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Abstract The strength of EINiflo—Southern Oscillation (ENSO) is often measured using asingle, discrete value
of the Niflo index. However, this method does not consider the sea surface temperature (SST) uncertainty
associated with the observations and data processing. On the basis of the Nifi03.4 index and its uncertainty, we
find that the strength of the three strongest ENSO events is not separable at 95% confidence level. The monthly
peak SST anomalies in the most recent 2015-2016 El Nifio is tied with 1997-1998 and 1982-1983 El Nifio as
the strongest. The three most negative monthly Nifio values occur within the 1955-1956, 1973-1974, and
1975-1976 La Nifa events, which cannot be discriminated by rank. The histograms of 1000-member
ensemble analysis support the conclusion that the strength of the three strongest ENSO events is not
separable. These results highlight that the ENSO ranking has to include the SST uncertainty.

1. Introduction

The El Niflo-Southern Oscillation (ENSO) is one of the most dominant modes in the Earth climate system.
There is tremendous public interest about the strength of ENSO events due to broad societal and economic
impacts. In general, the stronger the ENSO event is, the more reliable outlooks of temperature and precipita-
tion anomalies become [e.g., Kumar et al., 2000]. The 2015-2016 EI Nifio event received considerable atten-
tion because of speculation that it could become the strongest El Nifio event on record.

ENSO strength is commonly evaluated by sea surface temperatures anomalies (SSTAs) in the tropical Pacific.
One popular SSTA index used in the evaluation is the Oceanic Nifio Index (ONI), which is defined as 3 month
running mean of SSTA in the east central equatorial Pacific Nifo3.4 region (5°S-5°N, 120°-170°W) at the
NOAA Climate Prediction Center (http://www.cpc.ncep.noaa.gov). To isolate the seasonal-to-interannual
variability, the ONI is derived using a climatology of monthly averages spanning multiple, centered, 30 year
base periods. The ONI is based on the Extended Reconstructed SST version 4 (ERSSTv4) data set [Huang
et al,, 2015] and is computed starting in 1950 when the area coverage of situ observations becomes denser
(>30%) in the tropical Pacific Ocean. A single value of ONI is presented for each 3 month season and is often
used to determine ENSO strength. The advantage of adopting ONl is that it is a simple way to measure ENSO,
on the basis of the SSTAs in the east central equatorial Pacific, where the ocean is strongly coupled with the
atmosphere [Barnston et al., 1997].

The strength of ENSO can vary depending on region or variable. For example, during the 2000s, a number of
El Niflo events had their maximum SSTAs in the western or central Pacific, the so-called “Modoki” or “Central
Pacific” El Nifo event [e.g., Ashok et al., 2007; Yu and Kim, 2010; Hu et al., 2012]. As a result, a number of new
ENSO indices have been proposed to identify the different flavors of ENSO, such as, using leading Principal
Component [e.g., Ashok et al., 2007], rotated Principal Component [e.g., Takahashi et al., 2011], or some com-
bination of the Nifio4, Nifio3, and Nifio1.2 indices [e.g., Trenberth and Stepaniak, 2001; Yeh et al., 2009; Ren and
Jin, 2011]. Moreover, because ENSO is a coupled ocean-atmosphere phenomenon [Walker, 1924; Bjerknes,
1969; Wrytki, 1975] many other indices are used to measure ENSO, such as atmospheric indices based on
pressure (e.g., the Southern Oscillation index), winds, and convection anomalies [L'Heureux et al., 2015] and
combination indices of the atmosphere and ocean, such as the multivariate ENSO index (MEI) [Wolter and
Timlin, 2011]. Here we focus on ranking ENSO using SSTAs, though it would be worthwhile to inspect other
atmospheric variables and related indices as part of future work.

Not only are there a variety of SST based indices that can be chosen to ascertain ENSO strength but there are
also various choices of a SST data set. Among different SST data sets, there are different biases or uncertain-
ties. The uncertainties in an analyzed SST data set can result from errors in in situ observations, choice of

HUANG ET AL.

ENSO RANKING 9165


http://www.cpc.ncep.noaa.gov
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2016GL070888
http://dx.doi.org/10.1002/2016GL070888
mailto:boyin.huang@noaa.gov

@AG U Geophysical Research Letters 10.1002/2016GL070888

analysis methods, and the selection of parameter values that are used to reconstruct or objectively analyze
SSTs [Kennedy et al., 2011; Liu et al., 2015; Huang et al., 2016a]. To determine the rank of ENSO events, one
needs to test the null hypothesis whether intensity differences are zero among various events. If the null
hypothesis cannot be rejected, then it is impossible to rank one ENSO event over another. Such an examina-
tion of ENSO strength in the context of SST uncertainty has not been discussed in literature as far as we know,
which is the subject of this paper.

2. ERSSTv4 Data Set and Its Uncertainty
2.1. ERSSTv4 Data Set

ERSSTVv4 (see Huang et al. [2015] for more details) is a monthly 2°x 2° grid analysis that uses in situ SSTs from
the International Comprehensive Ocean-Atmosphere Dataset (ICOADS) R2.5 (1854-2007) [Woodruff et al.,
2011] and the Global Telecommunications System (GTS) receipts (2008 to April 2016) collected by the
National Centers for Environmental Prediction (NCEP). ERSSTv4 contains corrections for in situ data biases:
(a) ship SST biases associated with different instruments (i.e., buckets and engine room intakes) are corrected
using nighttime marine air temperature and (b) buoy SSTs are corrected according to a systematic ship-buoy
SST offset of 0.12°C based on observations from 1990 to 2012. The SST reconstruction in ERSSTv4 consists of a
low- and high-frequency components. The low-frequency component is constructed from quality-controlled
observations by applying a 15 year and 14° x 14° filter. The high-frequency component is constructed from
the residual between observation and low-frequency component. The residual is then fitted to a set of
localized Empirical Orthogonal Functions. Satellite data are not included because they can introduce a data
discontinuity in the 1980s and also their biases are difficult to correct in regions with sparse in situ data for
early time periods. SSTAs in this study are derived relative to monthly climatology during 1971-2000. The
conventional Nifio indices are calculated in Nifio4 (5°S-5°N, 160°E-170°W), Nifio3.4 (5°S-5°N, 120°-170°W),
Nifo3 (5°S-5°N, 90°-150°W), and Nifo1.2 (0°-10°S, 80°-90°W) regions.

It is important to realize that El Nifio and La Nifia events defined using a single climatology (e.g., 1971-2000)
with fixed thresholds (e.g., +0.5°C) will incorporate longer-term secular or decadal SST trends [e.g., L'Heureux
etal, 2013].In section 4, we briefly discuss how the choice of 30 year climatology may affect the magnitude of
the SSTA and Nifio index values.

2.2. SST Uncertainty Estimation

The currently operational ERSSTv4 is based on optimizing 24 internal parameters, which takes into account
errors in in situ observations, data quality control, and instrumental bias adjustments [Huang et al., 2016a;
for more details]. However, it is important to note that the ERSSTv4 analysis (and other similar SST analyses)
can vary when combinations of different, but plausible, parameter values are used to produce an ensemble of
ERSSTv4 analyses with large numbers of ensemble members. In fact, a thousand ensemble members are
large enough to saturate the uncertainty estimation [Huang et al.,, 2016a]. For each ensemble member, the
area-weighted average SSTA is calculated for the conventional Nifo indices. Then, the spread of these indices
at time t associated with the changes in parameter values is defined as the “parametric uncertainty” (o(t),) at
time t and a grid point or for an index, which is quantified by the standard deviation of the 1000-member
ensemble:

M 2
1)y = \| 35 (10, ~ ) U

where I(t),, is one of the M member indices at time t, I is its ensemble average at time t, and M is 1000.

In addition to the parametric uncertainty, an SST reconstruction using a limited set of 130 localized Empirical
Orthogonal Functions results in the so-called “reconstruction uncertainty” (o(t),) in ERSSTv4 [Huang et al.,
2016al. The a(t), is calculated using the differences between the reconstructed and “perfect” test SSTAs of
a 32-member ensemble. The perfect test SSTAs can be from model simulations or other available SST ana-
lyses as long as their spatial variability and temporal variability are realistic; thus, the o(t), is dependent on
the spatial variability of the perfect SSTAs [Huang et al., 2016al. A total of 32 years (1982-2013) data from
Daily Optimum Interpolation SST (DOISST) [Reynolds et al., 2007] is used as the perfect test SST to estimate
o(t),. Each of the 32years of SST data is used to generate one member of the ensemble analysis. The o(t),
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(a) Monthly NINO3.4 (red) and its uncertainty (black shading)
3.0+ A L : . : A . X A . h . .

is then defined as the standard devia-
tion of the 32-member ensemble for
each individual month from January
to December, similar to equation (1).

Since o(t), and o(t), are nearly uncor-
related [Huang et al., 2015], the over-
all o(t) is defined as
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(b) Histograms of NINO3.4 in Dec1982, Nov1997, and Nov2015 P ’

Huang et al. [2016a] showed that the
magnitude of SSTA uncertainty
depends largely on (a) the spatial
coverage or density of the observa-
tions and (b) the domain size for
SSTA averaging. The uncertainty of

the Nifo regions is computed and
0l
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(c) Histograms of NINO3.4 in Nov1955, Nov1973, and Jan1976 events based on SSTs. The uncer-
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tainty changes rapidly from month

o— Nov1955 | to month, while the 12month run-

41—6— Nov1973 r ning average is much smoother. The
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12 month running mean uncertainty
of the Nifo3.4 index is near 0.5°C in
the early 1950s and drops to approxi-
mately 0.25°C after 1960 (Figure 1a,
shading). The parametric uncertainty
dominates over the reconstruction
uncertainty before 1990 and after
2010, and they are comparable in

Figure 1. (a) Nifo3.4 (solid red line) in ERSSTv4 and its uncertainty (black
shading) at the 95% confidence level. (b) Histogram of Nifo3.4 in Dec1982

(black), Nov1997 (red), and Nov2015 (green) in 1000-member ensemble between. Interestingly, the uncer-
analysis, and the horizontal lines indicate their 2.5th-97.5th percentile tainty of Nifio3.4 noticeably increases
ranges, respectively. (c) Same as Figure 1b except for Nov1955 (black), after 2010 maybe due to decreased
Nov1973 (red), and Jan1976 (green). Note that the ensemble averaged ship observations and the

Nifo3.4 in Figures 1b and 1c is slightly different from Table 1, which repre-

o malfunction/vandalism of the
sents one realization of the ensemble.

Tropical Atmosphere-Ocean (TAO)

moorings [Huang et al., 2013; Hu and
Kumar, 2015]. The large uncertainty in the Nifo3.4 index motivates us to assess its impacts on the rankings
of the strongest El Nifio and La Nifa events.

3. ENSO Ranking and Impact of SST Data Uncertainty
3.1. Ranking El Nifio

The Nifo3.4 index (Figure 1a; solid red line) shows that 2015-2016, 1997-1998, and 1982-1983 El Nifio events
had the three largest monthly averaged values since 1950. The Nifio3.4 index peaked at 2.49°C in November
2015, 2.44°C in November 1997, and 2.24°C in December 1982 (Table 1, row 3, columns 2-4). The recent
2015-2016 event had the largest monthly value of Nifio3.4. However, for the Nifio3 index, the 1997-1998
event had largest peak value (2.59°C in November 2015, 3.15°C in November 1997, and 2.75°C in
December 1982; Table 1, row 4, columns 2-4). Using the peak monthly Nifio3 index values, one could argue
that 1997-1998 event is the strongest. Therefore, the ranking can vary depending on the region, because the
location of maximum SSTA changes from event to event. For example, the center of the peak monthly SSTA
(2.5°C) during 2015-2016 El Nifio is located in the eastern central tropical Pacific (Figure 2¢), while it is located
farther east for 1997-1998 El Nifo (4.0°C) (Figure 2b). The center is located somewhere in between for 1982-
1983 El Nifo (3.0°C) (Figure 2a).
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Table 1. The Monthly Nifio4, Nifio3.4, Nifio3, and Nifio1.2 Indices (°C) in Operational ERSSTv4 and Their Corresponding 1.39¢ Uncertainties (the Values With + Sign)

Derived From Ensemble Analyses®

Indices Dec1982 Nov1997 Nov2015 Nov1955 Nov1973 Jan1976
Nifo4 0.84+0.18 1.00+£0.18 1.54+0.19 —1.50+£0.29 (—1.79, —1.21) —1.61+£0.21 —1.61+£0.22 (—1.83,
(0.66, 1.02) Oct1982 (0.82, 1.18) (1.35, 1.73) (—1.82, —1.40) Dec1973 —1.39) Oct1975
Nifo3.4 2.24+0.24 244+0.17 249+0.23 —2.13+£0.23 —2.12+0.24 —1.80+£0.23 (—2.03,
(2.00, 2.48) (2.27, 2.61) (2.26, 2.72) (—2.36, —1.90) (—2.36, —1.88) —1.57)
Nifo3 2.75+0.24 (2.51, 3.15+0.20 (2.95, 2.59+0.23 (2.36, —2.20+0.33 —1.68+0.23 —-1.76£0.21 (—1.97,
2.99) 3.35) 2.82) (—2.53, —1.87) Oct1955 (—1.91, —1.45) —1.56)
Nifo1.2 4.01+0.48 (3.53, 3.98+0.26 2.20+0.31 —1.73£0.29 —1.51+0.31 —2.15+0.28
4.49) Jun1983 (3.72,4.24) Dec1997 (1.89, 2.51) Jul2015 (—2.02, —1.44) (—1.82, —1.20) (—2.43, —1.87)
Aug1973 Nov1975
ERSSTv3b 233 247 277 —2.36 —2.16 —1.87
Nino3.4 Jan1983 Dec1973
HadISST 2.60 2.63 2.74 —1.90 —2.22 —1.65
Nifo3.4 Jan1983 Dec1973
WOISST 2.89 2.78 3.06
Nino3.4 Jan1983
DOISST 2.26 2.29 2.90
Nifo3.4

*These index and uncertainty values are the ones when the Nifi03.4 index reaches its monthly maximum/minimum during the El Nifio events of 1982-1983,
1997-1998, and 2015-2016 and La Nifa events of 1955-1956, 1973-1974, and 1988-1989. The index ranges are listed in parentheses. The peak/trough months
are listed in bold when they differ from those of Nifio3.4. The Nifio index regions are displayed in Figure 2.

While the peak monthly values based on certain SST indices may allow the ranking of one event over
another, it is important to test whether these index values are significantly different when data uncertainty
is considered. Assume that we have two sets of index data; their averaged values are defined as /; and I5;
their uncertainties (one standard deviation) are a7 and o, respectively. The index ranges in these two data
sets at 95% confidence interval in testing the null hypothesis whether the difference of /; and I, is zero can
be expressed by

R1 = (I1 - 1.390’1, I1 + 1.390’1) (36)
Rz = (/2 - 1.390‘2, /2 + 1390‘2) (3b)

where the number 1.39 is derived from 1.96 x @ The 1.96 value represents the 95% confidence level, and the
gvalue represents half of the joint uncertainty of \/a3 + o3~v/20. If ranges R, and R, overlap with each other,
the null hypothesis is accepted and the indices in those two data sets are considered indistinguishable.
Otherwise, the null hypothesis can be rejected and the indices in those two data sets differ significantly.

Table 1 (rows 2-4, columns 2-4) shows that the uncertainties of Nifio4, Nifi03.4, and Nifio3 indices are
approximately 0.2°C. The ranges of these Nifio index values mostly overlap for the three strongest El Nifio
events at their maximum monthly values, particularly in Nifio3.4 index. Therefore, the null hypothesis that
the Nifo index strengths are equal can be accepted and distinguishing the relative ranking among the
three strongest El Nifio events based on the conventional Nifio indices is not possible at 95% confidence
level. It should be noted, however, that the 2015-2016 El Nifio appears to be the strongest if Nifio4 and its
uncertainty are used to assess El Nifio strength (among the selected months in Table 1). In contrast, the
1997-1998 El Nifio appears to be the strongest if Nifio3 (or Nifo1.2) and its uncertainty are used to assess
El Nifio strength.

To help understand the SST uncertainty derived from the 1000-member ensemble analysis, Figure 1b shows
the histograms and their 2.5th-97.5th percentile ranges of the Nifo3.4 index for the El Nifio events in
December 1982, November 1997, and November 2015 when Nifio3.4 index reached its maximum. Clearly,
the 2.5th-97.5th percentile ranges overlap with each other in these three strongest El Nifio events, indicating
that these three events are not statistically separable, which is consistent with conclusion based on the uncer-
tainty criterion. Since the ranges of 1982-1983 (1.84°, 2.40°C) and 2015-2016 (2.33°,2.86°C) in Figure 1b appear
to be very close, the significance level is tested when their separation becomes significant. The test shows that
their ranges are (1.96°, 2.32°C) and (2.32°, 2.55°C), respectively, at the 10th-90th percentile ranges. This lower
significance level makes it less likely that the 2015-2016 El Nifio is stronger than the 1982-1983 El Nifio.
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Figure 2. SSTAs in (a) December 1982, (b) November 1997, (c) November 2015, (d) November 1955, (e) November 1973,
and (f) January 1976 in ERSSTv4. The Nifno4 (5°S-5°N, 160°E-150°W), Nifo3 (5°5-5°N, 150°W-90°W), Nifio3.4 (170°W-120°W),
and Nino1.2 (10°S-0°, 90°W-80°W) areas are indicated by dotted blue, dotted red, solid green, and dotted green boxes.

The uncertainty ranges represented by the 2.5th-97.5th percentile ranges in Figure 1b include the parametric
uncertainty only; it does not include the reconstruction uncertainty. Therefore, the actual uncertainty ranges
should be wider by including the reconstruction uncertainty as shown in Table 1, which will further support
our conclusion that the strength of the 1982-1983 and 2015-2016 El Nifio events are not separable. It should
also be noted that the ensemble averages (or median) of Nifio3.4 in Figures 1b and 1c are not the same as the
Nifo3.4 in Table 1 that is calculated from the operational ERSSTv4. The operational ERSSTv4 uses the best
parametric values according to cross-validation tests [Huang et al., 2015], while the ensemble members
use many possible selections for the parameter values. For example, the operational ERSSTv4 uses a ship-
buoy offset of 0.12°C, while the ensemble analysis randomly selects the offset of 0.00° or 0.12°C. Therefore,
the operational ERSSTv4 is not in the middle of the ensemble members.

3.2. Ranking La Nifa

Similarly, sorting by the most negative values in the Nifio3.4 index (Figure 1a; solid red line), the 1955-1956,
1973-1974, and 1975-1976 La Nifia events are in the top three. The Nifi03.4 index values are —2.13°C in
November 1955, —2.12°C in November 1973, and —1.80°C in January 1976 (Table 1, row 3, columns 5-7).
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Monthly NINO3.4 index for 2015—16 El Nino
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Figure 3. Monthly Nifo3.4 from ERSSTv4 (solid red line), ERSSTv3b (dotted red line), WOISST (solid green line), DOISST
(solid black line), and HadISST (dotted black line) during 2015-2016 El Nifio. The gray shading represents the 1.960
uncertainty of ERSSTv4 at the 95% confidence level.

Because the uncertainty of the Nifo3.4 index is approximately 0.2°C (Table 1, row 3, columns 5-7), there is an
overlap in the estimated range of Nifo3.4 values. Therefore, the amplitude of the strongest La Nifia events
cannot be distinguished at the 95% confidence level. Similarly, Nifio4, Nifio3, and Nifo1.2 indices (Table 1,
rows 2, 4, and 5, columns 5-7) overlap with each other at the months with minimum monthly value and
are also not distinguishable at the 95% confidence level.

The histograms (Figure 1¢) of the Nifio3.4 index for the La Nifia events in November 1955, November 1973,
and January 1976 confirm that these three strongest La Nifia events are not statistically separable at the
95% confidence level. The 2.5th-97.5th percentile ranges overlap with each other, particularly for 1955-
1956 and 1973-1974 events.

3.3. Ranking Using Different SST Products

Some other near-real-time SST data sets are used to check the impact of different SST data sets on the rank-
ings using the peak monthly index values. These data sets are ERSSTv3b from January 1854 to March 2016
[Smith et al.,, 2008], HadISST from January 1850 to March 2016 [Rayner et al., 2003], DOISST from January
1982 to March 2016 [Reynolds et al., 2007], and Weekly OISST (WOISST) from January 1982 to March 2016
[Reynolds et al., 2002]. The ERSSTv3b is an earlier version of ERSSTv4 with differences in the correction of ship
SST instrument biases based on nighttime marine air temperature and the ship-buoy offset correction [Huang
et al., 2015]. The HadISST includes satellite-based SST observations, and the biases of ship SST are corrected
using a bucket model [Kennedy et al., 2011]. The WOISST and DOISST include the satellite-based SST observa-
tions but use different bias correction methods in correcting the satellite-based SST. The ship-buoy offset is
corrected in DOISST but not in WOISST, while the ship instrumental biases, albeit small in the modern period,
are not corrected in either. Readers can find detailed comparisons of these data sets in Huang et al. [2016b].
All data sets are averaged to a monthly 2°x 2° grid box.

The Nifio3.4 values from these SST products are generally consistent with that computed from ERSSTv4
(Figure 3), assuming the SST uncertainty in those products is comparable to that in ERSSTv4. The impact on
the rankings are also consistent with the uncertainty in ERSSTv4 since 1950 (Table 1, rows 6-9, columns 2-7).

4, Summary and Discussion

We find that the intensity of the three strongest El Nifio and La Niflia events cannot be statistically
distinguished based on the uncertainty derived from ERSSTv4. Specifically, the intensity of 2015-2016 El Nifio
cannot be distinguished from 1997 to 1998 and 1982 to 1983 El Nifio events at 95% confidence level. Among
the strongest La Nifa events, there is significant overlap in the ranges of uncertainty among 1955-1956,
1973-1974, and 1975-1976. These results based on the uncertainty in the ERSSTv4 analyses are largely
consistent with those from other available SST products; thus, it is a challenge to measure the exact intensity
or rank of these strongest ENSO events. Understanding the uncertainty in SST products is critical and often
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neglected in applications related to ENSO. Errors in observations and parameter selections can perturb Nifio
indices on average by 0.2°-0.3°C, which can certainly impact the ENSO ranking.

It should be emphasized that this study examines only the strongest El Nifio and La Nifia events using the
peak monthly tropical Pacific SSTA. Also, SSTAs are calculated relative to a fixed 1971-2000 monthly mean
climatology. When the 30 year climatology is periodically updated, which is a standard practice for national
meteorological services (currently most use 1981-2010 as their base line), Nifio indices become slightly less
positive after 1992 and slightly less negative before 1985 (not shown). Nevertheless, that does not affect the
conclusions about the ranking for the strongest three El Nifio and La Nifa discussed above.

We have focused on the strongest El Nifio and La Nifia events, which, by definition, are characterized by high-
amplitude SSTAs. In reality, ENSO is a coupled ocean-atmosphere phenomenon and its rankings depend on
other variables (such as winds, convection, and pressure) in addition to SST and also regions. Here we hope
this study provides a benchmark for more comprehensive rankings and a fuller treatment of uncertainty,
which should eventually be expanded to other ENSO relevant variables and indices.
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