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Increased frequency of extreme La Nifia events
under greenhouse warming
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The El Nifio/Southern Oscillation is Earth's most prominent
source of interannual climate variability, alternating irregu-
larly between El Nifio and La Nifia, and resulting in global
disruption of weather patterns, ecosystems, fisheries and
agriculture™. The 1998-1999 extreme La Nifia event that
followed the 1997-1998 extreme El Nifio event® switched
extreme El Nifo-induced severe droughts to devastating
floods in western Pacific countries, and vice versa in the
southwestern United States*’. During extreme La Nifia events,
cold sea surface conditions develop in the central Pacific®®,
creating an enhanced temperature gradient from the Maritime
continent to the central Pacific. Recent studies have revealed
robust changes in El Nifio characteristics in response to
simulated future greenhouse warming'-'?, but how La Nifia will
change remains unclear. Here we present climate modelling
evidence, from simulations conducted for the Coupled Model
Intercomparison Project phase 5 (ref. 13), for a near doubling
in the frequency of future extreme La Nifia events, from one in
every 23 years to one in every 13 years. This occurs because
projected faster mean warming of the Maritime continent than
the central Pacific, enhanced upper ocean vertical temperature
gradients, and increased frequency of extreme El Nifio events
are conducive to development of the extreme La Niiia events.
Approximately 75% of the increase occurs in years following
extreme El Nifio events, thus projecting more frequent swings
between opposite extremes from one year to the next.

During typical La Nifna events, the central-to-eastern equatorial
Pacific is colder than normal, inhibiting formation of rain-
producing clouds there, but enhancing atmospheric convection
and rainfall in the western equatorial Pacific. The associated
atmospheric circulation generates extreme weather events in many
parts of the world, including droughts in the southwestern United
States"'* and eastern equatorial Pacific regions, floods in the western
Pacific and central American countries™'®, and increased land-
falling west Pacific cyclones and Atlantic hurricanes®'®".

La Nina-related sea surface temperate (SST) anomaly patterns,
however, differ from event to event (Fig. 1a,b). Compared with the
weak event of 1995, cold anomalies of the 1998 extreme event peaked
notably farther west, and exerted much greater impacts. During

1998, extreme events occurred, in part linked to the developing
1998-1999 La Nifna event. The southwestern United States expe-
rienced one of the most severe droughts in history*”'®. Venezuela
endured flash flooding and landslides that killed 25,000 to 50,000
people”. In China, river floods and storms led to the death of
thousands, and displaced over 200 million people”. Bangladesh
experienced one of the most destructive flooding events in modern
history, with over 50% of the country’s land area flooded, leading to
severe food shortages and the spread of waterborne epidemic dis-
eases, killing several thousand people and affecting over 30 million
more’’ . The 1998 North Atlantic hurricane season saw one of the
deadliest and strongest hurricanes (Mitch) in the historical record*,
claiming more than 11,000 lives in Honduras and Nicaragua®.

The 1998-1999 La Nifia event occurred after the 1997-1998
extreme El Nifio event—referred to as the climate event of the
twentieth century’, inducing swings of opposite extremes from one
year to the next. Recent studies have shown a greenhouse warming-
induced increase in extreme El Nifio events'’, eastward-propagating
El Nifio", and El Nifno-related equatorward swings of the South
Pacific convergence zone”. However, the future characteristics
of La Nina events are yet to be examined. Here we show that
greenhouse warming leads to a significant increase in the frequency
of extreme La Nifa events.

Extreme La Nifia events feature the coldest sea surface anomalies
in the central Pacific, a pattern not a mirror image of extreme
El Nifo events, which have maximum warm anomalies in the
eastern equatorial Pacific*'’. Thus, the non-symmetric dynamics
of these two climate extremes needs to be studied separately
using at least two indices®. To capture the essential feature of an
extreme La Nifia, we apply empirical orthogonal function (EOF)
analysis to deconvolve the spatio-temporal SST variability into
orthogonal modes, each described by a principal spatial pattern and
an associated principal component (PC) time series (see Methods).
We focus on satellite-era observations (Methods), and austral
summer/boreal winter (December-February), when typical La Nifia
events peak.

In the positive phase, EOF1 (Fig. 1¢) shows a canonical La Nifa
pattern, and EOF2 exhibits a cooling in the central Pacific and a
warming in both the eastern and western part of the basin (Fig. 1d),
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Figure 1] Identification of observed extreme La Nifia events. a,b, December-February average SST anomalies (shading, —0.75 °C contour highlighted by a
black curve) and surface wind stress anomalies (vectors, scale shown in the top right corner of each panel) associated with a weak (a) and extreme (b)

La Nifa. ¢,d, Principal variability patterns of SST obtained by applying EOF analysis to satellite-era SST anomalies (see Methods), in the equatorial region
(15° S-15° N, 140° E-280° E). The SST anomalies and wind stress vectors are presented as linear regression onto the EOF time series. e, Relationship
between the two principal component time series. An extreme La Nifia event (blue dots, big blue 1998) can be defined as when the first and second
principal component are both greater than 1.0 standard deviation (s.d.). Extreme El Nifio events are indicated by red dots. Green dots indicate moderate

La Nifa, and purple dots weak La Nifia (big purple 1995), defined as when quadratically detrended Nifio4 is greater than 0.5 s.d. but less than 1.0 s.d. in
amplitude. Black dots indicate all other years. f, Relationship between Nifio4 and a time series of the Maritime continent region (5° S-5° N,

100° E-125° E)-central Pacific (Nifio4, 5° S-5° N, 160° E-150° W) surface temperature gradient, with a correlation coefficient of r=—0.93. Colours are the

same asine.

resembling a La Nifia Modoki pattern®. The two associated time
series exhibit a V-shaped nonlinear relationship (Fig. le). The
1982-1983 and 1997-1998 extreme El Nino events manifest as a
superimposition of a strong canonical El Nino pattern (EOFI, sign
reversed), and an EOF2 pattern with a cooling offsetting warming
over the central Pacific in EOF1 (big red dots, Fig. 1e), leading to the
warmest SST confined in the eastern equatorial Pacific'®.

The 1998 extreme La Nifia is described by the sum of a positive
EOF1 and a positive EOF2 (big blue dot, Fig. le and Supplementary
Fig. 1), and is characterized by maximum cold anomalies near the
Nifio4 region (5° S-5° N, 160° E-150° W; Fig. 1b). In contrast,
with EOF2 close to zero, the 1995 weak La Nifna (big purple dot,
Fig. le) can be largely described by a positive EOF1 (Supplementary
Fig. 1), with weaker anomalous cooling (for example, the —0.75°C
contour) located east of the Date Line (Fig. 1a,b). The stronger the
magnitude of EOF2, the colder the SST anomalies in the Nifio4
region (Supplementary Fig. 2a). The sum of the two EOFs, or more
precisely the value of (PC1+PC2)./2 (ref. 8), essentially measures
the strength of La Nifia, and is almost identical to Nifio4 (r = —0.96;
Supplementary Fig. 2b) except the two extreme El Nino events.
As such, we simply use the Nino4 index. Defining an extreme
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La Nifna as when the amplitude of Nifio4 is greater than the 1.75
standard deviation (s.d.) value captures the extreme La Nifia events
of 1988-1989 and 1998-1999. Lowering the threshold to 1.5 s.d.
includes also the 1999-2000 event.

Another implication of EOF2 (Fig. 1d) is that the
west-minus-east SST gradient between the Maritime continent
(5°S-5°N, 100° E-125° E) and the Nifo4 region is stronger
during an extreme La Nifia event compared with during weak
La Nina events (Fig. 1la,b). This gradient, taken directly from
surface air temperatures, is highly correlated with the Nifo4 index
(r=—0.95; Fig. 1f). That is, the colder the Nifio4 region, the
stronger this gradient.

The 1998-1999 extreme La Nifna peaked several months after the
heat discharge associated with the 1997-1998 extreme El Nino***
reached its maximum. Similarly, the 1988-1989 extreme La Nifia
occurred after the discharge by the consecutive 1986-1987 and
1987-1988 El Nifo events. In both cases, as the thermocline across
the equatorial Pacific shoaled, upwelling initiated the onset of un-
usually cold SSTs in the central basin. This cooling strengthened
the easterly winds, which piled up warm water in the western
Pacific, gradually increasing the Maritime region—central Pacific

133

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nclimate2492
www.nature.com/natureclimatechange

L ETT E RS NATURE CLIMATE CHANGE po!: 10.1038/NCLIMATE2492

a Control
6 _
92 (24)
€ 267
QL 44
f‘é 298
S |
e
S 24
©
9] |
Q.
€
2 0
©
c —
o
N
_2 —
B T
-6 -4 4
Nifio4 SST index
c Weak La Nifa events, SST
20° N~ .\’.4’/;: ! 3.0
%; g 15
= R 0.0
3 i e -15
20°S4 — ) :
T - T T - -3.0
120°E 180° 120° W 60° W
Longitude
e Weak La Nifia events, rainfall
4
20°N- &) » s | 6
§ \’2‘% - "-:\‘?,-w.-. 3
2 oNReaa 0 T = - { 0
3 1-::‘”5\ S — AL -3
20°57 ¢ \, ~e ) _6
T - T T "
120°E 180° 120° W 60° W
Longitude

b Climate Change E
6 -
159 (73) o
230
5 4 e
g 4 ot
E -
S _
(o]
5 2
®
9] _
Q
£
L 0+
©
C —
=}
N
_2 —
S e e e B e H A R e
-6 -4 -2 0 2 4
Nifio4 SST index
d Extreme La Nifia events, SST
20° N
[}
E o
S £ 0
S
20°S
120°E 180° 120° W 60° W
Longitude
f vents, rai
20°N
3 °
3 2 o
% ®
- —
20°S
120°E 180° 120° W 60° W
Longitude

Figure 2 | Identification of model extreme La Nifia events using 21 selected models. An extreme La Nifia is defined as Nifio4 amplitude greater than

1.75 s.d. a,b, Relationship of Nifio4 with surface temperature gradients between the Maritime continent region (5° S-5° N, 100° E-125° E) and the central
Pacific (5° S-5° N, 160° E-150° W), for the Control (a) and Climate Change (b) period. Blue, green and purple dots indicate extreme (with |Nifio4| > 1.75
s.d.), moderate (1.0 s.d. < [Nifio4| < 1.75 s.d.) and weak (0.5 s.d. < |[Nifio4| < 1.0 s.d.) La Nifia. Black dots are all the years that don't fall into these criteria.
The number of different types of La Nifia event is indicated, with dark blue dots and the dark blue number in brackets indicating extreme La Nifa events
that follow an extreme El Nifio, defined as in ref. 10. ¢,d, December-February composite SST anomalies (shading, colour scale applies to both panels) for
weak and extreme La Nifa events. e f, The same as in ¢,d, respectively, but for rainfall anomalies (colour scale applies to both panels). Areas with stipples
in d,f indicate differences between extreme and weak La Nifia events that are statistically significant above the 95% confidence level. The —0.75°C SST
contour in ¢,d, and the —1.0 mm d~" precipitation contour in e f are indicated by a black curve.

temperature gradient. This in turn drove further anomalous up-
welling, shallowing of the thermocline, and westward and poleward
surface currents in the Nifio4 region, through the Bjerknes positive
feedback, in which the stronger easterly winds and resultant
westward-flowing currents, poleward flows, and upwelling re-
inforce the initial cooling. A heat budget analysis shows that
processes involving these anomalies in the pre-peak months
(August-December) are dominant in driving the Nifio4 cold
anomalies (Supplementary Text). These are zonal advection (espe-
cially the anomalous westward advection of anomalous zonal SST
gradient, or nonlinear zonal advection; Supplementary Fig. 3c),
meridional advection (Supplementary Fig. 3h) and Ekman pumping
(anomalous upward advection of mean vertical temperature gradi-
ent; Supplementary Fig. 3k)—all leading to cooling in the Nifio4
region. Each of these cooling processes involves anomalous easterly
winds over the central-to-west Pacific, which are in turn tightly
linked to the Maritime-central Pacific surface temperature gradient
(Supplementary Fig. 4).

We selected 21 (out of 32) Coupled Model Intercomparison
Project phase 5 (CMIP5) models able to simulate nonlinear
processes associated with extreme El Nino/Southern Oscillation
events'” (see Methods). These models were forced with historical
anthropogenic and natural forcings, and future greenhouse gas

134

emission scenarios, covering 1900-2099. We defined an extreme
La Nifla event using quadratically detrended Nifo4 anomalies,
and compared the frequency in the first (1900-1999) and second
(2000-2099) 100-year periods, referred to as the Control and
Climate Change periods, respectively.

Using a threshold value of 1.75 s.d. yields a 73% increase in the
frequency of extreme La Nifa events, from one event every 23 years
to one every 13 years. The robustness of this result is underpinned
by a strong inter-model consensus, with only 4 out of 21 models
producing a reduction (Supplementary Table 1), statistically signif-
icant according to a bootstrap test (Methods). The differences in
SST and rainfall anomaly patterns between model extreme and weak
La Nifia events are also significant in the Nifio4 region (Fig. 2c,d).
Furthermore, approximately 75% of the increased extreme La Nifia
events occur in the year following an extreme El Nifo event, as
defined in ref. 10. Raising the threshold value to 2.0 s.d. produces
a near doubling in frequency with only three models showing a
decrease, further supporting our result (Supplementary Table 1).
Examination of impact from a possible change in seasonal cycle,
inclusion of Nifio4 SST skewness in the model selection, formation
of anomalies, detrending procedure in SST, and using all models,
confirms the robustness of these results (Supplementary Tables 2-6
and Text). In particular, even when all models are used, there is still a
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Figure 3 | Multi-model statistics in August-December associated with the increase in frequency of extreme La Nifia events. a, Multi-model ensemble

histogram of the upper ocean vertical temperature gradient in the Nifio4 region, defined as the average of temperature in the top 50 m minus temperature
at 60 m, showing an increase in the gradient for all samples. Values are separated into 0.05 bins centred at the tick point for the Control (blue) and Climate
Change (red) periods. The multi-model medians for the Control (solid blue line) and the Climate Change (solid red line) periods are indicated. The
corresponding values for all La Nifia samples alone (Nifio4 < —0.5 s.d.) are also indicated by dashed blue (Control) and dashed red (Climate Change) lines.
b, Multi-model ensemble average of surface temperature changes (in °C) between the average over the Climate Change and the Control periods; only
values significant above the 95% confidence level are plotted. The rectangles indicate areas for constructing zonal SST gradient. ¢,d, Multi-model ensemble
histogram of the Maritime-central Pacific surface temperature gradient (referenced to the mean of the Control period) for all samples and for extreme

La Nifia samples alone, respectively. Values are separated into 0.25 bins centred at the tick point for the Control (blue) and Climate Change (red) periods.
As in a, the multi-model medians for the Control (blue line) and the Climate Change (red line) periods are also indicated. The shift histograms in a,c and d

are statistically significant above the 95% confidence level (as indicated by H=1) according to a two-sided Student t-test.

strong inter-model consensus. Further, in a set of perturbed physics
ensemble experiments, in which the well-known cold SST bias is re-
moved, the increase in the frequency is even greater (Supplementary
Table 7), indicating that our result holds without the bias. Again,
most of the increase occurs after an extreme El Niflo event.

Our result may seem counterintuitive, because the Walker
Circulation, which is enhanced during La Nifa, is projected to
weaken®. Although the weakened Walker Circulation underlies the
projected increase in extreme El Nifio frequency', the mechanism
for extreme La Nifa frequency increase is not the opposite of that for
extreme El Nifio. In fact, it is linked because the increased frequency
of extreme El Nifio events leads to more occurrences of a discharged
state that favours development of an extreme La Nifa, as occurred
in 1998-1999.

In addition, feedback processes responsible for extreme La Nifa
are more efficient in the Climate Change period. As the thermocline
shoals and greenhouse gas forcing continues to warm the ocean
from the surface, the vertical temperature gradient increases dur-
ing the Climate Change period (Fig. 3a). This is conducive to an
enhanced efficiency of the Ekman pumping term, an important
process for extreme La Nifa events as supported by the inter-model
relationship between the increase in the frequency and change in the
vertical temperature gradient (Supplementary Fig. 5). Further, un-
der enhanced greenhouse conditions, the Maritime continent region
warms faster than the central equatorial Pacific (Fig. 3b). Suppressed
convection in the Nifio4 region is a key feature during extreme

La Nina (Supplementary Fig. 6). The faster Maritime warming
means that a smaller SST cooling is sufficient to suppress convection
in the Nino4 region to beyond a threshold (Supplementary Fig. 7), as
the convection centre is easier to move to the Maritime region. This
makes it easier to trigger Bjerknes feedback, involving positive zonal
SST gradients and easterly winds (Supplementary Fig. 8), hence
westward zonal currents and nonlinear zonal advection, important
for the growth of the Nifio4 SST cool anomalies. In association,
there are more frequent occurrences of positive zonal temperature
gradients surpassing a threshold (Fig. 3c,d). These processes (sum-
marized in Supplementary Fig. 9) occur despite a weakening Walker
circulation®, which at other times favours strong negative gradients,
of which the frequency also increases (Fig. 3¢).

Consistent with the increased frequency in extreme La Nina
events, there are more occurrences of extreme low rainfall over the
Nino4 region in the Climate Change period than in the Control
period (Fig. 4). Overall, in the Nino4 region, there are more ex-
treme cold SST and low rainfall anomalies. Despite this, differences
between the two periods in the detrended rainfall teleconnection
pattern of extreme La Nifia events are not significant in most regions
(left column, Supplementary Fig. 10). Thus, in general the impacts
of extreme La Nifia events experienced in the Control period will
repeat more frequently in the Climate Change period. However, in
terms of total rainfall anomalies referenced to the Control period, in
some South Pacific Island countries, such as the Solomon Islands,
where extreme La Nifa events cause floods, the impact is more
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Figure 4 | Relationship between detrended Nifio4 rainfall and Nifio4 SST. a,b, For the Control (a) and Climate Change (b) periods. Blue, green and purple
dots indicate extreme (|Nifio4| > 1.75 s.d.), moderate (1 s.d. < |Nifio4| < 1.75 s.d.) and weak (0.5 s.d. < |Nifio4| < 1.0 s.d.) La Nifia events, with a negative
Nifio4. Red dots indicate extreme El Nifio events as identified by ref. 10, and black dots indicate all other years.

severe in the Climate Change than Control period (right column,
Supplementary Fig. 10). The intensified impact as seen in the
detrended Nifno4 rainfall anomalies is consistent with a nonlinear
rainfall sensitivity to SST arising from warmer background temper-
atures in the Climate Change period™.

Our result of a greenhouse-induced increase in occurrences of
extreme La Nifia events is consistent with an increased frequency of
extreme El Nifo that provides a favourable condition for extreme
La Nifa. This occurs amid a faster warming over the Maritime
continent region than the central equatorial Pacific and increasing
vertical temperature gradients that are conducive to extreme La
Nifa events. We note that the weakening Walker circulation that
underlies the projected increase in extreme El Nifio frequency is still
a matter of debate and model biases in El Nifio/Southern Oscillation
simulation can introduce uncertainties. Nevertheless, the overall
increased frequency in extreme La Nifia events, most of which occur
in the year after an extreme El Nifio, has important implications. It
means more occurrences of devastating weather events, and more
frequent swings of opposite extremes from one year to the next, with
profound socio-economic consequences.

Methods

EOF analysis and characterization of extreme La Niiia events. EOF analysis was
applied to observed SST anomalies, referenced to the long-term mean since 1979,
in an equatorial domain (15° S-15° N, 140° E-80° W). The extreme La Nifa
events were diagnosed using a suite of distinct process-based indicators
associated with the two EOFs, such as low temperature, low rainfall and wind
anomalies. In particular, the SST anomalies are centred at the central Pacific
during extreme La Nifa, as opposed to the eastern equatorial Pacific during
extreme El Nino. The difference in spatial patterns is captured by a different
combination of two principal variability patterns. EOFI reflects a canonical

La Nina pattern embedded in the commonly used Nifio3 index, featuring cool
and dry anomalies extending from the eastern equatorial Pacific to the central
Pacific. EOF2 resembles the La Nifia Modoki pattern®, featuring cool and dry
anomalies in the central Pacific, but warm and wet anomalies in the far western
equatorial Pacific. Thus, an extreme La Nifia is an appropriately weighted
superposition of the two patterns, giving rise to an anomaly centred in the central
Pacific. As such, a depiction of extreme La Nifia must use a different index from
that for extreme El Nifio, and we show that an average of SST anomalies over the
Nifo4 region is an appropriate index.

Model selection and analysis. We used 21 CMIP5 coupled global climate models
(CGCMs; Supplementary Table 1) forced with historical anthropogenic and
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natural forcings, and future greenhouse gases under the Representative
Concentration Pathway 8.5 (ref. 13) emission scenario, covering a 200-year
period. These were chosen from a total of 32 models, on the basis of their ability
to simulate extreme La Nifia events (Supplementary Table 1). As extreme La Nifia
tends to occur after extreme El Nino, we select models that are also able to
simulate extreme El Nifio. These were selected in terms of two features'’: the
positive skewness of rainfall anomalies, and the ability to generate rainfall greater
than 5mmd~" over the eastern equatorial Pacific. Only a subgroup of CGCMs
simulate the observed nonlinear ocean-atmosphere coupling that characterizes
extreme El Nifo, as depicted by the positive skewness of rainfall anomalies over
the eastern equatorial Pacific during austral summer (December-February),
which is 2.7 in observations since 1979. The level of nonlinearity varies vastly
among CGCMs, and we considered positive skewness of 1 as our threshold. Out
of the 32 CGCMs, 21 models satisfy the rainfall skewness criterion. The selected
CGCMs yield a mean skewness of 2.6, close to the observed value of 2.7
(Supplementary Table 1).

All 21 selected CGCMs reproduce the observed extreme La Nifia pattern.
Before the analysis, data were interpolated onto a common grid of 1.5° latitude by
1.5° longitude. As for the observations, EOF analysis was carried out for each
individual model using SST anomalies referenced to the mean over the Control
period. All 21 models produce the nonlinear relationship between the two leading
EOFs, indicating their ability to generate the nonlinear equatorial positive
feedback associated with extreme La Nifia events. On the basis of analysis of
observed SSTs, we used a quadratically detrended Nino4 index over the full
200-year period to describe La Nifia events. Applying quadratical detrending over
each of the periods separately yields almost identical results.

We tested the sensitivity of our results to varying threshold values for Nifo4
(Supplementary Table 1). We also tested our results using a negative Nifio4 SST
skewness (Supplementary Text and Table 2), as observations show a negative
skewness of —0.44 (using data since 1979). In all cases, including using all
available models (Supplementary Text), there is an increase in the occurrences of
extreme La Nifia events from the Control to the Climate Change period, with a
strong inter-model consensus.

Statistical significance test. We used a bootstrap method to examine whether
the increased frequency is statistically significant. The 2,100 samples from the
21 models in the Control period were re-sampled randomly to construct 10,000
realizations of 2,100-year records. In the random re-sampling process, any
extreme La Nifa event is allowed to be selected again. The standard deviation of
the extreme La Nifa frequency using a threshold value of Nifio4 amplitude
greater than 1.75 s.d. in the inter-realization is 9.4 events per 2,100 years, far
smaller than the difference of 67 events per 2,100 years between the Climate
Change and the Control periods. Using a threshold value of Nifio4 amplitude
greater than 1.5 s.d. in the inter-realization yields 12 events per 2,100 years, also
far smaller than the difference of 65 events per 2,100 years between the Climate
Change and the Control periods (Fig. 3a,b), indicating strong statistical
significance. Using a threshold value of Nifio4 amplitude greater than 2.0 s.d.
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again shows a strong significance. Increasing the realizations to 20,000 or 30,000
in the bootstrapping methodology yields essentially identical results.
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