetrate into approximately 40 m in
December 2019 (Figure 2a,b,d,e). Similarly, the depth of warmer-than-normal subsurface water outlined
by the 0.5 °C contour was also shallower than 50 m in December 2001 (Figure 2¢,f). By comparison,
the vertical penetration of the hot blobs east of New Zealand appeared much shallower than that of the
record-breaking warm blob in Northeastern Pacific during 2013-2015 (around 200-250 m according to
Hu et al. [46]). Therefore, the similarity and difference of the hot blobs (or marine heatwaves) in two
hemispheres should be further compared and illustrated.
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Figure 2. The depth-longitude vertical section of subsurface temperature anomalies (shading and
contour, 0.5 °C and 1.0 °C highlighted) averaged over 34° 5-52° S in (a) December 2019 using GODAS
data, (b) December 2019 using Argo data, and (c) December 2001 using GODAS data, respectively.
(d-f) Same as (a—c), but for depth-latitude section averaged over 150° W-178° W. The green vertical
lines outline the blob area.

Climatologically, westerlies prevail over the entire blob region, which is located to the southwest
of the subtropical high (Supplementary Materials Figure S1). The subtropical high gradually weakens
from November to December, associated with the weakening of westerlies in the blob area. Figure 3
illustrates the evolution of SLP and surface wind anomalies as well as total geopotential heights at
500 hPa every 10 days from 1 November to 31 December of 2019. The surface high system persisted
from mid-November to late December (Figure 3). The easterly anomalies weakened the climatological
westerlies (Figure 3c—e) and thus reduced the heat loss of the ocean via similar processes involved in
a wind—-evaporation-SST (WES) mechanism [47], favorable for the warming of local SST. From the
oceanic perspective, the easterly anomalies transported the warmer water from tropics via Ekman
transport (Figure 3c—e), which also contributed to the positive SSTA of the blob region. Furthermore,
there was less rainfall and dry weather under the continuous anticyclonic condition, causing more
shortwave radiation to come to and heat the ocean surface. We notice that although the anomalous
surface high was long-lasting, the wind anomalies within the blob area were a bit more variable
(Figure 3). In terms of the geopotential heights at 500 hPa, a prominent ridge was stable with a blocking
pattern during the middle December of 2019 (Figure 3e). The importance of the blocking characteristic
during a marine heatwave has also been documented in Salinger et al. [8,9].
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Figure 3. Sea level pressure (SLP) anomalies (shading, in hPa), surface wind anomalies (vector, in m/s),
and total geopotential heights at 500 hPa (black contour, in dagpm) averaged over (a) 1-10 November,
(b) 11-20 November, (c) 21-30 November, (d) 1-10 December, (e) 11-20 December and (f) 21-31 December
of 2019. The green boxes denote the blob area.

To further reveal the atmospheric characteristics during November and December of 2019,
we ploted the evolution of the temperature and geopotential height anomalies in the vertical direction
averaged over the blob region (Figure 4a). Similar illustrations are widely used in investigating extreme
warm events in the atmosphere [35,48]. The anomalous warming was strongest at the middle-lower
troposphere, with a deep-warm air column extending upward to 300 hPa and downward to the surface.
This persistent warming in the troposphere benefited the outstanding SST warming in the blob area in
December 2019 through air-sea interaction (Figure 4a). The surface high-pressure system in Figure 3
corresponded to the long-lasting anomalous high circulation centered at around 300 hPa (Figure 4a).
The anomalous high circulation and warming lasted for around 50 days and formed a prominent
intraseasonal signal from the atmospheric perspective. We conclude that the atmospheric height and
temperature configuration could stimulate the positive SSTA in the blob area.
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Figure 4. The temporal evolution of air temperature anomalies (shading, in °C) and geopotential height
anomalies (contour, in gpm) averaged over the blob area from 1 November to 31 December of (a) 2019
and (b) 2001, respectively.

3.2. Mixed-Layer Heat Budget of the Hot Blob Event in November and December 2019

In November, the SST of the blob area was warmed primarily due to the positive heat flux from
the atmosphere, with most of the contributions from the SW and SH (Figure 5). The contribution of
horizontal advection in the mixed layer was positive with a generally equivalent value compared
with the temperature tendency. However, the vertical entrainment and diffusion processes played a
negative role in warming the blob region at this stage, which largely offset the positive contribution
from the heat fluxes at the ocean—atmosphere interface. Then during December, there was a much
larger warming tendency for the blob SST (Figure 5), associated with the quick development and
occurrence of the hot blob in Figure 1a. Quantitatively, the atmosphere and ocean played a generally
equal role in this blob event (Figure 5). More SW penetrated the ocean surface and therefore heated the
blob area due to the deep high-pressure system (Figure 4a) and lack of clouds. The positive SH anomaly
contributed nearly 50% of the total heat flux term, which resulted from the direct heating of warmer
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tropospheric column aloft (Figure 4a). We notice that the influence of oceanic processes reversed from
negative in November to positive in December, possibly implying the seasonal variability of the upper
ocean or a change in its internal thermodynamic properties, which needs further investigation.
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Figure 5. The heat budget (in °C/mon) of blob area in November and December of 2019. The “dT/dt”
term is the tendency of SST (green bar), while the “heat flux” term (pink bar) is from atmosphere,
“horizontal advection” term (blue bar), and “vertical entrainment and diffusion” term (brown bar) are
calculated in the ocean mixed layer. In addition, the specific SW, LW, LH, SH terms are calculated and
represented within the red-dashed box. All the heat flux terms are defined as positive downwards.

3.3. Comparison of the Historical Strongest Hot Blob in December 2001

To evaluate the robustness of the above results, we further analyzed the strongest hot blob
event that occurred in December 2001 (Figure 1c). In terms of the SLP and surface wind anomalies,
the favorable anti-clockwise circulation anomalies were persistent from early November to middle-late
December of 2001 (Figure 6). The easterly anomalies to the north of the above surface high system
counteracted the climatological westerlies, reduced the evaporation and latent heat loss of the ocean,
and heated the ocean surface in the blob area, which was similar to the WES mechanism. In the
Southern Hemisphere, the easterly wind anomalies could advect the warmer water from lower latitudes
to the blob area via Ekman transport, which also contributed to the positive SSTA of the blob region.
Importantly, the blocking feature at 500 hPa was more evident (Figure 6e) compared to that in 2019
(Figure 3e), in accordance with their intensity difference. From the vertical section averaged over the
blob area, we observed a significant warming in the troposphere aloft (Figure 4b), which warmed
the oceanic surface through the sensible heat fluxes (Figure 7). This heating effect was especially
intensive during the middle of December, with a warm core greater than 5 °C centered at around
400-500 hPa (Figure 4b). Correspondingly, the magnitude of the positive height anomalies was much
greater compared to that in December 2019 (Figure 4a). The above anomalous height and temperature
configuration satisfied the hydrostatic balance according to previous studies [35,48].

Then, we conducted similar mixed-layer heat budget analysis for this hot blob event (Figure 7).
In November 2001, the surface heat fluxes and oceanic vertical processes were mostly responsible for
the early warming of this hot blob. Then in December, the heat fluxes became much larger, with a
dominant positive SH anomaly indicating the heating from the atmosphere (Figure 7). Moreover,
the LH anomalies also became more prominent and favorable for the intensification of this hot blob,
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which was related to the easterly anomalies and the resultant lower evaporation and LH loss. Similar to
the December 2019 case (Figure 5), the vertical entrainment and diffusion term also changed sign
during these two months, which implied a possible complexity of oceanic processes during austral
summer. The horizontal advection played a positive role in both November and December but with a
limited magnitude (Figure 7).
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4. Discussion

A hot blob with the SSTA reaching up to 5 °C on specific days occurred eastward of New Zealand
in the South Pacific in December 2019 and was reported to be the biggest warming patch over global
oceans at that time. Moreover, this blob was shown to be the second largest event on record in
this region. The sudden warming of this hot blob was primarily contributed by the atmosphere,
with positive heating due to the higher temperature of the troposphere aloft denoted by sensible heat as
well as more shortwave radiation due to the persistent high-pressure system and, potentially, the lack
of clouds. From the oceanic perspective, the vertical entrainment and diffusion processes exhibited a
relatively changeable nature, while the horizontal advection promoted the development of the hot
blob but with a minor importance. Similar investigations were also performed on the strongest case in
December 2001 and we got similar results in terms of both the circulation characteristics and attribution
derived from the mixed-layer heat budget analysis. However, we could not accurately calculate the
effects of vertical entrainment and diffusion due to the short coverage and lack of real 3-D oceanic
motion of the oceanic observations, which necessitates further exploration in the future.

It is noted that the two strongest hot blob events east of the New Zealand region both peaked
in austral summer (December 2001 and 2019). Based on more hot-blob samples in this region and
better data in the future, we should explore whether these hot blob events have a phase-locking
characteristic. Furthermore, the potential linkage between these regional hot blobs and the ENSO in
the tropical Pacific should also be investigated, although the studies by Salinger et al. [7,8] have some
crucial implications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/12/1267/s1.
Figure S1: The climatological SLP (shading, in hPa) and wind (vector, in m/s) averaged over (a) 1-10 November,
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