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ABSTRACT

Previous research has shown that the 1877/78 El Niño resulted in great famine events around the world.

However, the strength and statistical significance of this El Niño event have not been fully addressed, largely

due to the lack of data. We take a closer look at the data using an ensemble analysis of the Extended

Reconstructed Sea Surface Temperature version 5 (ERSSTv5). The ERSSTv5 standard run indicates a strong

El Niño event with a peak monthly value of the Niño-3 index of 3.58C during 1877/78, stronger than those

during 1982/83, 1997/98, and 2015/16. However, an analysis of the ERSSTv5 ensemble runs indicates that the

strength and significance (uncertainty estimates) depend on the construction of the ensembles. A 1000-

member ensemble analysis shows that the ensemblemeanNiño-3 index has amuch weaker peak of 1.88C, and
its uncertainty is much larger during 1877/78 (2.88C) than during 1982/83 (0.38C), 1997/98 (0.28C), and 2015/16

(0.18C). Further, the large uncertainty during 1877/78 is associated with selections of a short (1 month) period

of raw-data filter and a large (20%) acceptance criterion of empirical orthogonal teleconnection modes in the

ERSSTv5 reconstruction. By adjusting these two parameters, the uncertainty during 1877/78 decreases to

0.58C, while the peakmonthly value of the Niño-3 index in the ensemble mean increases to 2.88C, suggesting a
strong and statistically significant 1877/78 El Niño event. The adjustment of those two parameters is validated

by masking the modern observations of 1981–2017 to 1861–97. Based on the estimated uncertainties, the

differences among the strength of these four major El Niño events are not statistically significant.

1. Introduction

El Niño–Southern Oscillation (ENSO) is one of the

dominant modes of Earth’s climate system and plays

an important role in the reliability of seasonal-to-

interannual predictions of temperature and precipi-

tation (Kumar et al. 2000; L’Heureux et al. 2015; Hu

et al. 2020). ENSO can significantly impact the life

and property over the world, particularly when an

ENSO event is strong (Changnon 1999; Goddard and

Dilley 2005).

There are different ways to measure the strength or

magnitude of historic ENSO events. These factors include

which region the sea surface temperature (SST) anomaly

(SSTA) is used to quantify the strength ofElNiño, how the

SSTA is calculated, and which observational datasets (in

situ, proxies, etc.) are used. To characterize the ENSO

events in the different locations of the equatorial Pacific,

SSTA indices were defined in the Niño-3 (58S–58N, 908–
1508W), Niño-3.4 (58S–58N, 1208–1708W), and Niño-4
(58S–58N, 1608E–1508W) regions (Zebiak and Cane 1987).

Another factor affecting the definition of ENSO is

how to define the climatology and anomaly. The World
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Meteorological Organization (WMO) recommends the

use of a 30-yr climatology to define anomalies over the

historical record. Extending that perspective, the NOAA

Climate Prediction Center adoptedmultiple, overlapping

30-yr base periods to define ENSO events on monthly

and seasonal time scales (https://www.cpc.ncep.noaa.gov/

products/analysis_monitoring/ensostuff/ONI_v5.php).

This change was implemented because observational

datasets used to monitor ENSO exhibit long-term

warming trends in tropical Pacific SSTA (Latif et al.

1997; Knutson andManabe 1998; Curtis and Hastenrath

1999; Huang andLiu 2001; Deser et al. 2010; Ashok et al.

2012; L’Heureux et al. 2013).

Studies indicate that the frequency, duration, and

strength of ENSO vary from decade to decade (Enfield

1988; Trenberth and Hoar 1996: Rajagopalan and Cook

2000; Yuan et al. 2009; Hu et al. 2013; McGregor et al.

2013; Cai et al. 2014; Latif et al. 2015; Wittenberg 2015;

Räsänen et al. 2016; Wang et al. 2017; Capotondi and

Sardeshmukh 2017; Li et al. 2019). Recently, there has

been debate over whether ENSO events are becoming

more frequent and intense (Lee and McPhaden 2010;

Newman et al. 2011; Stevenson, 2012; Cai et al. 2014).

Some of them have also argued that the number of the

central-Pacific (CP) ENSO have increased in the past

decades (Larkin and Harrison 2005; Ashok et al. 2007;

Newman et al. 2011; Johnson 2013; Yu and Kim 2013).

In contrast, others suggest ENSO events in the distant

past may be as strong as those observed in recent de-

cades (Enfield 1988; Quinn and Neal 1995; Grove 1998;

Räsänen et al. 2016; Singh et al. 2018).

The monthly SSTA relative to a climatology over

1971–2000, for example in the Extended Reconstructed

Sea Surface Temperature version 5 (ERSSTv5; Huang

et al. 2017), shows that the 1997/98 El Niño in the Niño-3
region was the strongest since the 1870s (Fig. 1a, solid

red). However, the monthly SSTA in the Niño-3.4 re-

gion (Fig. 1b, solid red) implies that the 2015/16 El Niño
event in the central tropical Pacific was the strongest.

Niño-3.4 tends to be emphasized by operational ENSO

forecasters because this region has stronger correla-

tions with atmospheric variables that comprise ENSO

(Barnston et al. 1997), although the leading mode of

SSTA variability in the tropical Pacific reveals the

FIG. 1. Average (from October to next March) indices of (a) Niño-3 and (b) Niño-3.4 (solid
red line and red circle; left axis) in ERSSTv5 overlapping with2SOI (dotted green; right axis).

The red solid lines represent the indices using 1971–2000 climatology, and the red circles

represent the indices (.2.08C) using a 30-yr running average. The time of El Niño events over

1877/78, 1982/83, 1997/98, and 2015/16 is indicated by filled black circles. The correlation co-

efficient between Niño-3/Niño-3.4 and 2SOI is 0.80/0.84, respectively.
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largest loadings in the Niño-3 region (Takahashi

et al. 2011).

In contrast, when the impact of warming trend is ex-

cluded by subtracting a 30-yr moving climatology, both

the Niño-3 and Niño-3.4 indices (Fig. 1, red circles) re-

veal that the 1877/78 El Niño is among the strongest El

Niños in the historical record (Diaz and McCabe 1999;

Aceituno et al. 2009; Singh et al. 2018). The existence of

the strong 1877/78 El Niño event is supported by in-

dependent data sources other than SST, such as the

Southern Oscillation index (SOI; Trenberth 1984;

Ropelewski and Jones 1987) derived from sea level

pressure (Fig. 1, dotted green), the drought indices

derived from tree rings and corals, and records of

famine or food production around the world (Kiladis

and Diaz 1986; Allan et al. 1991; D’Arrigo et al. 2008;

Garden 2008; Hao et al. 2010; Räsänen et al. 2016;

Singh et al. 2018; Lough et al. 2018). The negative SOI

(2SOI) is highly correlated with the Niño-3 (0.80) and
Niño-3.4 (0.84) indices.

Therefore, it remains an open question whether the

1877/78 El Niño is truly among the strongest events. The

answer may affect our understanding of the relationship

between ENSO and a warming climate. If the 1877/78 El

Niño is indeed among the strongest, it may suggest that

the warming climate has not necessarily enhanced the

ENSO amplitude (Enfield 1988; Quinn and Neal 1995;

Grove 1998; Räsänen et al. 2016; Singh et al. 2018).

However, this does not exclude the idea that these

stronger events have become more frequent in the re-

cent record (Lee and McPhaden 2010; Newman et al.

2011; Stevenson 2012; Cai et al. 2014).

The difficulty in quantifying the strength of the 1877/78

El Niño is that there are limited in situ SST observations

(Fig. 2a), and therefore an ensemble analysis from

ERSSTv5 is used in this study. In addition, regardless

of the ultimate characterization in the strength of the

1877/78 El Niño, it is important to document dataset

availability and reliability, which was not analyzed closely

in the aforementioned studies. Generally, observations

over the global oceans are sparser and less reliable in the

past compared with modern times (Freeman et al. 2017).

For example, the areal coverage of in situ SST observa-

tions in 28 3 28 grid boxes is lower in the 1900s and 1950s

(30%–40%) than in the 2000s (70%) (Huang et al. 2017).

Consequentially, biases and random errors of SST obser-

vations are larger before the 1950s than after (Kennedy

et al. 2011a,b; Huang et al. 2016b, 2020).

Todeterminewhether oneElNiñoevent is stronger than
the other,weneed toquantify not only theirmagnitude, but

also their uncertainty, and to test whether the difference

between these events is statistically significant (e.g., Huang

et al. 2016a), as is donehere. In this paper,ERSSTv5 and its

uncertainty quantification are briefly described in section 2.

In section 3, the magnitude and uncertainty of the 1877/78

El Niño event are compared to the 1997/98 El Niño event

since the maximum SSTAs were located in the east-central

tropical Pacific during both events. The dominant factors

contributing to the uncertainty of these two El Niño events

are analyzed in sections 4a–4c. The capability of ERSSTv5

in representing the strength and uncertainty of the 1877/78

El Niño is verified in sections 4d and 4e. Results are sum-

marized in section 5.

2. ERSSTv5 and its uncertainty

ERSSTv5 is a monthly 28 3 28SST product from 1854

to the present and reconstructs SSTs from in situ ships,

buoys, andArgo floats (Huang et al. 2017). Ship and buoy

observations are from the International Comprehensive

Ocean–Atmosphere Dataset (ICOADS) R3 (Freeman

et al. 2017). Temperature observations from Argo floats

are downloaded from the Global Data Assembly Centre

(GDAC; https://www.seanoe.org/data/00311/42182/),

and near-surface temperatures of 0–5-m depth are

defined as SSTs. The biases of ship SSTs are corrected

with reference to nighttime marine air temperature

(NMAT) from the U.K. Hadley Centre (HadNMAT2;

Kent et al. 2013) before 1985 and with reference to

buoy SSTs after 1985. The Argo SSTs are close to

buoy SSTs (less than 0.038C overall) and are corrected

with reference to buoy SSTs. The homogenized ship

and Argo SSTs represent buoy SSTs at a nominal

depth of 0.2m. The bias-corrected SSTs over the

global oceans are then fitted to a maximum of 140

leading empirical orthogonal teleconnection func-

tions (EOTs; van den Dool et al. 2000; Smith and

Reynolds 2004). It was found that spatial and tem-

poral variabilities of SSTs in ERSSTv5 are more re-

alistic and more reliable than those in previous

versions of ERSST (v4 and v3b) over the global

oceans (Huang et al. 2017, 2019).

Nevertheless, the ERSSTv5 analysis, like other simi-

lar types of analyses, exhibits uncertainties. The uncer-

tainties generally result from incomplete data sampling

in space and time and from observation errors. For SST

analysis, there are two types of observation errors: One

is associated with occasional human mistakes in reading

thermometers, and the other is associated with system-

atic biases due to changes in thermometer types and

measurement protocols. Many algorithms have been

developed to minimize the impact of these errors in SST

analyses using quality control procedures, bias adjust-

ments, gridding, interpolation, and analysis methodol-

ogies (Smith and Reynolds 2003, 2004; Kennedy et al.

2011a,b; Huang et al. 2016a,b). In ERSSTv5 and
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ERSSTv4, the total uncertainty (Ut) of SST consists of

reconstruction (Ur) and parametric (Up) uncertainties

(Huang et al. 2016a,b, 2020):

U2
t 5U2

p 1U2
r . (1)

The reconstruction uncertainty is associated with using a

limited set of EOTs, and is generally constant in time

and small (less than 0.18C) for regional averaged SST

such as Niño indices. The parametric uncertainty is as-

sociated with the changes in selecting parameters in

ERSSTv5 reconstruction. The reconstruction uncer-

tainty is generally much smaller than the parametric

uncertainty for a regional averaged SST. Here we simply

use ‘‘uncertainty’’ to represent the total uncertainty

quantified in Eq. (1).

FIG. 2. (a) Observed SSTA and (b) ERSSTv5 SSTA in December 1877, and (c) Niño-3 in ERSSTv5 (solid red),

EN 5 1000 ensemble average (dotted green) and its 1.96s uncertainty between January 1877 and January 1879.

(d),(e) As in (a),(b), but for December 1997; (f) as in (c), but between January 1997 and January 1999. The Niño-3
index (dotted blue) from theHadleyCentre Sea Ice and Sea Surface Temperature dataset (HadISST1; Rayner et al.

2003) is overlapped for intercomparison purpose. Color scales in (a), (b), (d), and (e) are the same.
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There are 28 independent parameters in ERSSTv5

reconstruction (Huang et al. 2016b, 2020) that control

reconstruction factors related to the quality control

(QC) of observations, bias correction of ship SSTs, the

selection of 140 leading EOTs, and others (Huang et al.

2017). For the ERSSTv5 uncertainty estimates studied

here, each of the 28 parameters can have 2–7 alternative

options. By randomly selecting these options with equal

probability for the 28 parameters, a 1000-member en-

semble is produced. The parametric uncertainty of

ERSSTv5 is estimated based on the 1000-member en-

semble SSTAs relative to the 1971–2000 climatology. In

this study, we find that the following two parameters can

critically influence the El Niño estimates.

a. High-frequency 3-month filter

The lag-1 autocorrelation of monthly SSTs is large

(approximately 0.77 in the global ocean and 0.88 in the

tropical Pacific) as expected due to the slow variation

of ocean temperature associated with the high heat

content of water. Therefore, a high-frequency (HF) fil-

ter of 3 months is applied when SST superobservations

(superobs hereafter) are not valid, and the invalid

superobs are replaced using superobs at the previous

and next months. The superobs are bin averages of raw

SST observations within 28 3 28 grid boxes. Two options

are selected to produce the 1000-member ensemble:

HF 5 3mon (with HF filter) and HF 5 1mon (without

HF filter) and represent the contribution of HF to the

uncertainty in ERSSTv5 in Eq. (1). The selection of

HF 5 3mon increases the areal coverage of superobs in

ERSSTv5, while the selection of HF5 1mon uses actual

in situ observations at current month and therefore re-

duces the areal coverage.

b. EOT acceptance criterion

In the ERSSTv5 reconstruction, not all 140 EOT

modes are used each month. An EOT mode [Ei(x)] was

accepted only if its variance ratio (ri) is greater than an

acceptance criterion (Crit):

r
i
5

�
�
x

E2
i (x)dx cosux

�
�
�
x

E2
i (x) cosux

� .Crit , (2)

where dx is set to 0 or 1 dependent on whether the su-

perobs have a valid datum at a 28 3 28 grid box x, and ux

represents latitude. Three criteria of 5%, 10%, and

20% are artificially selected in generating the 1000-

member ensemble to represent the contribution of Crit

to the parametric uncertainty. The parameter Crit

measures whether a particular EOT mode is supported

by superobs or not (i.e., may potentially be an artifact

without sufficient observational support). The higher

the Crit, the more superobs are required within the area

of an EOT mode to accept this EOT mode in the re-

construction. The selections of Crit 5 20% and 10%

were based on previous versions of ERSST (v3b andv4).

Crit5 5% is set as a lower limit to evaluate the potential

impact of Crit in estimating the parametric uncertainty

of ERSSTv5. In the operational ERSSTv5 dataset Crit

was set to 10% (Huang et al. 2017).

3. Comparing the 1877/78 El Niño with other
El Niño events

a. The 1877/78 El Niño and its uncertainty

Previous studies have corroborated the strong ElNiño
during 1877/78 using various datasets (Kiladis and Diaz

1986; Diaz and McCabe 1999; Aceituno et al. 2009;

Quinn and Neal 1995; Grove 1998; Hao et al. 2010;

Huang et al. 2015). However, there were few in situ SST

observations at that time. As an example, Fig. 2a shows

the observational coverage over the tropical Pacific

(308S–308N, 1208E–708W) in December 1877. These

sparse SST records in the east-central Pacific (Fig. 2a)

were measured during 14–31 December 1877 and pro-

vided by Deutsche Seewarte Marine (ship ID 120) and

Met OfficeMarine Data Bank (ship IDs 4238 and 4270).

Despite a low areal coverage of SST superobs (approx-

imately 7%), the ERSSTv5 standard/operational run

shows a strong El Niño with a peak magnitude of 4.08C
in the east-central tropical Pacific (Fig. 2b). The Niño-3
index also reaches its maximum (2.98C; Table 1) in

December 1877 (Fig. 2c, solid red), consistent with the

large negative SOI (Fig. 1a).

In the ERSSTv5 standard/operational run, the pa-

rameters HF and Crit are set to 3mon and 10%, re-

spectively, to best represent ENSO events in the tropical

Pacific (Huang et al. 2017). Other parameter options of

HF 5 1mon and Crit 5 5% or 20% are used in gener-

ating the 1000-member ERSSTv5 ensemble to represent

the parametric uncertainty of ERSSTv5 when these

parameters are perturbed within a reasonable range of

50%–100% (Huang et al. 2020).

After including all these alternative parameter selec-

tions in the 1000-member ensemble, the ensemble mean

Niño-3 is calculated (Fig. 2c, dotted green), which is

approximately 1.18C lower than the ERSSTv5 standard

run values between April 1877 and February 1878

(Fig. 2c, solid red). The ensemble mean Niño-3 is only

1.88C in December 1877. The reduced Niño-3 index

values are accompanied by large spread among the en-

semble members. This spread is used to estimate the
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parametric uncertainty in Eq. (1) and the uncertainty at

95% confidence level in ERSSTv5 (Fig. 2c, gray shad-

ing). The uncertainty is based on the 95% confidence

range (defined by 61.96s). Figure 2c shows that the

range of Niño-3 uncertainty increases from about 0.98C
in January 1877 to about 2.88C in December 1877, and

decreases to about 0.68C in January 1879. The large

uncertainty, especially in December 1877, indicates that

ensemble mean Niño-3 value (1.88C in December 1877)

is not statistically different from zero and is therefore

not statistically significant. Further investigation sug-

gests that the Niño-3 uncertainty in the ERSSTv5 en-

semble is overestimated in the 1000-member ensemble,

and its details will be explored in sections 4a–4c.

b. Comparisonwith the 1997/98, 1982/83, and 2015/16
El Niño events

For a given set of parameter selections of the high-

frequency filter (HF) and EOT acceptance criterion

(Crit) in the 1000-member ensemble, the SST uncer-

tainty in the Niño regions (e.g., Niño-3; Fig. 3, dotted
black) critically depends on the areal coverage of SST

superobs in the tropical Pacific (e.g., 308S–308N; Fig. 3,

dotted green). The uncertainty of Niño-3 is as high as

2.88C before the 1880s when superobs coverage is lower

than 10%, is approximately 1.58C during the two world

wars when superobs coverage is as low as 20%, and

decreases to as low as 0.28C after the 1960s when

superobs coverage nears its maximum around 80%.

These uncertainties are mostly attributed to the para-

metric uncertainty, with less than 0.18C attributed to the

reconstruction uncertainty.

The 1997/98 El Niño is a suitable candidate for com-

parison with the 1877/78 El Niño, because both have a

similar maximum SSTA of 4.08C in the east-central

tropical Pacific (Figs. 2b,e) in the ERSSTv5 standard

run. The Niño-3 index values in both events are larger

than 3.28C (Table 1). The major difference between

these two events, from an SST reconstruction analysis

point of view, is that the superobs coverage is much

lower during 1877/78 (7%; Figs. 2a and 3) than during

1997/98 (78%; Figs. 2d and 3). This difference results in

two features. First, the Niño-3 uncertainty range based

on the 1000-member ensemble is reduced from 2.88C
during 1877/78 to 0.28C during 1997/98 (Table 1).

Second, the ensemble mean Niño-3 index matches the

TABLE 1. Niño indices and their uncertainties (1.96s in unit 8C) in ERSSTv5, EN 5 1000, EN 5 482, EN 5 652, and EN 5 318 in the

1877/78, 1982/83, 1997/98, and 2015/16 events. Indices in parentheses are those after adjustment of 30-yr running average as shown

in Fig. 1.

Event 1877/78 1877/78 1982/83 1997/98 2015/16

Index Niño-3 Niño-3.4 Niño-3 Niño-3 Niño-3.4
ERSSTv5 2.93 (3.47) 2.50 (3.15) 2.92 3.23 2.76

Peak time Dec 1877 Feb 1878 Jan 1983 Dec 1997 Nov 2015

EN 5 1000 1.81 6 2.78 1.10 6 1.97 2.75 6 0.37 3.16 6 0.20 2.79 6 0.16

EN 5 482 2.60 6 1.67 1.81 6 1.45 2.72 6 0.34 3.15 6 0.20 2.74 6 0.13

EN 5 652 2.37 6 1.71 1.52 6 1.28 2.76 6 0.37 3.16 6 0.20 2.80 6 0.16

EN 5 318 2.81 6 0.54 2.11 6 0.56 2.72 6 0.33 3.16 6 0.20 2.75 6 0.13

FIG. 3. Monthly uncertainty (1.96s) of Niño-3 in EN 5 1000 (dotted black; left axis) and EN 5 318 excluding

(excl) members of parameters HF5 1mon and Crit5 20% (solid red; left axis). Superobs coverage in the tropical

Pacific (308S–308N; dotted green; right axis) is overlapped. The time of El Niño events over 1877/78, 1982/83, 1997/

98, and 2015/16 is indicated by filled black circles.
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ERSSTv5 standard run value during 1997/98 (Fig. 2f),

whereas a large difference (1.08C) arises during 1877/78

(Fig. 2c) between the ERSSTv5 1000-ensemble mean

and ERSSTv5 standard run values.

These features can also be seen when the 1982/83

and 2015/16 El Niños are compared (Table 1). During

1982/83, the El Niño maximized in the eastern tropical

Pacific, similar to the 1997/98 El Niño, and so its strength
is well captured by theNiño-3 index (2.98C) in ERSSTv5

(Table 1). In contrast to the 1982/83 and 1997/98 events,

the maximum SSTA during the 2015/16 event was in the

east-central tropical Pacific, which is a mixture of CP

and eastern Pacific (EP) types of ENSO (Larkin and

Harrison 2005; Ashok et al. 2007) with maximum SSTA

in the Niño-3.4 region (2.88C; Table 1). Due to the high

coverage of observations in the modern era (Fig. 3,

dotted green), the uncertainty of Niño-3 and Niño-3.4
based on the 1000-member ensemble is small in all three

recent events (0.18–0.38C; Table 1). A remaining ques-

tion is whether the strength of the 1877/78 El Niño is

distinct from those three strong El Niño events in the

modern period (1982/83, 1997/98, and 2015/16), which

will be addressed in section 4.

4. Impacts of the parameters Crit and HF on
1877/78 El Niño

a. Factor analysis

As shown in section 3a, the ensemble mean Niño-3
index may have been underestimated and the Niño-3
uncertaintymay have been overestimated for the 1877/78

El Niño in the 1000-member ensemble. Which parame-

ters lead to the small Niño-3 index value and the large

Niño-3 uncertainty? The question is usually addressed

by a method called factor analysis (Huang et al. 2016b),

which quantifies the impact of parameters (the 28 pa-

rameters in this study) on the variable of interest (here,

the Niño-3 index in December 1877):

(i) 1000 members of the Niño-3 index are calculated

for December 1877 and paired with the randomly

selected options of the 28 parameters.

(ii) The Niño-3 index values in December 1877 are

grouped into different subensembles by excluding

certain selections (e.g., HF5 1mon orHF5 3mon)

out of the 28 parameters. The number of suben-

sembles per parameter is equal to the number of

that parameter’s options [for a maximum of 7;

Table 2 in Huang et al. (2020)].

(iii) The ensemble-averaged Niño-3 and its standard

deviation (STD) within subensembles are calcu-

lated, and their differences relative to those within

the 1000-member ensemble are evaluated by that

particular parameter. The STD is used to quantify

the sensitivity of Niño-3 to the changes in

ERSSTv5 parameters.

(iv) The factor analysis of (i)–(iii) is repeated for all 28

parameters to determine which particular parame-

ters contribute to a small Niño-3 index value and

large Niño-3 uncertainty in December 1877.

Figure 4a shows that parameter 22 (HF) and 25

(Crit) are the two dominant parameters whose par-

ticular selection of their alternative options within the

1000-member ensemble can greatly impact the Niño-3
index value in December 1877. When HF selection of

1 or 3 months is excluded, the Niño-3 index increases

or decreases by approximately 0.88C. When Crit 5
20% or Crit 5 5% is excluded, the Niño-3 index in-

creases or decreases by 0.68C. In contrast, the impacts

from the other 26 parameters are small (,0.28C). The
subensembles (Fig. 4b) also reduce Niño-3 STD by

approximately 1.18C when HF 5 1mon or Crit 5 20%

is excluded, whereas little impact is found from other

26 parameters or other selections of HF and Crit.

These results suggest that the selection of HF 5 1mon

and Crit 5 20% could be responsible for the charac-

teristics of the Niño-3 index in the 1000-member

ensemble.

In contrast to the influence of HF5 1mon and Crit5
20% on the 1877/78 El Niño, their impacts on theNiño-3
index (Fig. 4c) and Niño-3 STD (not shown) during the

1997/98 El Niño are very small. The contrast is largely

associated with the difference in SST superobs cover-

ages between these two events. When SST superobs

coverage is large (80%), as in the 1997/98 El Niño,
ERSSTv5 is not sensitive to the selections of the 28

parameter values.

Even when the Niño-3.4 or Niño-4 index is analyzed

or a different month (e.g., November 1877 or January

1878) is chosen, the preceding results do not vary

significantly.

b. SSTA and its uncertainty in subensembles

The factor analysis in section 4a shows that the Niño-3
index and its uncertainty in December 1877 are clearly

impacted by selections of HF andCrit in the 1000-member

ensemble. To further demonstrate how the selections of

HF and Crit impact the Niño-3 index and its uncertainty

during the 1877/78 El Niño, the 1000-member ensemble is

grouped into four subensembles as in section 4a, which are

labeled with different number of subensemble members

(EN): (i) EN 5 1000 by including all ensemble members,

(ii) EN 5 482 by excluding members of HF 5 1mon,

(iii) EN5 652 by excluding members of Crit5 20%, and

(iv) EN5 318 by excluding members of both HF5 1mon
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and Crit 5 20%. These EN numbers in (ii)–(iv) are cal-

culated based on randomly selectedHFandCrit values out

of the 1000 ensemble members.

Using these four subensembles, the Niño-3 index and

its uncertainty within each subensemble are calculated

(Fig. 5). Figure 5 shows two features after excluding

unrealistic members: First, the ensemble mean Niño-3
index values during January 1877 and March 1878 in-

creases from EN 5 1000 to EN 5 482, EN 5 652, and

EN 5 318 (Figs. 5a–d, dotted green). The Niño-3 in-

dex values in EN 5 318 (Fig. 5d, dotted green) are

close to the ERSSTv5 standard run values (Fig. 5d,

solid red). SSTAs clearly strengthen in the Niño-3.4
region (Table 1) and across the tropical Pacific (Figs. 6a–d).

For example, the Niño-3 index value in December 1877

is 1.88, 2.68, 2.48, and 2.88C (Table 1); maximum SSTA is

2.08, 3.58, 3.08, and 3.58C (Figs. 6a–d); and the 28C
contour extends westward at 1208, 1508, 1408, and

FIG. 4. Factor analyses of (a) differences of the Niño-3 index in December 1877,

(b) differences of the Niño-3 STD in December 1877, and (c) differences of the Niño-3 index in
December 1997. Differences are calculated between subensembles and 1000-member ensem-

ble. Subensembles are calculated by excluding one option (maximum 7) of a particular pa-

rameter, and represented by black circle, green diamond, red square, blue triangle, light-blue

cross, magenta plus sign, and yellow open cycle with vertical bar, respectively. The x axis

represents one of 28 parameters (Table 2; Huang et al. 2019). The circle and square are

highlighted by filling in parameter-22 (HF 5 1mon) and parameter-25 (Crit 5 20%).
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1608W in the subensembles EN5 1000, EN5 482, EN5
652, and EN5 318, respectively, although overall spatial

patterns of SSTAs over the tropical Pacific are similar.

Second, the Niño-3 uncertainty (Figs. 5a–d, gray

shading) decreases dramatically from EN5 1000, EN5
652, EN 5 482, to EN 5 318, particularly from January

1877 to March 1878. The uncertainty values in December

1877 are approximately 2.88, 1.78, 1.78, and 0.58C, respec-
tively (Table 1). The reduction of SST uncertainty is sim-

ilar in the Niño-3.4 region (Table 1) and across the east-

central tropical Pacific. For example, Fig. 7 shows that the

SSTSTDamong the ensemblemembers in the east-central

tropical Pacific is as high as 38Cwhen all 1000members are

included (EN 5 1000; Fig. 7a). The STD reduces to 28C
whenmembers of HF5 1mon (EN5 482) or Crit5 20%

(EN5 652) are excluded (Figs. 7b,c), and further reduces

to less than 18C (EN5 318; Fig. 7d)whenmembers of both

HF 5 1mon and Crit 5 20% are excluded.

In contrast, the Niño-3 and Niño-3.4 indices and their

uncertainties during the 1997/98 and 2015/16 El Niño
are not sensitive to those two parameters of HF and

Crit, and their uncertainties are much smaller, around

0.18–0.28C (Table 1). These comparisons confirm that

selections of HF and Crit values can only make a dif-

ference when observations are sparse. The negative

correlation (approximately 20.68) between the SST

uncertainty and observational coverage is significant

not only during ENSO events, but also during ENSO-

neutral years (Fig. 3, dotted black and dotted green).

When selections of both HF 5 1mon and Crit 5 20%

are excluded, uncertainties of Niño-3 (Fig. 3, solid

red) and Niño-3.4 (not shown) decrease during the

1870s to 1950s, and the reduction becomes smaller

after the 1960s when the observational coverage is

high (.70%; Fig. 3, dotted green).

It should be noted that the different size of ensemble

members used here does not affect the statistical fea-

tures discussed in sections 4a and 4b because the

smallest size of members (EN 5 318) is still large

enough (Huang et al. 2016b). Tests show that the Niño
indices and their uncertainty remain similar when the

size of ensemble members is reduced to 318. However,

it is not completely clear why selections of HF5 1mon

and Crit 5 20% result in smaller SSTA and large SST

FIG. 5. Niño-3 index in ERSSTv5 (solid red) and its 1.96s uncertainty (gray shading) centered with ensemble

average (dotted green) in (a) EN 5 1000, (b) EN 5 482 excluding (excl) members of HF 5 1mon, (c) EN 5 652

excluding members of Crit 5 20%, and (d) EN 5 318 excluding members of HF 5 1mon and Crit 5 20%.

1 JUNE 2020 HUANG ET AL . 4861

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 10/12/22 01:20 PM UTC



uncertainties across the tropical Pacific, which is ex-

plored further in the next section.

c. Reasons for small Niño index values

To further understand the consequences of selecting

HF 5 1mon and Crit 5 20%, four experiments (EXs)

are designed in parallel with ERSSTv5 by resetting HF

and Crit while other 26 parameters (Table 2 in Huang

et al. 2020) remain unchanged: EX-1: HF 5 3mon and

Crit 5 10% as in the standard/operational ERSSTv5,

EX-2: HF 5 1mon and Crit 5 10%, EX-3: HF 5 3mon

and Crit5 20%, andEX-4: HF5 1mon and Crit5 20%.

Figures 8a–d show SSTAs in January 1878 when pa-

rameters of HF and Crit are set in EXs 1–4, respectively.

January 1878 is the focus because this month is less

complicated and projects mostly onto fewer, lower-

order EOTs 1, 2, 3, and 6, while other winter months

also project onto several higher-order EOTs.

These experiments show that ERSSTv5 is able to suc-

cessfully capture the 1877/78 ElNiñowith a similar spatial

pattern in EXs 1–3 (Figs. 8a–c). The spatial correlation is

0.91 between EX-1 and EX-2 and 0.87 between EX-1 and

EX-3, although the maximum SSTA is slightly weaker in

EX-2 and EX-3 (3.08C) than in EX-1 (3.58C). However,

EX-4 (Fig. 8d) fails to represent the El Niño event with

reduced SSTAs in the tropical Pacific. To investigate the

reason for the success and failure in representing the El

Niño event, EOT variances ratios (Table 2) are calculated

for EOTs 1, 2, 3, and 6 in the tropical Pacific (Fig. 9,

contours). Note that EOTs 4 and 5 are outside the tropical

Pacific. By comparing EOT variance ratio ri with EOT

acceptance criterion (Crit), we can elucidate which EOTs

are accepted in SSTA reconstruction and how the ac-

ceptance of EOTs impacts the overall SST reconstruction.

As shown in Eq. (2), EOT variance ratios and therefore

EOT acceptance depend on the superobs coverage asso-

ciated with dx, which relies on the selection of HF. When

HF 5 3mon is selected, superobs coverage is relatively

high (Fig. 9, gray 1 yellow shading), variance ratios of

EOT-1, EOT-3, and EOT-6 are above 20% (Table 2).

FIG. 6. Ensemble averaged SSTA inDecember 1877 in (a) EN5 1000, (b) EN5 482 excluding (excl) members of

HF5 1mon, (c) EN5 652 excludingmembers of Crit5 20%, and (d) EN5 318 excludingmembers of HF5 1mon

and Crit 5 20%.
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Therefore, these three EOTs are accepted whether Crit is

set to 10% or 20%. In contrast, when HF 5 1mon is se-

lected, superobs coverage is low (Fig. 9, yellow shading),

only the variance ratio of EOT-6 is above 20% while

variance ratios of EOT-1 and EOT-3 are between 10%

and 20% (Table 2). Therefore, EOT-1, EOT-3, and EOT-6

are accepted when Crit is set to 10%, but only EOT-6 is

accepted when Crit is set to 20%. As a result, when HF 5
1mon andCrit5 20%are set in EX-4 (Fig. 8d), EOT-1 and

EOT-3 are rejected, and SSTA reconstruction fails since

these two modes are critical to represent El Niño events. In

contrast, EOT-1 and EOT-3 are accepted in EX 1–3 so that

the 1877/78 El Niño is well represented (Figs. 8a–c). Note

that EOT-2 is rejected in all experiments, since there were

almost no data in its loading center area (western Pacific) in

January 1878.

d. Verification

Analyses in sections 4b and 4c suggest that the com-

bined parameter options of HF5 1mon and Crit5 20%

should be excluded in order to reasonably represent the

magnitude and uncertainty of the 1877/78 El Niño in the

ERSSTv5 ensemble runs. As such, how can we ensure

that various HF and Crit options are properly repre-

senting the pattern and strength of the 1877/78 El Niño
in ERSSTv5? To analyze this, an SST reconstruction

over the 1861–97 period is simulated using the superobs

over 1981–2017 in the following two steps:

1) The superobs in the modern observation-rich period

of 1981–2017 are reduced using the superobs masks

from 1861–97. Therefore areal coverages of reduced

superobs during 1981–2017 become identical to those

during 1861–97.

2) The reduced superobs during 1981–2017 are then

reconstructed. If this reconstructed ERSSTv5 is able to

properly represent the 1997/98ElNiño,we can conclude
that the representation of 1877/78 El Niño in ERSSTv5

is also a valid reconstruction because the 1997/98

El Niño is well observed by modern technology.

FIG. 7. SST STD (1s) in December 1877 in ensemble (a) EN5 1000, (b) EN5 482 excluding (excl) members of

HF5 1mon, (c) EN5 652 excludingmembers of Crit5 20%, and (d) EN5 318 excludingmembers of HF5 1mon

and Crit 5 20%.
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By applying the above procedure, four ERSSTv5 ex-

periments similar to those in section 4c are designed

using different selections of parameter values for HF

and Crit (EX-1: HF 5 3mon and Crit 5 10%; EX-2:

HF 5 1mon and Crit 5 10%; EX-3: HF 5 3mon and

Crit 5 20%; and EX-4: HF 5 1mon and Crit 5 20%)

while the other 26 parameters are kept unchanged. The

success or failure in representing the 1997/98 El Niño in

those four experiments is an indicator of the capability

of ERSSTv5 in representing the 1877/78 El Niño.
Figure 10a shows the ERSSTv5 SSTA for January

1998, with a maximum SSTA of 3.58C in the east-

central tropical Pacific. The spatial distribution and

magnitude of this El Niño are well represented in EXs

1–3 (Figs. 10b–d). Their similarity is quantified by a

high spatial correlation coefficient (0.92–0.96) between

ERSSTv5 and EXs 1–3. The evolution of Niño-3 indi-

ces (Fig. 11) is also highly consistent between ERSSTv5

(solid black) and EXs 1–3 (solid red, dotted green, and

dotted blue). Temporal correlation coefficients be-

tween ERSSTv5 and EXs 1–3 are high (0.85–0.97) over

the periods of January 1997 and January 1999. These

results suggest that ERSSTv5 is able to appropriately

represent the 1997/98 El Niño even if superobs are

reduced to the level of 1877/78, although Niño-3 dips in
EX-2 over October–December 1997 (Fig. 11, dotted

green). This implies that ERSSTv5 properly resolves

the 1877/78 El Niño with the parameter combinations

of HF5 3mon and Crit5 10%, HF5 1mon and Crit5
10%, and HF 5 3mon and Crit 5 20%.

Nevertheless, the analysis in EX-4 (HF 5 1mon and

Crit5 20%) completely fails to represent the 1997/98 El

Niño (Figs. 10e and 11, dotted purple), which is consis-

tent with the same parameter combinations applied to

FIG. 8. SSTAs in January 1878 in ERSSTv5 experiments using (a) HF5 3mon and Crit5 10%, (b) HF5 1mon and

Crit 5 10%, (c) HF 5 3mon and Crit 5 20%, and (d) HF 5 1mon and Crit 5 20%.

TABLE 2. Variance ratio (ri in unit %) of EOTs 1, 2, 3, and 6 as a

function of HF 5 3mon and HF 5 1mon in January 1878. The

quantification of ri is expressed in Eq. (1).

EOT-1 EOT-2 EOT-3 EOT-6

HF 5 3mon 23 7 26 42

HF 5 1mon 17 3 15 24
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1877/78 (Fig. 8d). These results indicate that the pa-

rameter selections of HF 5 1mon and Crit 5 20% in-

deed create too much spread and artificially reduced

ensemble mean values in the 1000-member ensemble

and should be discounted as suggested in section 4b and

shown in Fig. 3 (solid red) and Fig. 5d.

e. The 1877/78 El Niño strength

After the combined parameters of HF 5 1mon and

Crit 5 20% are excluded, uncertainties in the Niño-3
and Niño-3.4 indices are approximately 0.548 and

0.568C, respectively, in December 1877 (Table 1;

EN 5 318). The ERSSTv5 Niño-3 index is approxi-

mately 2.938, or 3.478C if a 30-yr running climatology is

applied. The strength of the 1877/78 El Niño in

ERSSTv5 in the Niño-3 region can therefore be ex-

pressed as 2.938 6 0.548C or 3.478 6 0.548C, which is

among the strongest El Niño events. As a point of

comparison, Niño-3 during 1997/98 El Niño has a

strength of 3.238 6 0.208C (Table 1). Here, we have

selected EN 5 318 to examine the Niño indices in

ERSSTv5 ensemble and their uncertainty as discussed

in the previous sections.

To determinewhether one event (expressed as a16 b1)

is stronger than the other one (expressed as a2 6 b2),

their difference can be assessed by a1 2 a2 6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
1 1b2

2

p
(Ku 1966), where the a and b terms represent the mag-

nitude and uncertainty of El Niño events, respectively.

Applying the formula to the 1877/78 and 1997/98 El Niño
events, the difference of the Niño-3 index is

approximately 20.308 6 0.588C, or 0.248 6 0.588C if a

30-yr running climatology is applied. Since the absolute

difference (0.308 or 0.248C) is less than the uncertainty

of the difference (0.588C), the strengths of the 1877/78

and 1997/98 El Niño events are statistically indistin-

guishable. Likewise, the strengths of the El Niño events
quantified by Niño-3 are statistically indistinguishable

over 1877/78 and 1982/83. Similarly, the comparison

between the 1877/78 and 2015/16 El Niño events shows

that the difference in the Niño-3.4 index is

approximately 20.268 6 0.588C, or 0.398 6 0.588C if a

30-yr running climatology is applied to the 1877/78

FIG. 9. Dominant four EOTs (contours) used in ERSSTv5 in the Pacific between 308S and 308N. (a) EOT-1,

(b) EOT-2, (c) EOT-3, and (d) EOT-6. Contours (22,21, 0, 1, 2, 4, 6, 8, and 10) represents EOT loading. Yellow

shadings represents the grid boxes containing observations in SST reconstruction in January 1878 when HF 5
1mon, and gray shading represents additional grid boxes containing observations when HF 5 3mon.
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event. Therefore, the strengths of the 1877/78 and 2015/

16 events are statistically the same too.

These comparisons indicate that the ElNiño of 1877/78
is among the strongest, which is consistent with the

evidence provided in previous studies using the SOI

index, precipitation, and food product and famine

record (Singh et al. 2018). However, we are not able to

conclude that the El Niño event of 1877/78 is stronger

than those of 1997/98, 1982/83, or 2015/16 based on

our analysis. What can be concluded is that the El

Niño of 1877/78 is among the strongest El Niño events

in the entire ERSSTv5 historical record.

FIG. 10. SSTAs in January 1998 in (a) ERSSTv5 and experiments using (b)HF5 3mon andCrit5 10%, (c)HF5
1mon and Crit5 10%, (d) HF5 3mon and Crit5 20%, and (e) HF5 1mon and Crit5 20%. In these experiments,

observations from 1981 to 2017 are reduced by the mask of observations from 1861 to 1897. Correlation coefficients

between ERSSTv5 in (a) and these experiments in (b)–(e) are 0.94, 0.93, 0.96, and 20.08, respectively.
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5. Conclusions

The ERSSTv5 analysis clearly shows a strong El Niño
during 1877/78. The ranking of El Niño strength will

vary depending on the SST dataset, the Niño regions

examined, and the climatology that is used. Here, we

attempt to quantify how strong it was in the SST record

using the monthly 28 3 28ERSSTv5 (Huang et al. 2017).

To compare the strength of El Niño events, the uncer-

tainty of the Niño indices should be taken into account

(Huang et al. 2016a). To date, the uncertainty has

rarely been considered in comparing the strength of El

Niño events. In ERSST, the SST uncertainty consists of

parametric and reconstruction uncertainties (Huang

et al. 2016b, 2020). For a regionally averaged SST such

as Niño indices, the parametric uncertainty dominates

over the reconstruction uncertainty. A 1000-member

ensemble analysis of ERSSTv5 (Huang et al. 2020) is

used to quantify the parametric uncertainty of Niño
indices, which depends on the 2–7 selections of 28 pa-

rameters. Our initial analysis of the 1000-member en-

semble shows that the ensemble averaged Niño-3 over

1877/78 is lower (1.88C) than the value from ERSSTv5

standard run while the uncertainty is large (2.88C). In
contrast, the uncertainty range in the Niño-3 and Niño-
3.4 indices during 1982/83, 1997/98, and 2015/16 is much

smaller (0.18–0.28C).
The reasons for the small Niño-3 index value and large

uncertainty among the ensemble members over 1877/78

has been investigated using factor analysis here among

the 28 ERSSTv5 parameters. We find two of the 28 pa-

rameters are especially critical in representing El Niño
events when observational data are sparse. In particular,

the selections of 1-month high-frequency filter and 20%

EOT acceptance criterion appear to reduce the Niño

indices by 0.68–0.88C and increase the uncertainty by

approximately 1.18C. By removing these members

within the 1000-member ensemble, a reassessment of

the data confirms a strong El Niño during 1877/78

(with averaged Niño-3 value of 2.88C and reduced

uncertainty of 0.58C). However, with these adjust-

ments, the Niño indices and their uncertainty do not

change much during 1982/83, 1997/98, and 2015/16,

suggesting that the selections of those two parameters

do not exert a large influence on the SST reconstruc-

tion across the tropical Pacific in the modern era. The

reason for a more stable SST reconstruction in the

modern era is due to the better observational coverage

after the 1960s (80%) than during the 1870s (10%).

The strong 1877/78 El Niño in ERSSTv5 is consis-

tent with independent SOI index derived from sea

level pressure measurements in Darwin and Tahiti

(Trenberth 1984). This El Niño event in ERSSTv5 is

also consistent with the precipitation and temperature

proxy data derived from tree rings and coral reefs and

from the great famine record in southeastern Asia and

Africa (Kiladis and Diaz 1986; Allan et al. 1991;

D’Arrigo et al. 2008; Garden 2008; Hao et al. 2010;

Räsänen et al. 2016; Singh et al. 2018; Lough et al.

2018). For example, Singh et al. (2018) used the

Palmer drought severity index (PDSI) in Asia and

demonstrated a record-breaking El Niño during 1877/

78. D’Arrigo et al. (2008) used the PDSI inAustralia and

Lough et al. (2018) used the degree heating month index

(DHMI) derived from coral reef in the tropical oceans;

both showed a strong El Niño event during 1877/78.

The strong 1877/78 El Niño in ERSSTv5 is consistent

with that in HadSST1 (Fig. 2c; dotted blue) (Rayner

et al. 2003). The Niño-3 index is approximately 0.58C
lower in HadISST1 than in ERSSTv5 from January 1877

to February 1878, which is in the range of the uncertainty

of ERSSTv5 as indicated in Fig. 5d and Table 1. The

temporal correlation between ERSSTv5 and HadISST1

Niño-3 indices between January 1877 and January 1879

is high (approximately 0.94). The consistency between

the 1997/98 El Niño events in ERSSTv5 and HadSST1

is very good with strong correlations (0.99) between

January 1997 and January 1999 (Fig. 2f).

In conclusion, the strength (2.88–3.58C) and uncer-

tainty (0.58C) of the 1877/78 El Niño event are quanti-

fied by evaluating the selection of certain parameters in

the ERSSTv5 ensemble. The strength of the 1877/78 El

Niño appears approximately equal to those during 1982/

83, 1997/98, and 2015/16.
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