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Changes in biological productivity
associated with Ningaloo Nino/
'Nina events in the southern
e subtropical Indian Ocean
e inrecent decades

Sandeep Narayanasetti!, P Swapna?, K Ashok?, Jyoti Jadhav! & R Krishnan?

Using observations and long term simulations of an ocean-biogeochemical coupled model, we
investigate the biological response in the southern subtropical Indian Ocean (S10) associated with

: Ningaloo Nifo and Nifia events. Ningaloo events have large impact on sea surface temperature (SST)

. with positive SST anomalies (SSTA) seen off the west coast of Australia in southern SIO during Ningaloo
Nifio and negative anomalies during Nifia events. Our results indicate that during the developing period

. of Ningaloo Nifo, low chlorophyll anomaly appears near the southwest Australian coast concurrently

. with high SSTA and vice-versa during Nifia, which alter the seasonal cycle of biological productivity. The

. difference in the spatiotemporal response of chlorophyll is due to the southward advection of Leeuwin
current during these events. Increased frequency of Ningaloo Nifio events associated with cold phase of
Pacific Decadal Oscillation (PDO) resulted in anomalous decrease in productivity during Austral summer
in the SIO in the recent decades.

: Changes in biological productivity have impact on the world climate. The subtropical southern ocean region is
. low in biological productivity, owing to the lack of supply of nutrients to surface layer. The warm surface layer
© in subtropics creates a large density gradient which inhibits the vertical mixing of nutrient-waters from deeper
: ocean'. High concentration of phytoplankton is observed in the southern hemisphere along Africa and South
 America due to equator ward flowing surface currents. In contrast to the west coasts of southern hemispheric
. continents, the biological productivity off the west coast of Australia is modulated by the tropical, nutrient-poor
. southward flowing Leeuwin Current? (LC). The LC originates to the north of the North West Cape in Western
© Australia and transports warm tropical waters to the south®=. The changes in LC have large impact on the marine

environment. The LC is largely responsible for the transport of tropical marine species down the west coast and

across into the Great Australian Bight, and enables reef-building corals to exist at the Abrolhos Islands, the high-
. est latitude for any true corals. LC is also responsible for the occurrence of tropical fauna and flora in southern
© Australian waters at normally temperate latitudes®-'°. In years, when the flow of the LC is relatively strong, a
- higher proportion of larval lobsters return to coastal waters over a larger area''. Recognising the effect of the
. LC on the catches from coastal fish stocks is vital for effective fisheries management>!2!* Despite the significant
: impact of LC on marine living species, in depth understanding of biological productivity with LC variability is
. lacking.
: Inter-annual and decadal variability of the LC is to a large extent driven by tropical Pacific climate variability'*.

The LC originates from eastern Indian Ocean waters and also from western Pacific Ocean (through Indonesian

Through flow). The south east trade winds in the Pacific Ocean drive the South Equatorial Current westwards
* and advect warm surface waters towards Indonesia*. This results in the flow of warm, low-salinity water from the
. western Pacific Ocean through the Indonesian Archipelago into tropical regions of the Indian Ocean. Thus, the
. fluctuations in the strength of south-east trade winds in the Pacific Ocean can have impact on the strength of the
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Figure 1. Time series showing the evolution of 180 Anomaly (ppm, black) versus HadiSST anomaly
(K, red) and Model SST anomaly (K, blue).

Ningaloo Nifio Ningaloo Nifa
1955-56 1951-52
1960-61 1952-53
1961-62 1953-54
1962-63 1986-87
1966-67 1990-91
1973-74 2003-04
1976-77 2004-05
1979-80 2005-06
1982-83

1996-97

1999-00

2010-11

Table 1. Classification of Ningaloo Nifo and Ningaloo Niiia events from the model.

LC. The LC is also influenced by El Nifio, with the current weakening under El Nifio and strengthening under La
Nifia conditions’.

Another important driver of LC variability is the Ningaloo events, a climate phenomenon associated with
positive sea surface temperature (SST) anomalies off the west coast of Australia'®~'® during Nifio and negative
anomalies during Nifia. This phenomenon is seasonally phase-locked; it develops during October through
December, reaches its peak in January-February, and decays thereafter'®. Using long term coral data, the existence
of Ningaloo Nifio/Ningaloo Nifia events and its impact on LC variability has been demonstrated'®. The NOAA
coral §180 anomalies along with HadISST anomaly averaged over Ningaloo region is shown for December to
February (DJF; peak phase of Ningaloo Nifio/Ningaloo Nifia) in Fig. 1. The HadISST anomaly and 6180 anom-
aly show a positive correlation (r*=0.42) which is statistically significant at 99.9% confidence level (Fig. 1) in
confirmation's. The model SST anomaly and HadISST anomaly for the model period 1948-2009 show a positive
correlation (r? = 0.63) which is statistically significant at 99.9% confidence level (Fig. 1). The Ningaloo Nifio and
Ningaloo Nifia events since 1950 are shown in Table 1. Though the impacts of Ningaloo events on the precipita-
tion and agriculture have been studied in detail', its impact on the biological productivity needs more detailed
understanding. We explore the potential role of Ningaloo Nifio/Ningaloo Nifia in modulating the biological pro-
ductivity off the coast of Australia in the southern subtropical Indian Ocean (SIO). However, it has to be noted
that, not all the Ningaloo Nifio events co-occur with La-Nifa. Similarly, not all Ningaloo Nifa events co-occur
with El- Nifio (shown in Table 1). The next section describes the model results and the evolution of Ningaloo
Nifo/Nifia events associated LC and biological variability. Implication of the study and conclusion are presented
in subsequent section. The final section describes the data sets and ocean general circulation model (OGCM)
used for the study and methodology.

Results

Representation of Ningaloo events in the OGCM.  Before proceeding to examining the responses of
chlorophyll (Chl) to Ningaloo Nifio/Nifia events, we compare the model performance with the observations in
terms of ocean mean state. The model reasonably captures the mean SST and Chl spatial pattern similar to the
observations (Fig. S1).

To understand the evolution of Ningaloo Nifio/Ningaloo Nifia, we carry out composite analysis of
December-February (DJF) SST anomaly (SSTA) for the Ningaloo Nifio and Nifia events from observation and
model simulation as shown in Fig. S2. The spatial pattern of Ningaloo Nifio/Nifa events are well represented in
the model. Though the magnitude of the simulated SST and Chl anomalies is larger than the observations, the
anomaly distributions and localizations are realistic. This indicates that the model confirms the observations
qualitatively.
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Figure 2. (a). Annual climatological cycle of chlorophyll concentration (mg/m?) from the model, (b). Annual
climatological cycle of thermocline depth (m) from the model, (c). Same as (b), but from the reanalysis. (d).
Annual cycle of chlorophyll anomalies (mg/m?) during Ningaloo Nifio years (Red) and Ningaloo Nifia years
(Blue), (e). Annual cycle of thermocline depth anomalies (m) during Ningaloo Nifo years (Red) and Ningaloo
Nifa years (Blue), (f). Same as (e), but from the reanalysis.

Biological variability associated with Ningaloo Nifio (Ningaloo Nifia) events. Prior to analysing
the links between the Ningaloo events with the Chl variability, it is relevant to note that the peak chlorophyll along
the coast of Australia occurs during June to August (JJA) as shown in the annual cycle of Chl in Fig. 2. During
October to March, the LC is weaker as it flows against the strengthened low level southerly winds thus relatively
weakening the downwelling, whereas during April to August the Current is stronger as the southerly winds are
weaker?. This is reflected in the mean sea level at Fremantle (FSL). FSL serves as a proxy for the strength of LC?'.
The sea level is higher between April and August when the Leeuwin Current is stronger (lower wind stress) and
lower between October and January when the current is weaker (high wind stress). Thus, although the LC flows
all year round, it exhibits a strong seasonality with the stronger flows occurring during the Austral winter months
(May-July). Interestingly, as the poleward-flowing LC is weaker during DJF as compared to JJA, the productivity
is expected to be higher during DJF based on Ekman dynamics. However higher productivity is observed only
during austral winter because of the stronger LC eddy field?2. We have shown the climatological Chl and currents
during both Austral Summer (Fig S3a) and winter (Fig S3b). Wind-driven upwelling is found to be important off
west Australia coast (22°S)%.
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Figure 3. Composite plot showing chlorophyll anomalies (mg/m?, shaded), thermocline (m, contour) and
currents (m/s, vectors) for both Ningaloo events during two different seasons DJF and JJA from the model
(a) Ningaloo Nifio (DJF) and (b) Ningaloo Nina (DJF); (¢) Ningaloo Nifio (JJA) and (d) Ningaloo Nifna
(JJA). Stipplings denote 95% confidence regions. This Figure is created using NCAR Command Language
(Version 6.1.2) [Software]. (2013). Boulder, Colarado: UCAR/NCAR/CISL/TDD. http://dx.doi.org/10.5065/
D6WD3XHS5.

During a Ningaloo Nifio, low Sea level Pressure Anomaly (SLPA) in the overlying atmosphere associated
with positive SSTA is generated at south west coast of Australia, which anomalously increases the SLP gradient
between 15°S and 32°S. The anomalous low SLP and the anomalous northerlies off the coast of west Australia
amplifies the strength of the LC; the flow being poleward (Fig. 3a, Fig. S4a) causes an anomalous downwelling,
which reduces the productivity at the coast, as shown in Fig. 3a. The increase in the strength of LC has different
implications on each marine life species. In case of rock lobsters, higher proportion of larval lobsters return to
coastal waters over a larger area when the LC is stronger'"?>**, While in the case of fisheries, data shows a signifi-
cant negative relationship between the abundance of fishes with the strength of the LC.

During a Ningaloo Nifa event, high Sea level Pressure Anomaly (SLPA) in the overlying atmosphere asso-
ciated with negative SSTA is generated at south west coast of Australia, which decreases the SLPA difference
between 15°S and 32°S and therefore the strength of the LC decreases. Therefore during Austral summer (DJF),
when the southerly wind dominates and due the decrease in the strength of LC, anomalous upwelling is seen
which results in positive chlorophyll anomaly (Chla) (Fig. 3b, Fig. S4b). The negative Chla, a proxy for the reduc-
tion in productivity during Ningaloo Nifo and positive Chla, a proxy for the enhancement in productivity during
Ningaloo Nifia can be seen both from observation (Fig. S5) and model simulation for both the season’s summer
and winter (Fig. 3). The stippling represents 95% confidence level from a two tailed student’s t-test. The lesser
significance in observation owes to the lack of in-situ observations during Ningaloo Nifio/Ningaloo Nifa events.

We further analysed the model results to find a potential mechanism behind the impacts. We have analysed
the vertical profile of Chla to find the time evolution of Ningaloo Nifio, Ningaloo Nifa events. Figure 4a,b depicts
the time evolution with depth of Chla during Ningaloo Nifio/Nifia composited events. The sign of chlorophyll
anomalies associated with Ningaloo Nifio, shows a sharp positive to negative anomalies during its peak period
(December (0)-January (1)-February (1)) and then large positive anomalies during JJA (1), owing to the strength
of the LC. The LC being stronger during Ningaloo Nifio restricts the upwelling of nutrients and thus results
in anomalous downwelling. Thus the productivity is less at the surface and the chlorophyll concentration is
restricted to a depth of about 60 m. Similarly, in the case of Ningaloo Nifa (Fig. 4b), the LC gets weakened and
also due to the prevailing southerly winds, favours upwelling and thus the Chla is positive during the DJF in
contrast to Ningaloo Nifio (Fig. 4a). Thus the occurrence of Ningaloo Nifio/Nifia events alter the seasonal cycle
of Chl variability off Australian coast, which is clearly evident from the annual cycle of Ningaloo Nifio (Red) and
Ningaloo Nifia (Blue) events shown in Fig. 2.
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Figure 4. Time-depth profile of the evolution of chlorophyll anomaly (mg/m?) for (a) Ningaloo Nifio and
(b) Ningaloo Nifia events from the model. This Figure is created using NCAR Command Language
(Version 6.1.2) [Software]. (2013). Boulder, Colarado: UCAR/NCAR/CISL/TDD. http://dx.doi.org/10.5065/
D6WD3XHS5.

Productivity in the Leeuwin Current in Austral Summer (DJF) and Winter (JJA).  The productivity
variations in the southwest coast of Australia are driven by different mechanisms during winter and summer
seasons. The climatological mean LC is stronger during austral winter (JJA) as compared to austral summer
(DJE). However, the interannual variations in the intensity of LC are prominent during the austral summer season
and are closely linked to Ningaloo events. The intensity of the summer LC is generally found to increase during
Ningaloo Niflo events and weaken during Ningaloo Nifa events as shown in Fig. 3 and Fig. S5. Furthermore, it is
seen that enhanced summertime poleward advection by the LC associated with strengthening of the LC, tends to
decrease chlorophyll concentrations (Fig. 3a) and reduced poleward advection due to weakening of LC tends to
increase the chlorophyll concentration (Fig. 3b) in the southwest coast of Australia.

On the other hand, climatologically high productivity is seen during JJA (Fig S3b). The productivity varia-
tions during the austral winter are primarily linked to the variation in the eddy field strength. It can be seen that
during Ningaloo Nifio, the JJA season shows a higher productivity (Fig. 3¢, Fig. S5¢). The intensified LC during
DJEF restricts the Chl to nearly 60 m below surface (Fig. 4a). Similarly, during JJA after Ningaloo Nifa event shows
lesser productivity (Fig. 3d, Fig. S5d). The reduced intensity of LC and the prevailing southerlies bring the Chl to
surface in DJF (Fig. 4b).

Chlorophyll trends in the southern subtropical Indian Ocean and its possible association with
Ningaloo Nifio (Ningaloo Nifia). We have seen that Ningaloo Nifio events can cause enhanced productivity
in the southern SIO during Austral winter (June-September) and Ningaloo Nifa events during Austral summer
(December-February). The frequency of Ningaloo Nifo events are more during the recent decades associated
with cold phase of Pacific Decadal Oscillation (PDO), in agreement with Feng et al.!*. They reported the asso-
ciation between Ningaloo Niflo and PDO. Recently, Doi et al. 2015 also showed that the global warming and
the Interdecadal Pacific Oscillation warm the ocean off the west coast of Australia after the late 1990s, which
started driving rainfall variability regionally there. This made the rainfall predictability near the coastal region of
Western Australia on a seasonal time scale drastically enhanced in the late 1990s. They have also shown that the
decadal change of air-sea dynamics around the western Australia also may be important for decadal change of the
productivity in the southern SIO in the recent decade**?*. The trends in Chl and thermocline are estimated for
DJF for the warm and cold phases of PDO and are shown in Fig. 5. It is evident from Fig. 5 that Chl shows a
decreasing trend associated with deepening trend of thermocline during the cold PDO phase as shown in Fig. 5b.
Similarly, during the warm PDO phase the Chl anomalies are increasing associated with shoaling trend in the
thermocline (Fig. 5a). Similar features can be seen from the observations as shown in Fig. 5¢,d. Since the Chl
observations are not available for the warm PDO phase, we have only shown the thermocline trends from the rea-
nalysis data. These suggest that biological productivity in the southern SIO is modulated by the large scale forcing
associated with PDO during Ningaloo events.
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Figure 5. Chlorophyll trend (mg/m? year~?, shaded) and thermocline trend (m.year™!, contour) for Austral
Summer (DJF) during (a) Warm phase of Pacific Decadal Oscillation (PDO) from 1982-1997. (b) Cold Phase of
Pacific Decadal Oscillation (PDO) from 1998-2012 from the model. Thermocline trend (m.year™, contour) for
Austral Summer (DJF) during (c). Warm phase of Pacific Decadal Oscillation (PDO) from 1982-1997. (d) Cold
phase of Pacific Decadal Oscillation (PDO) from 1998-2012 from the reanalysis. This Figure is created using
NCAR Command Language (Version 6.1.2) [Software]. (2013). Boulder, Colarado: UCAR/NCAR/CISL/TDD.
http://dx.doi.org/10.5065/D6WD3XHS5.

Discussion

The Ningaloo Nifio/Nifa plays a key role in influencing the strength of LC, thus affecting the variability of chloro-
phyll close to the Australian coast, influencing the local ecosystem. According to the recent studies, the number of
Ningaloo Nifo events has increased since late 1990s. In this context, we examine the chlorophyll response to both
the Ningaloo Nifno and Ningaloo Nifia events. We use both observation and long-term simulation from ocean
biogeochemical coupled model which is forced by interannual forcing for the period 1948 to 2009.

Evaluations of the model results show that the ocean model is able to reasonably simulate the Ningaloo Nifo/
Nifa events in terms of spatial patterns and temporal evolution. The model also captures the seasonal variation
of the LC and chlorophyll variability during Austral summer and winter as shown in Fig. 3. The results show
that during Ningaloo Nifio events, positive SSTA during DJF strengthens the Leeuwin Current. This results in
the decrease in the chlorophyll anomaly off the coast of west Australia in southern subtropical Indian Ocean.
However during Ningaloo Nifia events, the negative SSTA during DJF decreases the strength of the LC, which
results in enhanced upwelling and increase in the chlorophyll anomaly.

An analysis of long term observational SST and 6180 coral data and model simulations indicates that the
number of Ningaloo Nifio events have increased during the cold phase of PDO, which confirms the conjecture
by Feng et al.'*. More number of Ningaloo Nifio (Nifia) events during the cold (warm) phase of PDO alters the
annual cycle by enhancement (reduction) of chlorophyll concentration during DJF. This explains the apparent
decreasing trend in the DJF productivity during the cold phase. Similarly during warm phases of PDO, there
was an increase in the trend in DJF productivity. The results indicate that increased frequency of Ningaloo Nifio
events associated with cold phase of PDO has resulted in anomalous decrease in productivity and increased
frequency during Nifa events associated with warm phase of PDO resulted in anomalous increase in productivity
during Austral summer in the southern SIO in the recent decades.

Data. We have used the Hadley Centre Global Sea Ice and Sea Surface Temperature?® (HadISST) with 1° X
1° resolution from 1950 to 2011.We also use the merged observed chlorophyll concentrations, available for the
period 1997-2014 (http://hermes.acri.fr/). These concentrations are derived from measurements taken using
SeaWiFS, MODIS, MERIS and VIIRS sensors. We also used NOAA Ningaloo Reef coral stable isotope (§180)
data for the period 1878-1994. We have identified the observed and simulated Ningaloo events by using the
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Ningaloo Nifo index (NNI), defined as the monthly Sea Surface Temperature (SST) anomaly averaged over the
region 113°E-116°E and 28°S-22°S'8. We catalogue an event as a Ningaloo Nifio (Ningaloo Nifia) when the mag-
nitude of December to February (DJF) NNI is above (below) one standard deviation. Thus, the Ningaloo Nifio
(Ningaloo Nifa) years identified given in Table 1 from the model, in agreement with Feng et al.'”., and Kataoka
et al.'®. We estimated the thermocline depth as the maximum slope (dT/dz) in a temperature-depth profile?’”. The
subsurface datasets were from Simple Ocean Data Analysis (SODA)? for the period 1958-2008.

Ocean Model. The OGCM used in the present study is the Modular Ocean Model (MOM4p1 with bioge-
ochemistry module), a hydrostatic model using Boussinesq approximation, and having a rescaled geopotential
vertical coordinate?. Key physical parameterizations (KPP) include a surface bound which computes vertical
diffusivity, vertical viscosity and non-local transport as a function of the flow and surface forcing®. Model has
50 levels in the vertical from surface to 5300 m; the horizontal resolution is 360 x 200 with 1° x 1° longitude and
latitudinally varying grid with 0.25° near equator and 0.5° poleward of 10°. Bottom topography is represented
by the partial cell method>"*2. The biogeochemical model for the simulation of chlorophyll concentration is the
Tracers of Phytoplankton with Allometric Zooplankton (TOPAZ) model****. The biogeochemical model TOPAZ
developed at GFDL has been coupled with MOM4p1. This prognostic ocean biogeochemistry model contains
25 tracers including three phytoplankton groups (diatoms, eukaryotic phytoplankton, diazotrophs), two forms
of dissolved organic matter (labile and semi-labile), heterotrophic biomass, detritus, nutrients (N, P, Si, and Fe),
dissolved inorganic carbon and alkalinity, dissolved inorganic species for coupled C, N, P, Si, Fe, CaCO3, O,, and
lithogenic cycling with flexible N:P:Fe stoichiometry*-*¢. Further details of the model can be availed from Griffies
et al. and Dunne et al.®?**. The model has been spun up, and subsequently integrated for 120 years to reach a
steady state, by initializing the model with the annual climatologies of temperature and salinity from Levitus***’
and forced with climatological forcing derived from CORE (Common Ocean-ice Reference Experiments).
From this steady state, we carried out an interannual integration for a 62-years using Corrected Interannual
Forcing (CIAF) for the 1948-2009 period. Our analysis of model results pertains to the data from this 62-year
simulation?.

References

1. Patterson, M. G. & Glavovic, B. C. Ecological Economics of the Oceans and Coasts. (Edward Elgar, 2008).

2. Pearce, A. F. & Griffiths, R. W. The mesoscale structure of the Leeuwin Current: A comparison of laboratory models and satellite
imagery. J. Geophys. Res. 96, 16739 (1991).

3. Cresswell, G. R. & Golding, T. J. Observations of a south-flowing current in the southeastern Indian Ocean. Deep Sea Res. Part A.
Oceanogr. Res. Pap. 27, 449-466 (1980).

4. Woo, M., Pattiaratchi, C. & Schroeder, W. Dynamics of the Ningaloo Current off Point Cloates, Western Australia. In Mar. Freshw.
Res. 57, 291-301 (2006).

5. Koslow, J. A. et al. The effect of the Leeuwin Current on phytoplankton biomass and production off Southwestern Australia. 113,
doi: 10.1029/2007JC004102 (2008).

6. Maxwell, J. & Cresswell, G. Dispersal of tropical marine fauna to the Great Australian Bight by the Leeuwin Current. Mar. Freshw.
Res. 32,493 (1981).

7. Wells, F. E. & Walker, D. I. Introduction to the marine environment of Rottnest Island, Western Australia. Mar. Flora Fauna Rottnest
Island, West. Aust. Wells 1, 1-10 (1993).

8. Dunlop, J. N. The population dynmics of tropical seabirds establishing frontier colonies on islands of South-western Australia. Mar.
Ornithol. 37, 99-105 (2009).

9. O’'Hara, T. D. & Poore, G. C. B. Patterns of distribution for southern Australian marine echinoderms and decapods. J. Biogeogr. 27,
1321-1335 (2000).

10. Griffiths, S. P. Rockpool ichthyofaunas of temperate Australia: Species composition, residency and biogeographic patterns. Estuar.
Coast. Shelf Sci. 58, 173-186 (2003).

11. Caputi, N, Fletcher, W, Pearce, A. & Chubb, C. Effect of the Leeuwin Current on the Recruitment of Fish and Invertebrates along
the Western Australian Coast. Mar. Freshw. Res. 47, 147 (1996).

12. Lenanton, R. C,, Joll, L., Penn, J. & Jones, K. The influence of the Leeuwin Current on coastal fisheries of Western Australia. J.Royal
Soc. West. Aust. 74, 101-114 (1991).

13. Domingues, C. M., Maltrud, M. E., Wijffels, S. E., Church, J. A. & Tomczak, M. Simulated Lagrangian pathways between the
Leeuwin Current System and the upper-ocean circulation of the southeast Indian Ocean. Deep. Res. Part II Top. Stud. Oceanogr. 54,
797-817 (2007).

14. Feng, M. et al. Decadal increase in Ningaloo Nifo since the late 1990s. Geophys. Res. Lett. doi: 10.1002/2014GL062509 (2014).

15. Zinke, J. et al. Corals record long-term Leeuwin current variability including Ningaloo Nino/Nifia since 1795. Nat. Commun. 5, 3607
(2014).

16. Doi, T, Behera, S. K. & Yamagata, T. Predictability of the Ningaloo Nifio/Nifa. Sci. Rep. 3, 2892 (2013).

17. Feng, M., McPhaden, M. J,, Xie, S.-P. & Hafner, J. La Nifia forces unprecedented Leeuwin Current warming in 2011. Sci. Rep. 3, 1277
(2013).

18. Kataoka, T., Tozuka, T., Behera, S. & Yamagata, T. On the Ningaloo Nino/Nifa. Clim. Dyn. 43, 1463-1482 (2013).

19. Tozuka, T., Kataoka, T. & Yamagata, T. Locally and remotely forced atmospheric circulation anomalies of Ningaloo Nifio/Nifa. Clim.
Dyn. 43, 2197-2205 (2014).

20. Godfrey, J. S. & Ridgway, K. R. The Large-Scale Environment of the Poleward-Flowing Leeuwin Current, Western Australia:
Longshore Steric Height Gradients, Wind Stresses and Geostrophic Flow. J. Phys. Oceanogr. 15, 481-495 (1985).

21. Feng, M., Weller, E. & Hill, K. The Leeuwin Current in A marine climate change impacts and adaptation report card for Australia 2009
(eds Poloczanska, E. S., Hobday, A. J. & Richardson, A. ].) (NCCARF Publication 05/09, Cleveland, QLD, 2009).

22. Feng, M., Waite, A. & Thompson, P. Climate variability and ocean production in the Leeuwin Current system off the west coast of
Western Australia. Journal of the Royal Society of Western Australia 92, 67-81 (2009a).

23. Hanson C. E,, Pattiaratchi C. B. & Waite A. M. Sporadic upwelling on a downwelling coast: phytoplankton responses to spatially
variable nutrient dynamics off the Gascoyne region of Western Australia. Cont. Shelf Res. 25, 1561-1582 (2005a).

24. Pearce, A. F. & Phillips, B. E. ENSO events, the Leeuwin Current, and larval recruitment of the western rock lobster. J. du Cons. ICES
J. Mar. Sci. 45, 13-21 (1988).

25. Doi, T, S. K. Behera & T. Yamagata An interdecadal regime shift in rainfall predictability related to the Ningaloo Nino in the late
1990s. J.Geophys. Res. Oceans 120, 1388-1396, doi:10.1002/2014JC010562 (2015).

SCIENTIFIC REPORTS | 6:27467 | DOI: 10.1038/srep27467 7



www.nature.com/scientificreports/

26. Rayner, N. A. et al. Improved analyses of changes and uncertainties in sea surface temperature measured in Situ since the mid-
nineteenth century: The HadSST2 dataset. J. Clim. 19, 446-469 (2006).

27. Fiedler, P. C. Comparison of objective descriptions of the thermocline. Limnol. Oceanogr. Methods 8, 313-325 (2010).

28. Carton, J. A. Sea level rise and the warming of the oceans in the Simple Ocean Data Assimilation (SODA) ocean reanalysis.
J. Geophys. Res. 110, doi: 10.1029/2004]C002817 (2005).

29. Griffies, S. M., Harrison, M. J., Pacanowski, R. C. & Rosati, A. A technical guide to MOM4. GFDL Ocean Gr. Tech. Rep 5, 371 (2004).

30. Large, W. G., McWilliams, J. C. & Doney, S. C. Oceanic vertical mixing: A review and a model with a nonlocal boundary layer
parameterization. Rev. Geophys. 32, 363 (1994).

31. Adcroft, A, Hill, C. & Marshall, J. Representation of Topography by Shaved Cells in a Height Coordinate Ocean Model. Mon.
Weather Rev. 125,2293-2315 (1997).

32. Pacanowski, R. C. & Gnanadesikan, A. -Level Ocean Model That Resolves Topography with Partial Cells. Mon. Weather Rev. 126,
3248-3270 (1998).

33. Geider, R. J., Macintyre, H. L. & Kana, T. M. A dynamic model of photoadaptation in phytoplankton. Limnol. Oceanogr. 41, 1-15
(1996).

34. Dunne, J. P,, Armstrong, R. A, Gnnadesikan, A. & Sarmiento, J. L. Empirical and mechanistic models for the particle export ratio.
Global Biogeochem. Cycles 19, doi: 10.1029/2004GB002390 (2005).

35. Kalyani Devasena, C., Sharada, M. K., Swathi, P. S. & Yajnik, K. S. Evaluation of biogeochemical model simulations using World
Ocean Atlas and satellite observations in the Arabian Sea. Int. J. Remote Sens. 35, 54485458 (2014).

36. Dunne, J., Gnanadesikan, A., Sarmiento, J. L. & Slater, R. D. Technical description of the prototype version (v0) of Tracers Of
Phytoplankton with Allometric Zooplankton (TOPAZ) ocean biogeochemical model as used in the Princeton IFMIP* model.
Biogeosciences Suppl. 7, 3593 (2010).

37. Levitus, S. et al. The World Ocean Database. Data Sci. J. 12, WDS229-WDS234 (2013).

38. Large, W. G. & Yeager, S. G. The global climatology of an interannually varying air - Sea flux data set. Clim. Dyn. 33, 341-364 (2009).

Acknowledgements

The authors thank the Director, IITM, for the support to carry out this research. The authors also thank, GFDL,
NOAA for providing the ocean model with which numerical simulation experiment is carried out. The data
source for the study is described in section 2. IITM including CCCR is part of MoES, Govt. of India.

Author Contributions
S.N. did the analysis and wrote the manuscript with significant inputs from S.P, K.A. and R.K. ].]. helped in
setting up the model. All authors discussed the results.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sandeep, N. et al. Changes in biological productivity associated with Ningaloo Nifio/
Nifa events in the southern subtropical Indian Ocean in recent decades. Sci. Rep. 6, 27467; doi: 10.1038/
srep27467 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:27467 | DOI: 10.1038/srep27467 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Changes in biological productivity associated with Ningaloo Niño/Niña events in the southern subtropical Indian Oceanin rec ...
	Results

	Representation of Ningaloo events in the OGCM. 
	Biological variability associated with Ningaloo Niño (Ningaloo Niña) events. 
	Productivity in the Leeuwin Current in Austral Summer (DJF) and Winter (JJA). 
	Chlorophyll trends in the southern subtropical Indian Ocean and its possible association with Ningaloo Niño (Ningaloo Niña) ...

	Discussion

	Data. 
	Ocean Model. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Time series showing the evolution of δ18O Anomaly (ppm, black) versus HadiSST anomaly (K, red) and Model SST anomaly (K, blue).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Composite plot showing chlorophyll anomalies (mg/m3, shaded), thermocline (m, contour) and currents (m/s, vectors) for both Ningaloo events during two different seasons DJF and JJA from the model (a) Ningaloo Niño (DJF) and (b) Ningaloo N
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Time-depth profile of the evolution of chlorophyll anomaly (mg/m3) for (a) Ningaloo Niño and (b) Ningaloo Niña events from the model.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Chlorophyll trend (mg/m3 year−1, shaded) and thermocline trend (m.
	﻿Table 1﻿﻿. ﻿  Classification of Ningaloo Niño and Ningaloo Niña events from the model.



 
    
       
          application/pdf
          
             
                Changes in biological productivity associated with Ningaloo Niño/Niña events in the southern subtropical Indian Oceanin recent decades
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27467
            
         
          
             
                Sandeep Narayanasetti
                P Swapna
                K Ashok
                Jyoti Jadhav
                R Krishnan
            
         
          doi:10.1038/srep27467
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27467
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27467
            
         
      
       
          
          
          
             
                doi:10.1038/srep27467
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27467
            
         
          
          
      
       
       
          True
      
   




