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Abstract During the second half of 2014, the tropical Pacific was in a state marginally
consistent with El Nifio. While oceanic indicators were indicative of a weak El Nifio event,
a number of atmospheric indicators were not, and a number of forecast centers did not
declare an El Nifio. Nonetheless, the most active tropical cyclone basins of the northern
hemisphere—those of the North Atlantic and Pacific—showed tropical cyclone statistics
that in some respects were consistent with El Nifio. In particular, the numbers of relatively
intense storms in the four basins considered—major hurricanes in the Eastern North Pacific
and North Atlantic, super typhoons in the Western North Pacific, and hurricanes in the
Central North Pacific—formed a pattern strongly consistent with EI Niflo.
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1 Introduction

Our understanding of the global consequences of El Nifio-Southern Oscillation (ENSO)
events forms the basis of the current practice of seasonal-to-interannual climate prediction.
While ENSO is not the only phenomenon which informs seasonal-to-interannual
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prediction, it is by far the most important one, both for seasonal forecasts gener-
ally (Barnston et al. 2010; Livezey and Timofeyeva 2008) and for seasonal forecasts of
tropical cyclones (TCs) in particular (e.g., Gray 1984; Vitart et al. 2007; Klotzbach and
Gray 2009; Camargo and Barnston 2009; Vecchi et al. 2014; Davis et al. 2015). This
importance stems from the combination of two facts: Current forecast systems have some
skill in predicting ENSO itself (e.g., Landsea and Knaff 2000; Jin et al. 2008; Tippett et al.
2012; Barnston et al. 2012), and ENSO strongly influences other aspects of the climate
system (including regions far from the core regions of the central and eastern equatorial
Pacific) in relatively predictable ways. Even when forecasts of ENSO itself are not suc-
cessful far ahead of time, our understanding of ENSO impacts leads us to expect skill in
predicting some aspects of weather and climate for the remainder of the season already
underway, given ENSO conditions at the start of that season and the expected tendency for
those conditions to persist for a month or two. Any improvement in our understanding of
ENSO’s manifestations in the climate system is valuable for future forecast practice.

Every ENSO event is different, of course (Johnson 2013). The various manifestations
and teleconnections associated with ENSO are not themselves perfectly predictable even
given perfect knowledge of the ENSO state. It is possible for an ENSO event to be strong
according to the normal metrics by which we classify them, while one or more typical
consequences does not happen as expected (Goddard et al. 2006). Here we document the
opposite phenomenon, in which an El Nifio event was marginal at best by the standard
metrics, while one particular set of consequences—the tropical cyclone seasons of the three
northern hemispheric basins with the highest climatological TC frequencies—was in
multiple respects typical of a significant, if not strong El Niflo (e.g., Camargo et al. 2010):
a suppressed TC season in the Atlantic, a very active season in the eastern North Pacific,
and a high number of very intense storms in the western North Pacific. We exclude the
North Indian Ocean from consideration, as it has both a small number of tropical cyclones
climatologically, and a different seasonal cycle than the other basins.

2 Data and methods

The Nifio3.4, Nifio4, Southern Oscillation Index (SOI) and outgoing longwave radiation
(OLR) indices, as shown in Fig. 1, were obtained from the Climate Prediction Center
website (http://www.cpc.noaa.gov/data/indices). ERA-interim reanalysis zonal winds are
also used in Fig. 1 (Dee et al. 2011). Both Nifo indices are sea surface temperature (SST)
anomalies averaged on the Equator (5°S—5°N), over longitudinal ranges of 170°-120°W
(Nifio3.4) and 160°E~150°W (Nifio4), respectively, from the extended reconstruction SST
analysis (Smith and Reynolds 2004). The climatological base period for the calculation of
the anomalies is 1981-2010. The SOI is defined as the standardized difference between
standardized sea level pressure in Tahiti and Darwin. The OLR is averaged on the Equator
from 160°E to 160°W using the NOAA CPC OLR dataset (Liebmann and Smith 1996). In
addition to the SST indices, we also show ocean heat content, defined as heat content
anomalies averaged over 0—700 m depth in the region from 5°S-5°N to 170°-120°W,
using data from Levitus et al. (2012). Local subsurface ocean heat content plays a major
role in hurricane intensity (e.g., Balaguru et al. 2013; Lin et al. 2013; Vincent et al. 2014),
and Jin et al. (2014) showed that the ENSO recharge—discharge mechanism participates in
the interannual fueling of TC activity in the central and eastern North Pacific.

@ Springer


http://www.cpc.noaa.gov/data/indices

Nat Hazards (2016) 83:1717-1729 1719

We classify years by the method of Goddard and Dilley (2005) according to the value of
the Nifio3.4 index, in this case during the months of ASO. The top quartile of years are El
Nifo, the bottom quartile is La Nifia, and the middle two quartiles are neutral. By this
definition the El Nifio years are 1951, 1957, 1963, 1965, 1972, 1982, 1986, 1987, 1991,
1994, 1997, 2002, 2004, 2006, 2012, and 2009, while the La Nifia years are 1950, 1954,
1955, 1956, 1961, 1964, 1970, 1971, 1973, 1975, 1983, 1988, 1998, 1999, 2007, and 2010.

(1)2

2000 2002 2004 2006 2008 2010 2012 2014
Year

Fig. 1 Time series 2000-2014, of indices typically used to characterize the ENSO state: a Nifio3.4 and b
Nifio4 SST anomalies, ¢ ocean heat content, d seasonal southern oscillation index (SOI), e outgoing
longwave radiation (OLR) anomalies, averaged between 5°S—5°N latitude and 160°W-160°E longitude, and
f standardized anomalies of the ERA-interim reanalysis 3-month running mean zonal winds at 200 hPa
(blue) and 850 hPa (red) averaged over the Equator (5°S-5°N) and the 165°W—-110°W longitudinal range
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Tropical cyclone track and intensity data were taken from the National Hurricane
Center best-track dataset for the North Atlantic, Eastern and Central North Pacific
(HURDAT?2 dataset, available at http://www.nhc.noaa.gov; Landsea and Franklin 2013)
and from the Joint Typhoon Warning Center for the Western North Pacific (available at
http://www.usno.navy.mil/JTTWC; Chu et al. 2002) for the period 1950-2014. Accumu-
lated Cylone Energy (ACE) is defined as the sum of the squares of the maximum wind
speeds over all 6-h periods during which the maximum wind speed is 35 kt or higher for all
storms in a season (Bell et al. 2000), and has dimensions of kt?>. SST as shown in Fig. 5
was also taken from the version 2 of the extended reconstruction SST dataset (Reynolds
et al. 2002; Smith and Reynolds 2004).

3 Results
3.1 ENSO state

We first summarize the evolution of the state of ENSO as characterized by typical indi-
cators, shown in Fig. 1. We also describe the characterizations of the event provided at the
time by forecasters at several global forecast centers.

In the top four panels of Fig. 1, the period of June 2014—November 2014 (the peak of
the TC season in the northern hemisphere) is highlighted in the red filled area between the
curves and the axis. In the top two panels, the 3-month running average of the anomalous
Nifo3.4 and Nifio4 indices for the period of January 2000—December 2014 are shown. The
third panel shows the seasonal SOI, while the fourth panel shows the standardized OLR.
The bottom panel shows the standardized anomalies of the NCEP/NCAR reanalysis 3-
month running mean zonal winds at 200 hPa (blue) and 850 hPa (red) averaged over the
Equator (5°S-5°N) in the 165°-110°W longitudinal range.

During January and February of 2014, following a cool but neutral ENSO condition in
early winter 2013-2014, a strong westerly wind burst in the western tropical Pacific and
consequent strong oceanic Kelvin wave increased sea surface temperature (SST) in the
central and eastern tropical Pacific by April and May. During March the subsurface heat
content was highest on record for that month over the past several decades, and the
increase of the tropical Pacific SST approached borderline El Niifio thresholds by early
northern summer [in the USA, an SST anomaly of 0.5°C is used as the threshold, and the
anomaly for May and June 2014 was 0.46°C using the OISST dataset (Reynolds et al.
2002)]. However, atmospheric participation in the nearly El Nifio conditions was limited,
at least by the standard metrics used to determine the presence or absence of an El Nifio
event. The Southern Oscillation Index (SOI) attained an El Nifio level briefly in March,
retreated to the neutral range from April to July, and then maintained a borderline El Nifio
level from September through the rest of 2014. The Australian Bureau of Meteorology,
which uses the SOI heavily to represent the ENSO condition, uses a threshold of —0.7 hPa
to define El Nifio, but requires this level to be sustained rather than brief. In March the SOI
was between —1 and —1.5 hPa, then returned to neutral until September through
December, when it had maintained values between —0.5 and —1.2 hPa. The equatorial
Pacific upper and lower level wind indices (indicating the strength of the Walker circu-
lation, which should weaken during El Nifio) showed a significant deviation from average
only briefly in early 2014. Convection near the dateline, an important bridge between
ocean and atmosphere during El Nifio, was enhanced during spring and early summer but
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returned to average by July. The lack of adequate atmospheric feedback to the warmed sea
surface, coupled with the upwelling phase following the initial downwelling phase of a
strong oceanic Kelvin wave, led to a decrease in subsurface heat content and a retreat to
neutral SST conditions during late summer and early autumn 2014. Beginning in late
September, and spurred by some additional weak-to-moderate westerly wind anomalies in
the western Pacific, the ENSO-related SSTs warmed once again, this time exceeding
thresholds for weak El Nifio, to remain at those levels through the remainder of 2014.
However, similar to the situation earlier in the year, typically important atmospheric
indicators such as OLR and low-level winds responded only weakly, providing little
reinforcement for maintenance or growth of the increased SST. On the other hand, the SOI
did decrease to borderline or weak El Nifio levels beginning in late August and lasting
through the end of 2014, and the upper level equatorial winds partially showed weaker than
average westerlies, a pattern expected during El Nifio. The climate specialists at most
forecast-producing centers characterized the ENSO state as El Nifo-like in SST, but
lacking in at least some, if not most, of the expected atmospheric indicators (L’Heureux
et al. 2015). Hence, the US NOAA National Weather Service, the Australian Bureau of
Meteorology and the World Meteorological Organization' did not issue El Nifio advisories
during 2014, but two of them issued a watch, indicating the possibility of El Nifio
development. The Japanese Meteorological Agency,” however, did officially declare that a
weak El Nifio was in progress. While these agencies issued their formal ENSO status
statements, their accompanying narratives expressed at least some doubt or lack of clarity
regarding the existence of El Niflo conditions. In the USA, for many consecutive months
from mid-2014 to the years end, the statements indicated a lack of present El Nifio
conditions, but an expectation of El Nifio development by the Fall/Winter of 2014/2015
which did not materialize until early 2015, but was then considered part of the next years’
(2015/2016) ENSO cycle (McPhaden 2015; McPhaden et al. 2015).

3.2 TC activity

Tropical cyclone activity in the Atlantic and Pacific basins did, however, conform largely
to expectations during El Nifio, in multiple basins and by multiple metrics.

We first describe the typical ENSO influences on TC activity in the basins studied here.
In the Atlantic, TC frequency is typically reduced in El Nifio years, and increased in La
Nina years (Gray 1984; Landsea 2000). In the Western North Pacific, the primary ENSO
signal in TC statistics is an eastward and equatorward shift in the typical genesis location in
El Nifio years (e.g., Chan 1985; Chia and Ropelewski 2002), accompanied by more intense
long-lived typhoons (Camargo and Sobel 2005; Zhang et al. 2015; Camargo et al. 2007),
with the opposite occurring in La Nifia years. In the Central North Pacific, hurricanes occur
most commonly in El Nifio years, and are very rare otherwise. In the Eastern North Pacific
TCs are more frequent in El Nifio years (Frank and Young 2007), and the location tends to
shift westward (Irwin and Davis 1999), consistent with the occurrence of Central North
Pacific hurricanes (Chu 2004; Zhang et al. 2015). In terms of integrated statistics such as

' The US Weather Service Web site for ENSO is http://www.cpc.ncep.noaa.gov/products/analysis_
monitoring/enso_advisory/index.shtml, the Australian Bureau of Meteorology Web site for ENSO is http://
www.bom.gov.au/climate/enso; the World Meteorological Organization ENSO website is http://www.wmo.
int/pages/themes/climate/el_nino_la_nina.php.

2 The Japanese Meteorological Agency website for ENSO is http://ds.data.jma.go.jp/tcc/tcc/products/
elnino/.
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accumulated cyclone energy (ACE), the relationship to ENSO is strongest in the WNP, and
is in part due to intensity variations (Camargo and Sobel 2005); in the other basins
addressed here, the ENSO influence is most apparent in TC frequency, though it is
manifest in ACE as well, as shown below.

Figures 2, 3 and 4 show distributions of several variables for El Nifio, neutral, and La
Nifia conditions in the North Atlantic, Eastern, Central and Western North Pacific basins.
In each figure the 25th—75th percentile range is shown, together with the individual outlier
years’ values in plus symbols, the medians in the red lines, and the 2014 values denoted by
the asterisks.

Figure 2 shows ACE, a bulk measure of seasonal tropical cyclone activity as described
above, which includes TC frequency, intensity and duration (Bell et al. 2000). ACE was
small in the North Atlantic (Bell et al. 2015), and quite large in the Eastern and Central
North Pacific basins (Kruk et alo. 2015), all typical of El Nifio (Bell et al. 2000; Camargo
et al. 2008; Maue 2009, 2011). In the latter two basins, in fact, the ACE was large even by
the standards of El Nifio years. The Western North Pacific was the only basin in which
ACE was atypical of El Nifio, having a value typical of neutral years rather than the larger
values typically associated with El Nifio years (Camargo and Sobel 2005), due to the low
number of TCs in 2014, in particular in the month of August (Camargo 2015, Yang et al.
2015), as well as an unsually low median lifetime for 2014 (Camargo 2015).
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Fig. 2 Distributions of accumulated cyclone energy (ACE, in units of 10°kt?) for El Nifio, neutral, and La
Nifia years in the a North Atlantic, b Western North Pacific, ¢ Eastern North Pacific, and d Central North
Pacific. In each basin, the boxes show the 25th—75th percentile range, the plus symbols the values for years
outside that range, and the median is marked in red, for all years, while a separate column shows the value
for the 2014 season. The red circle indicates 1992
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Fig. 3 Distribution of major hurricanes (Saffir—-Simpson categories 3-5) in the North Atlantic and eastern
North Pacific, super typhoons (lifetime maximum sustained winds of 130 kt or higher) for the western North
Pacific, and hurricanes for the Central North Pacific (hurricanes rather than major hurricanes are used in the
Central North Pacific due to the low number of major hurricanes in that basin). Format as in Fig. 2

Figure 3 shows the numbers of the most intense storms in the respective basins in the
same format as that of Fig. 2. The number of major hurricanes (at least 100 kt) is shown for
the North Atlantic and Eastern North Pacific; the number of hurricanes (at least 65 kt) is
shown for the Central North Pacific; and number of super typhoons (at least 130 kt) is
shown for the Western North Pacific. All four basins show values typical of El Nifio years
by this metric, including the Western North Pacific. The number of major hurricanes in the
Eastern North Pacific, 8, is the largest in the entire record, matched only by 1992 (see
below) as is the number of hurricanes in the Central Pacific, 5, also matched by only one
other year (Murakami et al. 2015). In the central and eastern North Pacific the historical
records are only reliable, at most, starting in 1971 with the advent of satellites and the
Dvorak technique (Blake et al. 2009). Furthermore, in the case of major hurricanes there
are substantial concerns with the reliability of the dataset prior to 1988 (Kimberlain et al.
2016).

In the Western and Eastern North Pacific basins, ENSO is manifest in shifts of the
regions in which tropical cyclogenesis most frequently occurs, shifting typically eastward
and equatorward in both. Figure 4 shows the average first position (defined as the position
at the time the storm first reach 35 kt) distributions in latitude and longitude for those two
basins. All the values are typical of El Nifio years, though none are extreme, or even
outside the range typically observed in normal years.

In Figs. 2, 3 and 4, in addition to showing 2014 separately, we also identify the year
1992 with red circles. The year 1992, like 2014, was marginal; though neutral according to
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Fig. 4 First position latitude (left panels) and longitude (right panels) for the western (fop panels) and
eastern (bottom panels) North Pacific. The first position is defined as the position the storm first reach 35 kt.

Format as in Fig.
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Fig. 5 SST anomalies for the period June—November 2014, from the Reynolds dataset, relative to the
1981-2010 climatology

our criterion, it was quite close to El Nifio, as the 3-month Nifio3.4 anomaly exceeded 0.5
for the period May—July, and the monthly SOI was broadly consistent with El Nifio (—0.6
or more negative) for the months June—July and October—December, while TCs in the
Eastern and Central North Pacific occurred throughout nearly the entire latter half of the
calendar year (not shown). We highlight 1992 to make the point that 2014 is not the only
year whose classification is a subtle question, and because in the statistical test below we
consider how the result changes if we remove 1992 from the record.
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3.3 SST anomaly structure

Figure 5 shows a map of the June-November SST anomaly. While the existence of El
Nifio conditions in 2014 was questionable in the views of most global forecast-producing
centers, a substantial warming was in evidence farther to the west than the normally
monitored Nifio3 and Nifio3.4 regions during much of the year, including the middle and
later portions of the peak tropical cyclone seasons for the Northern Hemisphere basins.
Due to the lower interannual variability of SST to the west of the dateline, and the
relatively small positive anomalies required to attain the SST required for anomalous
convection, warming in this western region implies a still greater standardized anomaly
than it would farther to the east.

The location of the peak SST anomaly was near the western boundary of the Nifio4
region (160°E), which is even farther west than what is considered to be the Modoki, or
central Pacific (Ashok et al. 2007) flavor of El Nifio which has strongest SST anomalies
near the dateline. The location of the peak SST anomaly was in between where it would be
expected to be during either a canonical or Modoki El Nifio (around 140°-180° W) and La
Nina (around 130°-140°), while regions farther to the east were at levels considered
borderline for classification as El Nifio. It is interesting that the Atlantic TC season in
particular was suppressed (Bell et al. 2015; Fogarty and Klotzbach 2015), given that active
Atlantic seasons are typically associated with both Modoki El Nifio (Kim et al. 2009) and
La Nifia events (Bove et al. 1998).

3.4 Statistical tests

To quantify the extent to which the northern hemisphere tropical cyclone season of 2014 is
El Nifio—like, we applied generalized linear regression (using the function gimfit in
MATLAB) to derive a logistic regression model that classifies a given year as either El
Nifo or not (the latter category including both neutral and La Nifa years) according to the
values of the four numbers whose distributions are shown in Fig. 3: the numbers of major
hurricanes in the North Atlantic and Eastern North Pacific, of super typhoons in the
Western North Pacific, and of hurricanes in the Central North Pacific. A fifth parameter
was also defined to capture the extent to which all values are favorable simultaneously, as
opposed to strong outliers in one or two of the values alone. We defined this parameter as
the product of the values for all the Pacific basins, divided by that for the Atlantic basin
(since the number of major storms tends to be greater in the Pacific basins, but smaller in
the Atlantic in an El Niflo year), after adding one to each value to avoid multiplying or
dividing by zero. The model is trained on those numbers plus the status (El Nifio or not) of
all years prior to 2014. When given the values for 2014, the model then returns a 95 %
probability that 2014 is an El Niflo year, with a 95 % confidence interval of
0.4410-0.9982 %. The probability that 2014 is an El Niflo is computed to exceed 99 %
(95 % confidence interval 0.6906-0.9998 %) if 1992 is removed from the training data set.
A similarly strong result is not obtained if ACE is used instead of the numbers of intense
storms, however. Further description of the logistic regression model is given in the
“Appendix”.

We considered some additional calculations using the intense storm numbers shown in
Fig. 3. The numbers in the three Pacific basins are all above the median over El Nifio years
while the number in the Atlantic is at the El Nifio median. One simple (if a posteriori)
question one can ask is during how many other years in the record all three Pacific basins
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were at or above their El Nifio medians while the Atlantic was at or below its El Nifio
median. The answer is two: 1994 and 2002, both El Nifio years by our criteria. Again a
similar calculation for ACE would not give a strong indication about 2014 since the
Western North Pacific had a value below its El Nifio median.

4 Conclusions

In the second half of 2014, the tropical Pacific was in a state that was at most marginally
consistent with El Nifio, by the metrics most commonly used. Most operational forecasters
did not, in fact, declare an El Nifio to be present. On the other hand, the tropical cyclone
(TC) seasons of the Northern Hemisphere (excluding only the North Indian ocean, which
has few cyclones to begin with and a different season than the others) were in some
respects consistent with El Nifio. The numbers of relatively intense storms in the Atlantic
and Pacific basins, in particular, showed a pattern quite consistent with El Nifio. ACE and
first position showed values also for the most part consistent with El Nifio, though certainly
not impossible in other years.

These results lead us to ask how the state of ENSO is able to influence TCs significantly
without having strong manifestations in the more typical atmospheric measures of ENSO,
such as OLR and low-level winds. Addressing this question is beyond the scope of this
brief study. The consistency of the El Nifio signature across multiple basins, however,
suggests that the ENSO influence was, in fact, manifest, rather than those TC statistics
having been accidents of purely internal atmospheric variability. Detailed documentation
of specific cases such as this is a necessary part of a more comprehensive understanding of
the relationship between the mean climate state and the statistics of tropical cyclones, and
ultimately towards better seasonal tropical cyclone forecasts.

Appendix: Logistic regression model
Using the standard logistic regression model, the probability that a given year is an El Nifio
is formulated as

P= [l + eXp(fb() — bix1 — byxo — byxz — baxy — b5X5)}71

where xp,x;,x3,x4 are the number of super typhoons in the Western North Pacific, the
number of hurricanes in the Central Pacific, the number of major hurricanes in the Eastern
Pacific, and the number of major hurricanes in the Northern Atlantic , while x5 is an
interaction term computed as (x1x2x3)/(x4 4 1), with the addition of 1 in the denominator
to prevent division by zero in years with no major Atlantic hurricanes. The coefficients are
determined in matlab by the function “glmfit” and are

(bo, b1, b2, b3, bs, bs) = (—3.1133,0.3593, 0.4549, —0.0912, —0.2297, 0.0275),
if the year 1992 is included. If 1992 is excluded, we get
(bo, b1, bz, b3, by, bs) = —3.3137,0.2938,0.2206, —0.2312, —0.0827,0.0753.

The signs of most of the coefficients are consistent with our expectations based on our
understanding of the influence of ENSO on TCs. The exception is b3, the eastern Pacific
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coefficient, which is highly uncertain (essentially indistinguishable from zero); this can be
understood from Fig. 3c, which shows that several neutral and La Nifia years had large
numbers of major hurricanes in the Eastern North Pacific. The wide confidence intervals on
the estimates of the probability that 2014 was an El Nifio year (see Sect. 3.4) reflect the
uncertainties on the coefficients in the model. As this might be due to collinearity between
the predictors, we examined alternate models using fewer predictors (but retaining the
Western and Central North Pacific). These did not lead to differences large enough to
change our interpretation, for either the central probability estimate (which remains above
90 % in all cases tested) or the width of the confidence interval.
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