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Unprecedented warm sea surface temperature (SST) anomalies were observed off the west coast of Australia
in February-March 2011. Peak SST during a 2-week period were 5°C warmer than normal, causing
widespread coral bleaching and fish kills. Understanding the climatic drivers of this extreme event, which we
dub “Ningaloo Nifo”, is crucial for predicting similar events under the influence of global warming. Here
we use observational data and numerical models to demonstrate that the extreme warming was mostly
driven by an unseasonable surge of the poleward-flowing Leeuwin Current in austral summer, which
transported anomalously warm water southward along the coast. The unusual intensification of the Leeuwin
Current was forced remotely by oceanic and atmospheric teleconnections associated with the extraordinary
2010-2011 La Nifia. The amplitude of the warming was boosted by both multi-decadal trends in the Pacific
toward more La Nifa-like conditions and intraseasonal variations in the Indian Ocean.

ater temperatures affect the growth, survival, abundance and distribution of most marine species'~>.

Rapid short-term temperature rises can be harmful or even lethal to marine organisms, as in the case

coral bleaching and fish mortality*~”, and have potentially catastrophic impacts on marine ecosystems
throughout the world’s oceans®”. In early 2011, an unprecedented extreme warming event (also referred to as a
“marine heat wave”) was observed off the west coast of Australia in the southeast Indian Ocean at the peak of
2010-2011 La Nifia'*"'. The marine heat wave had profound impacts on marine ecosystem structure in this global
biodiversity hotspot, including massive fish and invertebrate kills and coral bleaching along the coast'*™'. It is
essential to document and understand the climatic drivers of this extreme event, which we dub “Ningaloo Nifio”
(more details in the Discussion section), in order to prepare for a future in which similar events may occur more
frequently under global warming.

Ocean circulation off the west coast of Australia is dominated by the Leeuwin Current, a poleward-flowing
eastern boundary current that transports warm tropical waters to the south'®. Interannual variations of the
Leeuwin Current are essentially driven by equatorial Pacific easterly wind anomalies related to El Nifio
Southern Oscillation events'”', which subsequently drive interannual sea surface temperature (SST) variations
off the west coast of Australia'®. Whereas extreme warming events were often forced by air-sea exchanges®, we
demonstrate in this study that the 2011 marine heat wave off the west coast of Australia was primarily forced by
unusual ocean advection in the Leeuwin Current at the peak of the 2010-2011 La Nifia.

Results
Indian Ocean basin warming in mid 2010, which induced strong easterly wind anomalies in the equatorial
western Pacific, played an important role in the fast phase transition from a warm pool El Nifio to La Nifia
conditions in the Pacific** (Fig. S1). The 2010-2011 La Niia was a strong event considering the magnitude of the
SST anomalies in the Nifio 3.4 region of the equatorial Pacific (5°N-5°S, 120°-170°W) in December 2010-
February 2011 (Fig. 1a). The Southern Oscillation Index (SOI) averaged between July 2010 and April 2011
was about +20 (Fig. 1a) and an SOI-based categorization would classify this event as the second-strongest event
of the past century (following 1917)*. Associated with the evolution of the La Nifia, easterly wind stress anomalies
in the equatorial western Pacific were observed to reach unusually high magnitudes of ~0.03 N m~ towards the
end of 2010 (Fig. 1b).

In the tropical western Pacific, positive sea level anomalies of 0.2-0.3 m resulted from the easterly wind stress
anomalies and associated wind stress curls in late 2010 to early 2011, as evident in a data assimilating model and
satellite altimeter observations (Fig. 2b; Fig. S2). Following the equatorial and coastal waveguides, high sea level
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Figure 1 | Monthly time series of key indices. (a), Nifio 3.4 area sea surface temperature and Southern Oscillation Index (scaled down by a factor of 10).
(b), zonal wind stress anomalies averaged over 3°S — 3°N, 130 — 160°E in the equatorial Pacific, where the zonal wind anomalies lead the Fremantle sea
level on interannual time scales, and meridional wind stress anomalies off the west coast of Australia averaged over 30° —22°S, 110° — 116°E, as derived
from the Tropflux product. (c), Fremantle sea level anomalies, as an index of the strength of the Leeuwin Current off the west coast of Australia.

(d), Sea surface temperature anomalies averaged over 32 —26°S, 112 — 115°E off the west coast of Australia (where the interannual temperature variation is
largely responding to the Leeuwin Current heat transport), derived from the OISST. (e), Upper ocean (0-150 m) heat content anomalies off northwest
Australia (22°-15°S, 108°~114°E), the key forcing region of the Leeuwin Current, derived from GODAS reanalysis. The red curve in (d) is derived from
TMI SST product. Anomalies in (b), (¢), (d) and (e) are smoothed with a 5-point Hanning filter. A linear trend of 1.6 mm per year has been removed from
the Fremantle sea level to account for the global sea level rising trend during the past century.
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Figure 2 \ Sea level, sea surface temperature, and wind stress anomalies. (a), One-month lead correlations of Global Ocean Data Assimilation System
(GODAS) sea level anomalies (colour shading) and NCEP-DOE reanalysis-2 surface wind anomalies (vector) with Fremantle sea level anomalies (only
correlations > 0.3 are shown). (b), GODAS sea level anomalies averaged between December 2010 and January 2011. (c), Sea surface temperature
anomalies averaged between February and March 2011. The boxes in (b) denote the regions in the equatorial Pacific and off the west coast of Australia
where average wind anomalies were calculated in Fig. 1b, and the boxes in (c) denotes the regions of average sea surface temperature anomalies used in
Fig. 1d and average heat content used in Fig. le.
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anomalies in the western Pacific induced high coastal sea level anom-
alies along the northwest and west coasts of Australia. At the port of
Fremantle (32°S), sea level anomalies are highly correlated with east-
erly winds and sea levels in the tropical western Pacific at a lag of one-
month (Fig. 2a; Fig. S2). Fremantle sea level, an index for the strength
of the Leeuwin Current on interannual time scales'®'’, peaked at
more than 0.2 m in January-February 2011 (Fig. 1c). In February-
March 2011, SST anomalies of more than +2°C off the west coast of
Australia were the highest since the satellite record dating to 1982
(Fig. 1d; Fig. 2¢) and in historical record of in situ observations dating
back over 140 years'®".

The 2010-2011 La Nifia occurred during a multi-decadal phase
since early 1990’s of strengthened equatorial easterly winds in the
Pacific associated with increased SOI (Fig. 1a), and rising sea levels in
the western equatorial Pacific*® and off the west coast of Australia
(Fig. 1c). There was also a multi-decadal increase since the early
1990’s in upper ocean heat content in the southeast Indian Ocean
(Fig. 1e), in the region where the pressure head drives the Leeuwin
Current and serves as a predictor of the strength of the Leeuwin
Current on seasonal time scales. The trend is also reflected in the
less pronounced negative heat content anomalies typically occurring
in the region during EI Nifio events over the past decade (e.g. 2002,
2006, and 2009) compared to earlier events (e.g. 1987, 1991-1994,
and 1997). Another notable aspect of these inter-decadal variations is
the correlation between the equatorial zonal wind anomalies in the
Pacific and alongshore winds off the west coast of Australia (Fig. 1b).
This correlation was significant and positive (0.53) before 1998, but
recently anti-correlations were observed associated with the major
La Nifias, of 1998-1999, 2008-2009, and 2010-2011. These prevail-
ing background conditions in the tropical Pacific since the early
1990’s were associated with a negative phase of the Pacific Decadal
Oscillation, with a westward shift of the western Pacific warm pool
and deep convection®, and enhanced westward surface currents west
of dateline during La Nifia events™.

Pacific equatorial winds, Fremantle sea level, and southeast Indian
Ocean SST anomalies during the marine heat wave event are more
conspicuous when seasonally stratified. The westward wind stress
anomaly in September - December 2010 was 0.034 N m~?, which
exceeded the climatological norm by three standard deviations. The
positive Fremantle sea level anomaly was ~0.29 m in January -
February 2011, also more than three standard deviations above its
seasonal mean (Fig. 3a). The previous record positive sea level anom-
aly during the same months was only 0.17 m, observed during the
2000 La Nifia. The February-March 2011 averaged SST anomaly of
2.7°C off the west coast of Australia was well above four standard
deviations of its climatological norm, doubling the previous record
set in 2000 (Fig. 3b).

Using a linear regression model based on observations between
1982-2010, the January-February 2011 Fremantle sea level and the
February-March 2011 SST anomalies were higher than expected
given the observed zonal wind stress in the equatorial Pacific at those
times. In particular, the sea level anomaly exceeded the linear regres-
sion prediction by 0.10 m, more than the standard error of 0.08 m.
Also, the SST anomaly exceeded the linear regression prediction by
1.20°C, more than double the standard error of 0.52°C and therefore
above 95% confidence interval””*®. The abnormality of the 2011
event was also evident in the magnitude of SST anomalies in
February-March 2011 (Fig. 2¢) that far exceeded those derived from
a linear regression model based on February SOI values (Fig. S3),
although the spatial pattern and temporal evolution of the SST
anomalies off the Australian coast in the southeast Indian Ocean
were similar to those during a typical La Nisia (Fig. S1; Fig. S3).

The abnormality of the 2011 Leeuwin Current warming was to a
large extent attributed to the unusual seasonal behaviour of the cur-
rent transports. In a typical seasonal cycle, the Leeuwin Current is
strong during austral winter (high Fremantle sea level) and weak
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Figure 3 | Relationships between equatorial western Pacific zonal wind,
Fremantle sea level, and the sea surface temperature anomalies off the
west coast of Australia. (a), Scatter plot between September-December
averaged zonal wind stress anomalies in the equatorial western Pacific
(3°S-3°N, 130°-160°E) and the following January-February averaged
Fremantle sea level anomalies during 1982-2011. (b), Scatter plot between
January-February averaged Fremantle sea level anomalies and February-
March averaged sea surface temperature anomalies off the west coast of
Australia (32°-26°S, 112°-115°E) during 1982-2011. The thin solid lines
denote the linear regression between the indices for all years excluding
2011, and the standard errors of linear regression predictions for January-
February 2011 Fremantle sea level and February-March 2011 temperatures
are indicated (two standard error is also denoted for the temperature
prediction).

during austral summer (low Fremantle sea level) in response to the
opposing southerly winds'®*’. However, during the austral summer
of 2010-2011, both the Fremantle sea level (Fig. 4a) and modelled
Leeuwin Current transport (Fig. 4b) had a prominent peak in
February 2011. The Leeuwin Current volume transport of 8 Sv
(1 Sv = 10° m’? s7") in February 2011 was unseasonably high com-
pared to a typical winter value of ~5 Sv (Fig. 4b). The second peak in
April 2011, which was still substantially stronger than climatology,
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Figure 4 | Leeuwin Current volume and heat transports. (a), Observed monthly Fremantle sea levels during 2010-2011 (heavy line). (b), Monthly
Leeuwin Current volume transport across 25°S during 2010-2011 (heavy line) as derived from Global Ocean Data Assimilation System (GODAYS). (c), Sea
surface temperature off the Western Australia coast from OISST in February 2011. The light lines and grey shading in (a) and (b) denotes climatology

mean and =1 monthly standard deviation.

followed the usual seasonal cycle when the opposing winds abated.
Assuming a typical southward Leeuwin Current core velocity within
100 km of the coast of 0.3 m s~' and alongshore temperature gra-
dient of 6°C over 1500 km in austral summer (Fig. 4c), the anom-
alous Leeuwin Current transport in February 2011 would warm the
coastal region at a rate of ~0.1°C per day, or 3°C in a month.

The surge of the Leeuwin Current was not only forced by the
prolonged easterly wind anomalies in the equatorial western
Pacific, but also was furthermore impelled by the reduction of the
southerly winds in February 2011 that oppose the alongshore current
(Fig. 1b; Fig. S1). The wind anomalies were associated with negative
sea level pressure anomalies observed in the southeast Indian Ocean
at the peak of the La Nifia (Fig. 5), partly due to a Gill type response to
the La Nifia®. The negative surface pressure anomalies were dis-
placed westward from the peak SST anomalies off the Australian
coast, centred at about 20°S in December 2010 and shifted to about
26°S in February 2011 (Fig. 5a, 5¢). The negative sea level pressure
anomalies in February 2011 were more intense than those derived
from a linear regression with February SOI (Fig. S3). An atmospheric
model forced by observed monthly SST was able to capture the
negative sea level pressure anomalies in the southeast Indian
Ocean in December 2010, with a weaker magnitude in both sea level
pressure and associated wind anomalies (Fig. 5b). The model pro-
duced negative pressure anomalies in February 2011, though they
were much weaker than observations and the core of the pressure
anomalies did not shift southward to 26°S which would have a max-
imum impact on the Leeuwin Current transport (Fig. 5d; Fig. S4).

Intraseasonal variations accompanied the peak of the marine heat
wave, which occurred off the west coast of Australia during a two-
week period in 21 February — 6 March 2011 when SST anomalies
reached 5°C above the 2000-2009 average climatology (Fig. 6a-b).
As evident in mooring time series data from the continental shelf, the
thermocline dipped in early January, mid-late February and early

April 2011 signifying an intraseasonal strengthening of the
Leeuwin Current advection (Fig. 6g). The early January 2011 ther-
mocline dip was consistent with impacts from the Madden Julian
Oscillation (MJO)?! and may have instigated the warming (Fig. S1)
and coral bleaching'® at the Ningaloo Reef off northwest Australia in
January 2011. The mid-late February deepening that led the sharp
SST rise of more than 3°C (Fig. 6¢) however was not related to MJO
forcing™® but rather a transient change closely associated with a rapid
reduction of southerly winds and a steady rise of air temperature as
observed from coastal stations at Rottnest (Fig. 6d-f). Thus, the
failure of the atmospheric model to capture the intensity and location
of the low pressure system may be related to these intraseasonal
variations and local air-sea coupling off the Australian coast.

The reduction of the southerly winds associated with the negative
pressure system also caused significant variations of air-sea heat
fluxes off the west coast of Australia. Despite differences in detail,
most heat flux products indicate significant positive net heat flux
anomalies of greater than 50 W m~? into the ocean off the west coast
of Australia during February 2011, with most of the contribution
coming from reductions in latent and sensible loss to the atmosphere
(Fig. S5, S6, S7). A 50 W m™ net heat flux would contribute to a
0.8°C temperature increase over a 40 m thick mixed layer in a
month, thus would warm the offshore region where weaker south-
ward flows would be less effective in warming the ocean surface layer.
The role of local air-sea heat flux was supported by the fact that the
highest warming was trapped in the surface mixed layer (< 40 m)
as observed from Argo float data in the offshore area at the peak
of the marine heat wave event (Fig. 6h-i). Note that the linear
regression between February SOI and net heat flux shows that air-
sea heat flux tends to damp the warming effects of the La Nifia off
the northwest Australian coast, and to a lesser extent off the west
Australian coast (Fig. S3). However, air-sea heat flux forced rather
than damped SST anomalies off the west coast during February
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Figure 5| Mean sea level pressure anomalies in December 2010 and February 2011. (a), (c), derived from the NCEP-DOE Reanalysis-2, relative
to the 1980-2011 average climatology. (b), (d), derived from a 3-member composite of an atmospheric model simulation forced by observed ocean
sea surface temperatures. The 925 mb wind anomalies are denoted by arrows.

2011 (Fig. S5), which contributed to the unusualness of this
extreme warming event.

Discussion

Indian Ocean basin warming in the wake of the 2009-2010 EI Ni7io
induced strong easterlies along the equator in the western Pacific
in mid 2010 and a rapid transition to La Nifia (Fig. 7a). As the La
Nifia matured, sustained easterly anomalies were at record levels
towards the end of 2010 and in early 2011, which forced an oceanic
teleconnection from the equatorial western Pacific through the
Indonesian straits to the coastal zone of Western Australia, leading
to an unseasonable surge of the Leeuwin Current in austral summer
(Fig. 1b; Fig. 7a-b). Record northerly wind anomalies off the coast
associated with low sea level pressure anomalies (Fig. 1b; Fig. 7b—c),
induced by an atmospheric teleconnection from the Indo-Pacific
Ocean and reinforced by an intraseasonal variations, further accel-
erated the Leeuwin Current and reduced turbulent heat loss from the
ocean, and caused the extreme warming.

The phase lag (~3 months) between the record easterly anomalies
in the equatorial Pacific and the record northerly wind anomalies off
the west coast of Australia (Fig. 1b) provided optimal forcing for the
unseasonable surge of the Leeuwin Current and the extreme warm-
ing event. The climatic drivers of the event included two-way inter-
actions between Indian and Pacific Ocean basins*'**** through
the atmosphere and oceanographically through the Indonesian
straits'®*. Likewise, interactions spanning intraseasonal to interde-
cadal time scales were a key feature in the evolution of this extreme
event. More research is needed to understand in greater detail how
these processes conspired to produce such an unusual warming
event. Our analysis provides a conceptual framework for pursuing
that research and for making future predictions of similar events.

The significant lag correlations between the SST off the west coast
of Australia, coastal sea level, and easterly winds in the equatorial
western Pacific (Fig. 3) imply a predictability of Leeuwin Current
transport and the warming event one-season in advance. Taking

advantage of an ENSO prediction system and using a statistical
regression between Fremantle sea level and upper ocean heat content
off northwest Australia, the predictability of the Leeuwin Current
could have been extended to longer lead times™. Still, the magnitude
of the unusual 2011 warming event was two standard deviations
above that predicted by a linear regression model based on equatorial
Pacific zonal wind stress and the Fremantle sea level, indicating that
capability of predicting the decadal trends and intraseasonal varia-
tions are crucial to improve existing seasonal prediction tools for the
region. The cyclonic sea level pressure anomalies off the west coast of
Australia were predicted in a coupled ocean-atmospheric model only
at short lead times of less than one month (Harry Hendon, personal
communication), which substantiates the role of local variability in
the evolution of this extreme event and low predictability of its
intensity at longer lead time.

The unusual strengthening of Leeuwin Current in 2011 was
embedded in multi-decadal trends since the early 1990’s of strength-
ening Pacific trade winds®*, ocean surface circulation®”, the
Indonesian Throughflow and the Leeuwin Current itself*. These
recent multi-decadal trends may well be part of natural climate vari-
ability associated with a La Nifia like ocean climate state®® that repre-
sents a hiatus in global warming™. Still, climate model projections
suggest that the trade winds should progressively weaken in the trop-
ical Pacific under greenhouse gases forcing***', resulting in a trend
towards lower sea level along the coast of Western Australia relative
to the global mean* and a weakened Leeuwin Current®. There are
also suggestions that occurrences of extreme ocean temperatures off
the Western Australia coast had been declining based on the 30-year
satellite SST record up to 2010*. Thus, it is imperative to effectively
communicate the distinctions between climate change and decadal
climate variability so that events like the 2011 marine heat wave are
properly understood and appropriate steps can be taken to mitigate
the impacts of extreme warming events in the future.

As a final note, the interannual SST warming off the west coast of
Australia may be termed a “Ningaloo Nifio”, in analogy to other
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Figure 7 | Schematic of the 2010-2011 La Nifia influences on the Western
Australia coast. (a), May 2010 when the Indian Ocean basin warming after
the 2009-2010 EI Nifio event induced easterly wind anomalies in the
equatorial western Pacific, which led to the quick transition from EI Nifio
to La Nifia conditions in the tropical Pacific. (b), December 2010 at the
peak of the La Nifia event. (c), February 2011 at the peak of the extreme
warming event off the west coast of Australia. The red and blue areas
denote the main positive and negative SST anomalies in the Pacific and
Indian Ocean; the light blue areas denote low sea level pressure anomalies
in the southeast Indian Ocean and the dashed arrows are the associated
wind anomalies; the large arrows denote zonal wind anomalies along the
equator in the Pacific and Indian Oceans. In (a), the ocean surface currents
in the southeast Indian Ocean are sketched (ITF: Indonesian Throughflow;
LC: Leeuwin Current) and the gray curved arrows in the top panel denote
the equatorial and coastal waveguides through which the equatorial Pacific
wind anomalies affect the strength of the Leeuwin Current. The clouds in
(b) and (c) denote the locations of atmospheric deep convection related to
the La Nifia as shown in outgoing longwave radiation data™.

eastern boundary current warming phenomena such as El Nifio in
the Pacific and Benguela Ni7io in the Atlantic. Ningaloo Reef off the
North West Cape of Australia is famed for its rich corals, whale
sharks, and other marine life, and the reef and surrounding area
are listed as world heritage by the United Nation. It is also the source
region of the Leeuwin Current. Derived from the aboriginal Gnulli
language, Ningaloo means promontory (Source: Australian Geogra-
phic October-December 2006), shaped like a beckoning finger of
nearly 200 km long and jutting into the Indian Ocean (Fig. 4c).
Due to the low latitude pathway from the Pacific to the Indian
Ocean'”**, a Ningaloo Nifio often occurs during a La Nifia event of
the Pacific when the easterly winds in the equatorial western Pacific
drive a stronger Leeuwin Current transport'®. Ningaloo Nifio, repre-
sented by SST averaged in the area of 32-26°S, 112-115°E, is mod-
erately correlated with SOI at 0.35 for the period of 1980-2011. Other
processes, such as air-sea heat fluxes and upper ocean heat storage

are important for the amplitude of the Ningaloo Nifio SST variabil-
ity"®. The 2011 marine heat wave is a rather unique Ningaloo Nifio
event due to the unusual alignment of intraseasonal to interdecadal
processes, resulting in an unseasonable surge of the Leeuwin Current
and the extreme warm condition in austral summer 2011.

Methods

Observational datasets and reanalysis model products. Monthly NOAA Optimum
Interpolation (OI) sea surface temperature (SST) data’ is a combined product of
satellite and in situ observations from 1982 to present. Daily Tropical Rainfall
Measuring Mission (TRMM) Microwave Imager (TMI) SST product” is available
from 1998 to present. The National Centers for Environmental Prediction (NCEP)
Department of Energy (DOE) reanalysis-2 sea level pressure, 925 mb wind, and air-
sea heat fluxes products*® is available from 1979 to present. Monthly Tropflux wind
stress and air-sea heat fluxes products® covered 30°S-30°N for the period of 1979 -
2011. The Southern Oscillation Index (SOI) was obtained from the Australia Bureau
of Meteorology and the Nino 3.4 SST was derived from Extended Reconstructed SST
(ERSST v3b)*. Fremantle sea level was obtained from the University of Hawaii Sea
Level Center. The NOAA Global Ocean Data Assimilation System (GODAS) ocean
temperature, current, and air-sea heat fluxes products® covered the period of 1980 -
present. Argo float data were processed by the CSIRO Marine and Atmospheric
Research and the shelf mooring data were maintained by the Integrated Marine
Observing System (IMOS). CSIRO Atlas of Regional Seas (CARS) temperature
climatology version 2009 was used to derive Argo temperature anomalies. Altimeter
sea level anomaly data were obtained from gridded product Archiving, Validation,
and Interpretation of Satellite Oceanographic Data (AVISO)>. Monthly and daily
values of the air-sea heat flux were derived from the European Centre for Medium-
Range Weather Forecasts (ECMWFE) interim re-analysis®. Outgoing longwave
radiation images were obtained from the NOAA Climate Prediction Center monthly
ocean briefing®*.

Model experiment. We used a hydrostatic finite difference atmospheric model, with
staggered horizontal Arakawa B grid of 2° latitude and 2.5° longitude and a 24 level
vertical hybrid coordinate grid*’. Sigma coordinates were used near the surface, which
gradually shifted to pressure surfaces above the 250 mb level, with the top at about
40km. To resolve boundary layer, the model has 9 full levels below 1.5 km. Radiation
takes into account the diurnal cycle and the effect of halocarbons, water vapour, CO,,
ozone, methane and nitrous oxides. Shortwave radiation incorporates an exponential
sum fit with 18 bands, and liquid and ice cloud radiation effects. Longwave radiation
is based on simplified exchange approximation, which accounts for absorption and
emission of major principal gases (H20, CO2, O3, N20, CH4, halocarbons). The
effect of aerosols is taken into account in radiation routine as well. Cumulus
parameterization is based on relaxed Arakawa-Schubert formulation where
convection is taken as a spectrum of entraining plumes. The underlying SST forcing
for the model experiments is taken from daily Optimal Interpolation (OI) SST version
2 data set (AVHRR only product)*®, which is distributed by NOAA National Climatic
Data Center. Monthly SST fields were constructed from daily maps. In the model
experiment, the SST forcing was taken as global monthly SST values. The experiment
consisted of an ensemble of 3 members from January 2005 to December 2011. The
difference between members was in the initial conditions, based on NCEP reanalysis
data on 1 January 2004, 2005 and 2006 respectively. The results from the 3 members
were averaged to derive a composite and the 2011 anomaly fields were calculated from
the 2005-2010 model climatology.
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