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Abstract

It is well known that El Nifio Southern Oscillation (ENSO) causes floods, droughts
in different regions of the Earth and the collapse of fisheries in the tropical Pacific,
therefore forecasting of ENSO is an important task in climate researches. Variations
in the equatorial warm water volume of the tropical Pacific and wind variability in the
western equatorial Pacific has been considered to be a good ENSO predictor. However,
in the 2000s, the interrelationship between these two characteristics and ENSO onsets
became weak. This article attempts to find some plausible explanation for this.

The results presented here demonstrate a possible link between the variability of
atmospheric conditions over the Southern Ocean and their impact on the ocean cir-
culation leading to the amplifying of ENSO events. It is shown that the variability of
the atmospheric conditions upstream of Drake Passage can strongly influence ENSO
events. The interrelationship between ENSO and variability in the equatorial warm wa-
ter volume of the equatorial Pacific, together with wind variability in the western equa-
torial Pacific has recently weakened. It can be explained by the fact that the process
occurred in the Southern Ocean recently became a major contributor amplifying ENSO
events (in comparison with the processes of interaction between the atmosphere and
the ocean in the tropics of the Pacific). Likely it is due to a warmer ocean state observed
from the end of the 1990s that led to smaller atmospheric variability in the tropics and
insignificant their changes in the Southern Ocean.

1 Introduction

Forecasting of ENSO events is an important task in climate research because ENSO
events have a global influence weather systems: both in the tropical Pacific (where the
ENSO events occur) and at moderate/high latitudes (e.g., Lau et al., 2005; Nicholls
et al., 2005; Mokhov and Smirnov, 2006; Muller and Roecker, 2006, demonstrated the
influence of warm ENSO on the weather in the Northern Hemisphere).
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Alvarez-Garcia et al. (2006) identified three classes of ENSO events on the basis
of numerical modelling. The first two classes are characterized by well-known mecha-
nisms: the first class is described by a model of a delayed oscillator, when a negative
feedback is formed between the propagation of equatorial waves and tropical sea sur-
face temperature (SST) anomalies (see, for example, Suarez and Schopf, 1988); the
second class is described by the model of a recharge/discharge oscillator, in which
variability of tropical wind stress leads to variation of thermocline inclination due to fast
wave processes (see, for example, Jin, 1997). The third class of ENSO events found by
Alvarez-Garcia et al. (2006) is characterized by the relatively fast development of these
events (less than nine months after the appearance of wind anomalies in the western
part of the Equatorial Pacific). This class confirms the conclusion described by Kessler
(2002) that ENSO events are perturbations relative to a stable climatic state, and an ex-
ternal pulse, i.e. not part of the dynamic ENSO cycle, is required to amplify the ENSO
event. Stepanov (2009a, b) considered the possibility that the variability of meridional
fluxes in the Pacific sector of the Southern Ocean (caused by the atmospheric variabil-
ity over the Antarctic Circumpolar Current (ACC) and effects of the bottom topography
and coastline shape) can be such a pulse (in addition to the variability of western winds
in the tropics).

In accordance with the recharge/discharge paradigm for ENSO McPhaden (2003,
2006), found some ENSO precursors in observation data: it was shown that variation
in the equatorial warm water volume of the tropical Pacific and wind variability in the
western equatorial Pacific precedes ENSO by two to three seasons and can be a useful
ENSO predictor. A similar approach was proposed by Clarke and Van Gorder (2003)
who used zonal wind stress over the Indo-Pacific tropics.

However Horii et al. (2012) have shown that the robust predictability of
these predictors for ENSO has changed in the 2000s. Before 2000, during two
decades, the increase/decrease of the warm water volume of the equatorial Pa-
cific (recharge/discharge phase of the recharge/discharge oscillator) together with
strong/weak wind in the western equatorial Pacific preceded warm (El Nifio) and cold
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(La Nina) ENSO events by two to three seasons. While in the 2000s, the interrela-
tionship between these predictors and following ENSO became weak, especially for
the ENSO events after 2005. According to Horii et al. (2012) these changes may be
caused by frequent occurrences of the “warm-pool El Nifio”, which is characterized by
SST anomalies centered in the central equatorial Pacific (Larkin and Harrison, 2005;
Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009; Lee and McPhaden, 2010),
compared with that during 1980-2000. Under these conditions, the tropical tempera-
ture anomalies are weak and the discharge phase of the recharge/discharge oscillator
is not significant. Under these conditions, the tropical temperature anomalies are weak
and the discharge phase of the recharge/discharge oscillator is not significant. There-
fore the frequent occurrence of the warm-pool El Nifio in the 2000s cannot provide
discharged conditions that prevent the development of significant cold ENSO events.
No reasons have been mentioned by Horii et al. (2012) to explain why the con-
ventional ENSO events have been recently displaced by the “warm-pool EI Nifio”.
Oscillator model paradigm for ENSO (e.g., Suarez and Schopf, 1988; Battisti and
Hirst, 1989; Weisberg and Wang, 1997; Jin, 1997) is now widely accepted. This
paradigm assumes eastward propagating Kelvin waves as the main factors that pro-
vide the negative feedback that brings about the phase change. However it means
that sometimes eastward propagating Kelvin wave can also facilitate the development
of ENSO rather oppose the growth of its developing (e.g., see Wang et al., 2012).
The comparison of the time series of the NINO3 (SST averaged in area of 5° N-5°S;
150-90° W) and NINO4 (SST averaged in area of 5°N-5°S; 160° E-150° W) indexes
(www.cpc.ncep.noaa.gov/data/indices), as a measure of the departure from normal
sea surface temperature in the east and central Pacific Ocean respectively (not shown),
demonstrates that both indexes are varied in phase, but the amplitudes of the variabil-
ity are different: the amplitude of NINO3 index can be up to 2 times larger (before
2000) than NINOA4. It is reasonable to think that NINO4 describes a primary source
of some factor forcing the onset of ENSO events, while NINO3 is a combination ef-
fect of the primary source and changes due to the beginning of ENSO onset in the
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central Pacific, i.e. the subsequent interaction between the atmosphere and ocean in
the tropics (a cross-correlation analysis presented by Ashok et al. (2007) confirms that
the variability of NINO4 index leads NINOR). It is likely that the subsequent changes
in the Walker circulation cell can significantly amplify ENSO development in this region
located close to land. Therefore when the development of conventional ENSO (charac-
terized by NINO3) prevails, a westward migration of the eastern equatorial Pacific SST
anomaly pattern is observed from the South American coast into the central equatorial
Pacific. While in the central Pacific, NINO4 signal can be attributed only to the “ocean”
impact. This suggests that other forcings also can influence the ENSO onsets (e.g.,
see Kessler, 2002; Stepanov, 2009a, b).

Many publications provide evidence that the interactions between high latitudes and
the tropics can impact the ENSO variability (e.g., Pierce et al., 2000; Vimont et al.,
2003; Dong et al., 2006; Chang et al., 2007; Alexander et al., 2008; Wang et al., 2012;
Terray, 2011). For example, Wang et al. (2012) have shown that the winter SST anoma-
lies in the western North Pacific influence the development of wind anomalies over the
equatorial western Pacific triggering oceanic Kelvin waves, which propagate eastward
and initiate the developments of ENSO. However, not only teleconnections between
different regions of the Pacific can impact the ENSO. Dong et al. (2006) demonstrated
from global coupled ocean atmosphere modelling that some teleconnection exists be-
tween the Atlantic and ENSO: the warm phase of the Atlantic Multidecadal Oscillation
leads to a weaker phase of the El Nifo development. These authors supposed that this
occurs due to the fast processes in the atmosphere, which transfer the influence of the
Atlantic to the tropics of the Pacific Ocean through an “atmospheric bridge.” Numerical
models and observations in the Southern Ocean demonstrate a statistically significant
correlation between the processes near the Antarctic continent and in the tropical re-
gions both with positive and negative lags of approximately a few months long. The
analysis of the data of observations by Simmonds and Jacka (1995), Yuan and Martin-
son (2000) and Kwok and Comiso (2002) demonstrate that the location of the Antarctic
sea ice spreading boundary is strongly correlated with the ENSO events on time scales
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of a few months: a correlation is observed between the ENSO events and the location
of the boundary of the Antarctic sea ice spreading when the ENSO event either leads or
lags with respect to the variability of the sea ice. Yuan and Martinson (2000) explained
the latter correlation by the existence of some atmospheric teleconnection between
Antarctica and the equatorial Pacific. Recently Terray (2011) also suggested that there
is link between extra-tropical atmospheric forcings in the Southern Hemisphere and
ENSO. However, the model results reported by Ivchenko et al. (2004, 2006), Blaker
et al. (2006) and Stepanov (2009a, b) lead us to suppose that the role of the ocean in
the transfer process of seasonal signals from high latitudes to the tropics can be even
more important than was considered earlier. The results presented in this article lead to
the conclusion that the wind processes over the ACC, and particularly the atmospheric
conditions upstream of Drake Passage, can strongly influence the ENSO events.

As was noted by Stepanov (2009a, b), the above mentioned teleconnections can
be explained by the fact that ENSO events could be considered as a consequence
of changes in the global meridional atmospheric circulation rather than a local phe-
nomenon in the tropics. The link between the tropics and high latitudes can exist due
to interactions between the tropics and the mid-latitudes, which influence the high lat-
itudes and vice versa. For example, warming (cooling) of the upper ocean layer in the
tropics (which can be related, for example, to the seasonal cycle, or consequence of the
frequent occurrence of the weak warm-pool El Nifio) leads to an increase (decrease)
in the warming of the troposphere in a region where atmospheric mass upwells (the
Pacific Ocean is the largest ocean and therefore has the largest contribution to these
changes). This means that warmer (colder) upgoing air from the tropical zone is trans-
ported by the Hadley circulation cell to the subtropics, which slows down (accelerates)
the air motion in the downwelling branch of the Hadley cell and then leads to weaken-
ing (intensification) of the wind in the mid-latitudes, which then lead to similar changes
in the high latitudes. Therefore many teleconnections between ENSO and weather at
distant regions from the tropical Pacific have been found. Therefore it is assumed in the
paper that the changes in the global meridional atmospheric circulation begun in April
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can lead to the changes both in the tropics and in the Southern ocean simultaneously,
and some link between atmospheric processes in the Southern ocean and ENSO can
exist.

The intensity of Walker circulation is associated with the Southern Oscillation In-
dex (SOI) that describes fluctuations in the difference of the surface air pressure
anomalies between Tahiti (17°52' S) and Darwin (12°25' S). During warm ENSO con-
ditions there is an eastward displacement of the Walker circulation, resulting in high
atmospheric pressure and cooler SST conditions over the western Pacific. During
cold ENSO conditions there is an intensification of normal Walker circulation condi-
tions, producing low atmospheric pressure and warmed SSTs in the western Pacific
(http://www.bom.gov.au/lam/climate/levelthree/analclim/elnino.htm). Thus, the SOI can
be considered as atmospheric component of ENSO due to the variability atmospheric
forcing in the western equatorial Pacific. Figure 1a shows 1989-2008 correlations of
zonally averaged monthly sea level pressure (SLP) with SOI-index taken with nega-
tive sign, which was taken from http://www.cpc.ncep.noaa.gov/data/indices. We clearly
see seasonality and that SOIl-index leads the SLP change in low latitudes. However,
as Fig. 1b—d demonstrates, the change of the zonally averaged SLP occurs in phase
with the change of the meridional gradient of the SLP. Likely the meridional gradient
change of the SLP is a primary source of the SLP variability in the low latitudes that
then in its turn, results in to the next SLP change in the tropics in the zonal direction,
i.e. SOI index change (Fig. 1a). The above figures show that even for annual cycle
the change of the meridional gradient of the atmospheric pressure in low latitudes is
more important for the variability of atmospheric pressure here than SOl-index vari-
ability, since the correlations of zonally averaged SLP with the meridional gradient of
the atmospheric pressure is higher and the last can lead the variability of the zonally
averaged SLP, which, in its turn, can impact the meridional gradient of the SLP. After
removing the seasonal cycle and low-pass filtering with periods longer than 18 months,
the correlation between SOI-index and zonally averaged sea level pressure difference
between 17° and 12°S (Fig. 1d) is about —0.6. According to the absolute values of
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correlation coefficients between NINO and SOl indexes (< 0.7), less than 50 % of the
NINO variability can be explained by changes of atmospheric forcing in the western
equatorial Pacific. Thus, it is likely that the development of ENSO events can be due to
some other mechanism, e.g. the global meridional atmospheric circulation change that
can affect high latitudes too: the stronger these changes, the stronger the effect that
can be seen both in the low and high latitudes.

Note here that there is reverse affect of ENSO on meridional atmospheric circulation.
For example, based on the analysis of NCEP/NCAR reanalysis results, LHeurex and
Thompson (2006) have shown that there is seasonally varying impact of ENSO on the
zonal mean circulation at subtropical latitudes of both hemispheres, and the impact of
ENSO can be seen even in the Arctic (see, e.g. Stepanov et al., 2012).

It is well known that the maximum phase of the development of the warm/cold ENSO
events is observed in November—December, while the ENSO onset, i.e. time when the
initiation of ENSO begins, is observed around April to June in many cases (e.g. Larkin
and Harrison, 2002). This paper analyzes what factors can impact the development of
the maximum phase of ENSO in the end of the year.

Section 2 briefly introduces the results of Stepanov (2009a, b) demonstrating the
impact of processes in the Southern Ocean on the amplifying mechanism of ENSO
events due to variations in the wind forcing over the ACC, together with the effects of the
topography and coastline. Section 3 describes the typical changes in the atmospheric
conditions over the Southern Ocean a few months before the maximum phase of the
development of ENSO and how these changes can be interrelated with ENSO events.
Also the results of an empirical orthogonal function (EOF) analysis are presented to
identify modes of variability relevant to the hypothesis that processes occurring in the
Southern Ocean can amplify ENSO events. Section 4 provides some discussion and
conclusions about the link between the atmospheric and oceanic processes in the
Southern Ocean and the maximum phase of the development of ENSO events.
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2 The transport processes in the Southern Ocean and its relation to ENSO

Numerical experiments presented by Stepanov (2009a, b) have demonstrated that the
variability of wind forcing over the ACC, together with the effect of bottom topogra-
phy, lead to the appearance of anomalies in pressure and density in the Southern
Ocean. The appearance of these anomalies is caused by the short time scale variabil-
ity of the meridional mass fluxes in the Pacific sector of the Southern Ocean north of
47° S, of which the average value from July to September is estimated to be greater
than 2000 Gt (gigatons, 1 Gt = 10° t). This variability of the oceanic mass in the Pacific
Ocean is negatively correlated with the wind forcing over the ACC, significant at the
99 % level. As a measure of wind strength the SAM index (Southern Hemisphere An-
nular Mode) has been used. This is determined as the normalized difference between
the zonal-mean SLP between 40° S and 70° S (obtained from the National Oceanic and
Atmospheric Administration). Figure 2 presents curves that describe the transport vari-
ation through Drake Passage in Sv (1 Sv = 10° mss_1) and the variability of the oceanic

t
mass, M(t)|-40-s, in the Pacific Ocean (M(t)|p-40-s ~ [ Qp(t)dt) averaged from July to
0

September, which is caused by fluctuations of the meridional mass flux Qp across
40°S calculated from the 20-year model data by Stepanov (2009a). The meridional
mass fluxes have been obtained from a 1-degree barotropic ocean model by Stepanov
and Hughes (2004) that was forced with 6 h wind and atmospheric pressure forcings.
High correlation (with coefficient of ~ 0.8) is observed between the minima and maxima
of the variability of M(t)|4-40-s in the Pacific sector and, correspondingly, the cold (La)
and warm (El) ENSO events.

In papers by Ivchenko et al. (2004, 2006) it has been shown that salinity anomalies
appearing near Antarctica can propagate to lower latitudes as fast barotropic Rossby
waves almost without changes in their amplitude. Such waves propagate from Drake
Passage to the equator only in a few weeks and then cross the entire Equatorial Pa-
cific region during a few months. Although the Ivchenko et al. (2004, 2006) results were
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obtained for simplified model topography, they have been confirmed by model results
when models with real topography have been used (e.g., see Richardson et al., 2005;
Blaker et al., 2006). Particularly Blaker et al. (2006) show that the energy from the
anomaly in the Weddell Sea arrives at the western Pacific boundary via two ocean
wave mechanisms. Barotropic Rossby waves transmit the signal directly across the
Pacific Ocean (waveguide pattern of which was confirmed later by observations by
Close and Naveira Garabato, 2012). Barotropic Kelvin waves follow the Antarctic coast-
line and form waves which propagate along the ridge systems that extend away from
the Southern Ocean. These waves propagate along topographic ridges which provide
a connection between Antarctica and the land masses in the Southern Hemisphere.
Hence, if the variability of the meridional fluxes of the water masses in the Pacific
sector of the Southern Ocean can cause short-period density anomalies near the re-
gions where the strong variability of these fluxes is observed, then by means of the
wave mechanism described by lvchenko et al. (2004, 2006) and Blaker et al. (2006),
these anomalies can be transported to the low latitudes of the Pacific Ocean. Here
they interact with the stratification and can cause variations in the inclination of the
thermocline in the tropical Pacific, which, in turn, can facilitate more intense develop-
ment of ENSO effects (Stepanov, 2009a, b). The results presented in Fig. 3 confirm
this conclusion. Figure 3 shows the model temperature difference over a section along
the equator for three time periods between perturbed and control calculations obtained
by Stepanov (2009a) using 3-dimensional ocean circulation model by lbraev (1993)
having approximately 1-degree horizontal resolution and 19 depth levels (see details
in Stepanov, 2009a). In the experiment with a perturbation in the Pacific sector of the
Southern Ocean in the latitudinal zone between 47° and 37°S, a uniform by depth
(i.e., barotropic) and latitude perturbation of the meridional velocity was specified for
90 days. It was obtained from the results of barotropic modelling by averaging the
mean model barotropic meridional velocity over the latitude in the zone between 47°
and 37° S and over the time from July to September of 1987, 1997, and 2002 (i.e., the
periods preceding to maximum phase of the development of the warm ENSO events).
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The perturbation corresponded to the total equatorward meridional flux, but it was cor-
rected in such a way that the total section flow would be zero. In a few days, owing to
the processes described by lvchenko et al. (2004, 2006) and Blaker et al. (2006), pos-
itive and negative dipole-shaped temperature anomalies appeared in the western part
of the equatorial Pacific (not shown). These anomalies then moved along the equator
to the eastern Pacific coast as a trapped Kelvin wave, which looks like an equatorial up-
welling Kelvin wave propagating from the western to the central equatorial Pacific, and
a downwelling one propagating from the central equatorial Pacific to the eastern Pa-
cific. This type of Kelvin wave propagation agrees with the results of observations (see,
for example, Delcroix et al., 1991). This process leads to the elevation of the thermo-
cline in the western part of the equatorial Pacific (from 130° to 195° E) and a depression
in the eastern Pacific (Fig. 3). In the eastern (western) equatorial Pacific at depths of
about 200 m, the temperature anomalies reach approximately 0.3°C (-0.5°C). Since
the temperature and salinity fields at the ocean surface in these numerical experiments
corresponded to values averaged from June to August over a whole modeled 20-year
period (from 1984—-2003 HadCM3 model output) and were fixed, the development of
surface and subsurface (within Ekman layer) anomalies was limited, since after the ap-
pearance of temperature anomalies in the tropics the subsequent interaction between
the atmosphere and ocean in the model tropics is excluded. Nevertheless the zonal
model temperature difference (~ 1°C) in the tropical Pacific (which characterizes the
thermocline slope here) is comparable with observation.

The change of sign of the perturbation in the experiment (with a perturbed field of the
meridional velocity) leads to an opposite response of the equatorial Pacific: a warming
in the western part and a cooling in the eastern part of the ocean; i.e., the thermocline
descends in the western part of the equatorial Pacific and ascends in its eastern part.

The above mentioned variability of the meridional mass fluxes in the Pacific sector of
the Southern Ocean, as it has been studied by Stepanov and Hughes (2006), is due to
mass exchange occurring between the Southern Ocean, Atlantic, and Pacific regions
at periods of 30—100 days. Such mass exchange is accompanied by global adjustment
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processes in the ocean, which are approximately one month long. The main mass ex-
change occurs between the Southern and Pacific oceans, which is determined by the
balance of wind stress by form stress (a pressure difference across topographic obsta-
cles) in Drake Passage, together with the inverse barometer response to atmospheric
pressure. According to Stepanov and Hughes (2006), three main regions exist in the
Southern Ocean (regions near Drake Passage, the Kerguelen Plateau, and the Pa-
cific Antarctic Rise) that are responsible for approximately 65 % of total form stress on
the ACC. Drake Passage is the most significant topographic feature among the three
regions mentioned above, accounting for about 30 % of the total form stress. The east-
ward directed wind stress leads to a decrease in the bottom pressure near the coasts of
Antarctica. At the same time, the balance of the wind stress over a topographic obstacle
requires that the bottom pressure on the western side of the obstacle exceeds that on
the eastern side. The wind variability over the ACC together with the above described
topographic effects can lead to a variation in the meridional mass fluxes near bottom
ridges that was demonstrated by Stepanov (2009a, b) can impact the development of
ENSO effects.

As was mentioned early, the variability of the oceanic mass in the Pacific sector of
the Southern ocean is negatively correlated with the wind forcing over the ACC. We
will see later that the wind weakness is due to atmospheric pressure pattern blocking
over the south-east Pacific. The change of atmospheric conditions over the ACC, and
particularly over the region upstream of Drake Passage, can substantially influence
the bottom pressure on the western side of Drake Passage and the balance between
wind stress and form stress in Drake Passage, which can impact the variability of the
meridional mass fluxes in the Pacific sector of the Southern Ocean. The model effect of
this variability on ENSO has just been described. The next section describes plausible
reasons for the establishment of the atmospheric conditions over the ACC, which are
favourable to amplify ENSO events from the Southern Ocean. Since, as it was shown
by Stepanov (2009a, b), there is a time lag of 4—6 months between the variation of
M(t)|p=40-s in the winter—spring season of the Southern Hemisphere and the maximum
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phase of ENSO development (which is determined by the time needed to transport
the density anomalies appearing in the Southern Ocean to low latitudes by means of
a wave mechanism described by Ivchenko et al., 2004, 2006), we have to pay attention
to the atmospheric variability that occurred about 4 months before the maximum phase
of ENSO development.

3 Is the Southern Ocean a main trigger for the development of the maximum
phase of ENSO during warm periods?

Figure 4a and b shows 1989-2011 mean SLP and its standard deviation. One can see
that the field of SLP has almost zonal structure over the ACC, while upstream of Drake
Passage there is a high variability of SLP. It means that sometimes in this region instead
of a usual low atmospheric pressure, an anticyclonic/cyclonic atmospheric circulation
pattern can occur.

From correlation between the monthly average SAM index and SLP (Fig. 4c) one
can see that the wind strength over the ACC is maximal when a low SLP is settled
over the southern part of the Southern Ocean, particularly near 250-260° E, and vice
versa. As we saw before the region upstream of Drake Passage is important from the
point of view of a balance between the wind stress and form stress in Drake Passage
that impacts the variability of the meridional mass fluxes in the Pacific sector of the
Southern Ocean. Therefore it is clear that a high atmospheric pressure settled over the
upstream of Drake Passage region can “lock” Drake Passage resulting in equatorward
meridional flux anomaly in the Pacific sector of the Southern Ocean that, as was shown
by Stepanov (2009a, b), leads to conditions favourable to amplify warm ENSO. While
a low pressure developed over this region “accelerates” the wind over the ACC lead-
ing to poleward meridional flux anomaly in the Pacific sector of the Southern Ocean
resulting in the development of cold ENSO (Stepanov, 2009a, b).

The results presented in Fig. 5 confirm the above conclusion. This figure shows July—
September (Fig. 5a—c) and August—October (Fig. 5d) mean ERAInterim SLP anomalies
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(from the 1989-2011 mean) that are typical before the maximum phase of the devel-
opment of warm (Fig. 5a and b) and cold (Fig. 5¢ and d) ENSO events. Before warm
ENSO reaches its maximum phase of development, over the region upstream/near of
Drake Passage high atmospheric pressure is settled (Fig. 5a and b), while low SLP over
this region is observed during the months preceding the maximum phase of the devel-
opment of a cold ENSO (Fig. 5¢ and d). The lag between the changes of atmospheric
conditions over the ACC and maximum phase of ENSO development (4-6 months)
is in accordance with previous finding by Stepanov (2009a), e.g., the cold ENSO of
2007 has reached its maximum phase of the development about 1-2 months later than
ones in 1997, 1998 and 2002 (Fig. 5a—c), therefore the negative SLP anomalies in the
Southern Ocean near Antarctica have also been observed later (Fig. 5d). Similar distri-
bution of SLP anomalies has also been observed 3-5 months before the development
of maximal phase of the ENSO in 1992, 1994, 1995, 2000, 2002, 2004, 2006, 2007,
2008, 2009 and 2010.

As was mentioned in Sect. 2 there is negative significant correlation between SAM
index and M(t)|p-40-s Variability and NINO4 index, however the correlation coefficient
between SAM index and NINO4 index is low (~ —0.2). Now when we realise that the
atmospheric conditions over the region upstream of Drake Passage can be crucial for
whole ACC dynamics, we can choose some other index.

The results of numerical modelling presented by Stepanov (2009a) have shown that
in the Southern Ocean, in the latitude zone of 47—48° S, there is a zone of divergence
(convergence) of the meridional mass fluxes. The direction of the water mass motion
cyclically changes with a period determined by the external forcing: for the case of
weak (strong) wind, water masses move to the equator (to the pole), to the north of
these zones, while, south of these zones, they move to the pole (equator). This latitude
zone of 47-48° S is the boundary between the regions, in which atmospheric cyclones
south of 48° S and anticyclones north of 47° S propagate in the eastern direction over
the ACC, generating fluctuations in the fields of the atmospheric pressure and wind
velocity. Near the western coast of South America at ~ 35° S there is a region of high
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atmospheric pressure (Fig. 4a) and an analysis of ERAInterim SLP shows that some-
times the area of high pressure crosses the latitude circle of 47° S between 260-290° E
and penetrates to the south, in the region upstream of Drake Passage. This position
is in accordance with the preferred propagation away from the Southern Hemisphere
subtropical jet waveguides indicated by Ambrizzi et al. (1995). Therefore the averaged
sea level pressure anomaly along 280° E between 35° S (the point marked by black
cross on Fig. 4c) and 45° S, Ap, can be a good indicator for predicting such changes
in atmospheric pressure field.

In introduction it was supposed that NINO4 describes a primary source of some
factor forcing the maximal development of ENSO events, which is due to ocean im-
pact (NINO4 is the region where changes of sea-surface temperature lead to total
values around 27.5 °C, which is thought to be an important threshold in producing rain-
fall in the tropics during ENSO). Therefore model ocean characteristics obtained by
Stepanov (2009a) have been compared with NINO4. However analysing SLP field,
variability of which reflects joint effect of the interaction between the ocean and at-
mosphere, assumes using NINO index, incorporating similar impact. Therefore further
we will compare new characteristics found with NINO3.4 index (SST averaged in area
of 5°N-5°S; 170-120° W, www.cpc.ncep.noaa.gov/data/indices): it is the region that
has large ENSO variability, and that is close to NINO4 region where changes in local
sea-surface temperature are important for shifting the large region of rainfall typically
located in the far western Pacific (though the comparison results are similar for NINO4
too).

Figure 6 shows normalized on their standard deviations anomalies monthly time se-
ries of NINO3.4 index (black dashed) and Ap (solid line) after applying 5 month running
average procedure. The black solid line is after subtraction of the seasonal cycle and
is shifted 4 months forward. One can see that there is correspondence between peaks
and troughs of NINO-index with ones of Ap curve that have been observed 3-5 months
before the maximum phase of the development of ENSO. The effect of atmospheric
stochastic forcing, which always exists in the processes of the interaction between the
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atmosphere and the ocean, led to wider time lag (3—5 months) between atmospheric
changes in the Southern Ocean and the maximum phase of the development of ENSO.

The correlation coefficient between NINO3.4 index and Ap time series for 1989—
2011 period is about 0.6 (Ap leads 4 months) and slightly varies for 1989-1999 (0.65)
and 2000-2011 (~ 0.5) periods (all the correlations presented by the paper are statisti-
cally significant with a probability of 95 %, which was determined through the effective
number of degrees of freedom following Bretherton et al., 1999).

Figure 7 shows 1989-1999 (a) and 2000—-2008 (b) standard deviations of SLP from
10° N to the Antarctic continent. One can see that atmospheric dynamics near Antarc-
tica has not been substantially changed: only over the upstream of Drake Passage
region a high variability of the SLP became more localized near Drake Passage, while
in the tropical Pacific, the SLP variability decreased in the 2000s (Fig. 7c and d). Since
the mid 1990s the SST became warmer, therefore if we exclude from consideration
the effect of the tropical cyclones, it is reasonable to suppose that the variability of at-
mosphere in the tropics is decreased, which does not allow developing conventional
ENSO (described by NINO3 index). Results presented on Fig. 7c and d confirm this
conclusion: before 2000 the variability of the SLP over the tropical Pacific was higher
than after: in the 2000s the atmospheric pressure patterns show weaker variability
(~ 70 % from 1989-2011 mean variability), while during the 1989—-1999 period the area
of higher atmospheric pressure variability (> 100 % of 1989—2011 mean one) occupied
almost the whole tropical Pacific. However, the atmospheric variability in moderate and
high latitudes of the Southern Hemisphere did not change noticeably (Fig. 7a and b),
which suggests that the effect of processes near Antarctica still impact the tropical
region of the Pacific Ocean with the same efficacy.

The interaction between the atmosphere and the ocean due to the existence of
stochastic forcings (e.g., see Flugel et al., 2004; Eisenman et al., 2005) limits the pre-
dictability of ENSO (especially “warm-pool El Nifio”, e.g. see Horii et al., 2012). The
stochastic variability can lead to some interannual changes in the tropics when weak
tropical temperature anomalies can be superimposed leading to substantial changes in
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the atmospheric meridional circulation. An example is 2006 when a long warm period
in the central tropics (during more than half of a year) provided discharged conditions
of the recharge/discharge ENSO oscillator at the beginning of 2007 (Horii et al., 2012).
This cooling in the tropics led to the intensification of the meridional atmospheric cir-
culation cell and stronger wind over the ACC (the value of SAM index exceeded its
standard deviation) when negative SLP anomaly developed over the Southern Ocean
(Fig. 5d) that finally resulted in the development of the strong cold ENSO in 2007-2008.
This ENSO had led to charged conditions of the recharge/discharge ENSO oscillator
and, as a result, the atmospheric variability in the tropical Pacific has been increased
after 2008. Figure 7e and f shows that 2000—-2007 period had small SLP variability
(Fig. 7e), but 2008—2011 SLP variability in the western tropical Pacific (Fig. 7f) is com-
parable with one before 2000 (Fig. 7c) that increases the impact of the tropical inter-
actions on ENSO. This fact explains why the correlation between the SOl and NINO
also remains during warm periods. It is likely that during warm periods the atmospheric
variability in the tropics will be decreased again after onsets of series of the “warm-pool
El Nino” events.

The EOF analysis of atmospheric pressure patterns in the SE Pacific revealed an
additional mechanism explaining the change in ENSO characteristics in the 2000s.
The first, second and fifth leading EOF modes of monthly SLP anomalies over the
region of the Southern Ocean in the area south of 31°S; 150-310° E are presented in
Fig. 8a—c. The EOF1 pattern shown in Fig. 8a captures the almost zonal structure of
the SLP over the ACC. This mode explains about of 44 % of the total variability over the
region for the period between 1989 and 2011. The EOF2 (Fig. 8b) that explains about
14 % of the SLP variability captures a zonal dipole pattern near Drake Passage that is
in accordance with Fig. 5. Finally, the EOF5 mode (Fig. 8c) explaining 5 % of the SLP
variability captures a meridional dipole pattern to the west of Drake Passage, which
characterizes the variability of the strength of meridional shear of zonal wind.

The EOF3 (explains less than 10 % of the total variability) is omitted from a consider-
ation, since the EOF3 has a strong resemblance to the Pacific-South American pattern
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identified by Mo and Ghil (1987), with principal component PC3 slightly correlated with
NINO index (the highest correlation (~ 0.3) corresponds to the case when NINO in-
dex leads PC3 by 3 months), and it is strongly associated with ENSO events (Sinclair
et al., 1997; Carleton, 2003). The EOF4 (~ 7 % of the total variability) is not consid-
ered here because of its some resemblance to the EOF2 (high/low pressure upstream
and near of Drake Passage) and there is only a slight correlation between PC4 and
NINOS.4 (~ 0.3) for 1989-2001 period with PC4 leading NINO3.4 at about 3—4 months
(for 2002—2011 PC4 and NINO3.4 are not correlated at all, i.e. this mode cannot be
a plausible reason for the change in ENSO characteristics in the 2000s).

The time series of the normalized principal components (PCs) of EOF1, EOF2 and
EOF5 together with normalized NINO3.4 index are presented in Fig. 8d—f. A cross-
correlation analysis between these PCs and NINO3.4 index at different leads and lags
for 1989—-2011 period gives a maximum correlations of 0.45, 0.55 and 0.38 with PCs
leading NINOS.4 at 1, 4 and 8 months respectively for PC1, PC2 and PC5. However,
we should note that correlations between PC1, PC2 and NINO3.4 for whole 1989—
2011 period and for 2 subperiods (1989-2002 and 2002—-2011 periods) are comparable
(about 0.4 for PC1 and 0.5 for PC2), but the correlations between PC5 and NINO3.4
are different for these different periods. The 2002—2011 period is a major contributor to
the value of correlation coefficient between PC5 and NINO3.4 for 1989—-2011 period:
2002-2011 correlation is about 0.8, while for 1989-2002 PC5 and NINOS3.4 are not
correlated at all. As was mentioned earlier, the EOF5 characterizes the strength of
meridional shear of zonal wind over the region under consideration, which defines the
growth rate of the air jet instability over this region (see, e.g. Gill , 1982; Paldor and
Dvorkin, 2006). The high correlation between PC5 and NINO3.4 means that air jet
instability over the region, leading to the formation of SLP patterns shown in Fig. 5,
became to be a significant contributor to the development of maximal phase of the
ENSO after 2002 with lead time of about 8 months, i.e., this event is coincident with the
time of ENSO onset, Larkin and Harrison (2002).
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Of course, it does not mean that the after change of PC5 it is needed about 4 months
to lead to the formation of SLP patterns shown in Fig. 5. The PC5 variability shows
only that 8 months before the development of maximal phase of the ENSO (i.e. in
April, after boreal summer) there are atmospheric conditions over the south-east Pacific
sector of the Southern ocean, which characterize higher meridional shear of zonal wind
here. This variability is likely connected with global meridional atmospheric circulation
change in this time. This higher meridional shear of zonal wind in April results in higher
likelihood that the air jet instability will occur during Australian winter (July—September)
when the maximal variability of atmospheric characteristics is observed.

The EOF analysis agrees with the previous cross-correlation analysis. So, PC1 is
highly correlated with SAM index (with coefficient about —0.9) since EOF1 and SAM
index describe the weakness and strength of wind over the ACC. The EOF2 is in a good
agreement with SLP anomaly pattern near Drake Passage presented in Fig. 5. Both
Ap and PC2 are significantly correlated with NINO3.4 (with the coefficient of ~ 0.6 and
0.5 respectively) with lead time of about 4 months.

4 Discussion and conclusions

It is a generally accepted opinion that ENSO events are caused by the interaction
processes between the ocean and atmosphere in the tropics (excluding the recent
paper by Terray (2011) who pointed out the linkage between mid-latitude Southern
Hemisphere climate and ENSO). It is well known that the onset of ENSO events de-
pends on the type of wind anomalies that are established in the western equatorial
part of the Pacific Ocean in the previous spring and summer. However, it was shown
by Lengaigne et al. (2004), these wind anomalies can trigger ENSO only under par-
ticular favourable oceanic conditions. It was demonstrated by Eisenman et al. (2005)
that the wind anomalies considered in the tropics are a combination of joint effects of
stochastic atmospheric forcing and large-scale dynamics depending on the ENSO pro-
cesses rather than being completely external to the development of the ENSO events.
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Recently, Horii et al. (2012) have demonstrated that because of some decadal changes
in the variability of warm water volume of the equatorial Pacific and wind variability in
the western equatorial Pacific the robust predictability of these two predictors for ENSO
has changed in the 2000s: the lead time of two to three seasons observed before 2000
has almost vanished and in the 2000s the variability of the warm water volume of the
equatorial Pacific and wind variability in the western equatorial Pacific occur almost in
phase with ENSO development. This suggests that other factors can impact the ENSO
onsets.

This paper has considered a hypothesis based on the numerical results by Stepanov
(20094, b) that the atmospheric variability over the ACC can strongly influence ampli-
fying ENSO events. This hypothesis allows us to explain the breakdown in the 2000s
of ENSO predictors proposed by McPhaden (2003) through analysis of SLP fields. It
was shown that the maximum phase of the development of most ENSO events was
associated with a change of the atmospheric conditions upstream of Drake Passage
in July—October when the variability of the atmosphere over the Southern Ocean was
especially strong. This variability, together with the effect of the bottom topography,
leads to the changes of the balance between the wind stress and form stress in Drake
Passage that, together with the inverse barometer response to atmospheric pressure,
result in the appearance of anomalies in the fields of the pressure and density in the
Southern Ocean. By means of the wave mechanism described by lvchenko et al. (2004,
2006) and Blaker et al. (2006), these anomalies can be transported to the low latitudes
of the Pacific ocean, where they interact with the stratification via Kelvin wave propaga-
tion and can cause variations in the inclination of the thermocline in the tropical Pacific
(Fig. 3), which, in turn, can amplify ENSO event (Stepanov, 2009a, b). In the 2000s,
due to warmer SST, more homogeneous dynamical conditions in the tropics developed
(Fig. 7d), hence the subsequent interaction between the atmosphere and ocean in the
tropics after the beginning of ENSO in the central equatorial Pacific is suppressed and
a strong ENSO cannot be developed in the eastern side of the tropical Pacific. As a re-

sult, frequent occurrences of the “warm-pool El Nifo”, which is characterized by SST
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anomalies centered in the central equatorial Pacific, are observed (Horii et al., 2012).
The high correlation between PC5 and NINO after 2002, EOF5 of which characterizes
the strength of the meridional shear of zonal wind over the region under consideration,
demonstrates that during warm periods the air jet instability over the region significantly
impact ENSO. Due to this instability in the region to the west of Drake Passage, anti-
cyclonic/cyclonic atmospheric circulation patterns can arise. It is likely that due to air
jet instability during cold periods (when the meridional shear of zonal wind is stronger)
the area with high atmospheric pressure can be developed over the region upstream of
Drake Passage more frequently, therefore generally more warm ENSO events than cold
ones are observed. For example, the Oceanic Nifo Index from http://www.cpc.ncep.
noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml. This shows that for
1950-2002 period 15 warm and 11 cold ENSO events have been observed respec-
tively, while after 2002 the numbers of warm and cold ENSO were the same. It is in
agreement with the analysis of PC2 and PC5 timeseries. Both timeseries are not sym-
metric with respect to the zero value. The skewness coefficients for the unsmoothed
PC2 and PC5 timeseries for the period of 1989-2011 are about 0.2, and about 2 times
greater for the period before 1997. The positive value of the skewness indicates that
more often SLP anomalies, having constituents similar to EOF2 and EOF5 patterns
presented in Fig. 8b and c, can be developed in the region under consideration.

The EOF analysis has revealed the best possible ENSO predictor for warm periods:
it is PC5 that is highly correlated with NINO3.4 (~ 0.8) with lead time of 8 months. It
means that processes in the Southern Ocean due to air jet instability over the ACC dur-
ing warm periods significantly contribute to development of maximal phase of ENSO.
One might argue that the conclusion stands on the principle component PC5 which has
only 5 % of total variance, and even if the PC5 correlates well with ENSO with a 8 month
lead, we cannot suggest that the SLP anomalies over the Southern Ocean could have
very significant effect on ENSO. However, it is well known that extreme events are de-
scribed by “probability distribution tail” that describes even less than 5 % of all possible
outcomes (and ENSO can be considered such an event, since no regularity for ENSO
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events is observed because, as was demonstrated by Eisenman et al. (2005), the wind
anomalies considered in the tropics are a combination of joint effects of stochastic
atmospheric forcing and large-scale dynamics). Thus PC5 describing 5 % of total vari-
ance of SLP field can be significant for ENSO forecast since it describes an appear-
ance of plausible favourable conditions resulting in air jet instability over the ACC that
leads to different July—September SLP patterns in the Southern Ocean (characterized
by EOF2, explaining 14 % of total variance). It is worth noting also that EOF3-EOF4
explain comparable with EOF5 percentages of the total variance.

As was noted in the Introduction ENSO events could be considered as a conse-
quence of changes in the global meridional atmospheric circulation when the tropics
and high latitudes interact with each other rather than a local phenomenon. Since the
interaction between the tropics and high latitudes depends on the stochastic processes,
which always occur during the interaction between the atmosphere and the ocean, time
lag between atmospheric changes in the Southern Ocean and the maximum phase of
the development of ENSO is in a wide range of 3—5 months. Note here that the primary
component of stochastic forcing can be tropical intraseasonal variation, such as the
Madden—Julian Oscillation (MJO), Madden and Julian (1972), since MJO can impact
the development ENSO from the surface; it is likely that local atmospheric forcing is
important to this type of ENSO, such as those associated with the MJO. However, it
is worth noting that Stepanov and Hughes (2006) have shown that large-scale mass
exchange exists not only between the Southern Ocean and Pacific. There are also the
Atlantic-Pacific and slightly weaker Indian-Pacific exchanges at shorter timescales (pe-
riods from few days to 3 months). Therefore it is likely that this exchange can lead to the
appearance of some signals in the tropics and mid-latitudes of the Indian and Atlantic
oceans too. Hints of this can be seen in Fig. 3 for the Indian Ocean, though in this ex-
periment the velocity disturbance was defined only for the meridional component of the
velocity in the Pacific sector of the Southern ocean. It is likely that MJO and, e.g., sub-
tropical dipole variability in both the Southern Indian and Atlantic Oceans triggered by
Southern Hemisphere mid-latitude variability influencing ENSO found by Terray (2011),
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are the results of such global inter-basin mass exchange. Further studies are needed
to explore this hypothesis.

During warmer periods, meridional gradients of the atmospheric dynamic character-
istics that decrease inter-latitudinal exchange are weaker, therefore the SLP variability
in the tropics becomes weaker leading to the development of frequent but weak ENSO
events (with SST anomalies centered in the central equatorial Pacific). Interestingly,
the observed result of frequent occurrence of the “warm-pool El Nifio” in the 2000s is
consistent with coupled model simulations under global warming by Yeh et al. (2009).

In conclusion, it is worth noting that the results of the paper are in good agreement
with Byshev et al. (2012). They showed that the warm ENSO events are accompanied
by the global atmospheric oscillation when high atmospheric pressure is generated in
the equatorial-tropical latitude band (~ 45° N-45° S; 60° W—180° W), and a low atmo-
spheric pressure develops over 2—3 x 10° km zone along the outer boundaries of that
structure. Thus, the magnitude of the meridional gradient of the zonal wind speeds
over the Southern Ocean is increasing, and favourable conditions for the onset of in-
stability of the air jet over the ACC are created leading to the appearance of blocking
anticyclone over the south-eastern part of the Pacific sector of the Southern Ocean.
In the Northern Hemisphere, the changes in the atmosphere, described by Byshev
et al. (2012), may also lead to the appearance of SST anomalies in the western North
Pacific, which, according to Wang et al. (2012), can trigger oceanic Kelvin waves, which
propagate eastward and initiate the developments of ENSO.
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Fig. 1. 1989-2009 correlations of zonally averaged sea level pressure with SOI-index with
negative signs (a), and (b) with the zonally averaged sea level pressure difference between
17°S and 12°S. Positive lags means that the zonally averaged sea level pressure lags from
corresponding time series. (¢) Time series of SOl-index with negative signs (red), zonally aver-
aged sea level pressure difference between 17°S and 12° S (blue), and zonally averaged sea
level pressure difference between 17°S and the equator (green); (d) the same as (c) but the
seasonal cycle was removed and low-pass filtering with periods longer than 18 months was
applied.
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Fig. 2. The values of transport through Drake Passage in Sv (thin solid line) and variability of
M(t)]p-40-s due to meridional transport fluctuations through the latitude of 40° S in the Pacific
Ocean in Gt (thick solid line) averaged for July—September. Symbols EL and LA denote warm
and cold ENSO events, respectively. Dashed line corresponds to scaled winter's NINO4-index.
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Fig. 3. The temperature anomaly on the zonal section along the equator at three consecutive
times (t = 90, 120 and 150 days). The units are in °C. The horizontal dashed line shows the

depth of 300 m.
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Fig. 4. 1989-2011 mean (a) and standard deviation (b) of sea level pressure, and correlations
(c) between SAM index and sea level pressure for the same period. The dashed black line on
(c) shows the boundary between the regions, in which atmospheric cyclones south of 48° S and
anticyclones north of 47° S propagate in the eastern direction over the ACC. The black cross
denotes the position (280° E and 35° S) chosen to monitor the sea level pressure variability.
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Fig. 5. Sea level pressure anomaly (in hPa) for July—September mean of 1997 (a), 2002 (b),
1998 (c) and for August—October mean of 2007 (d) before the maximum phase of the develop-

ment of warm (a, b) and cold (¢, d) ENSO.
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Fig. 6. Normalized on their standard deviations anomalies monthly time series of NINO3.4
index (black dashed) and the averaged sea level pressure along 280° E between 35° S (the
point marked by black cross on Fig. 5¢) and 45°S, Ap, (solid). The black solid line is after
applying 5 month running average procedure and it is shifted 4 months forward; the seasonal
cycle was subtracted.

976

| J1adeq uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

il

OSD
11, 943-978, 2014

One plausible reason
for the change in
ENSO characteristics

V. N. Stepanov

=
o

Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

O


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/943/2014/osd-11-943-2014-print.pdf
http://www.ocean-sci-discuss.net/11/943/2014/osd-11-943-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

OSD
11, 943-978, 2014

Jaded uoissnosiq

One plausible reason
for the change in
ENSO characteristics

- N @ A O O N ® ©
- N W B O ® N ® ©

V. N. Stepanov

0 100 200 300 0 100 200 300

2000-2008

Title Page

Jaded uoissnosiq

Abstract Introduction

Jaded uoissnosiq

08 Conclusions References

Tables Figures

2000-2007 2008-2011

Back Close

Full Screen / Esc

|

Fig. 7. 1989-1999 (a) and 2000—2008 (b) standard deviations of sea level pressure (in hPa);
(¢, d) the same as (a, b), but normalized on 1989-2011 mean standard deviations, and shown
in enlarged scale for the tropics; (e, f) the same as (¢, d) but for 2000—-2007 and 2008-2011
periods respectively.
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Fig. 8. EOF1 (a), EOF2 (b) and EOF5 (c) modes of the Southern ocean region SLP (1989-
2011) multiplied by respective standard deviations of the principal components (units in hPa).
Normalized time series (solid line) of PC1 (d), PC2 (e) and PC5 (f) together with the time series
of the NINO3.4 index (dashed line, after applying 5 month running average procedure) are also
shown. PC1, PC2 and PC5 are after applying 5 month running average procedure and they are
shifted forwards by 1, 4 and 8 months respectively.
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