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Abstract: El Nifio influences the global climate through teleconnections that are not constant in space
and time. In order to study and visualize the spatiotemporal patterns of the El Nifio teleconnections,
a new method inspired by the concept of attribute trajectories is proposed. The coordinates of
the trajectories are the normalized anomalies of the relevant meteorological variables in El Nifio.
The data structures called flocks are extracted from the trajectories to indicate the regions that are
subject to the same type of El Nifio teleconnection for a certain period. It is then shown how these
structures can be used to get a detailed, spatiotemporal picture of the dynamics of the El Nifio
teleconnections. The comparison between the flocks of the same temporal scale reveals the general
dynamics of the teleconnection, while the analysis among the flocks of different temporal scales
indicates the relationship between the coverage and their duration. As an illustration of this method,
the spatiotemporal patterns of the anomalous temperature increase caused by El Nifio are presented
and discussed at the monthly and seasonal scales. This study demonstrates the capability of the
proposed method in analyzing and visualizing the spatiotemporal patterns of the teleconnections.

Keywords: El Nifo; teleconnections; spatiotemporal pattern; attribute trajectory; flock

1. Introduction

El Nifio, which is the warm phase of the El Nifio Southern Oscillation (ENSO), is
an important climate phenomenon. By altering the large-scale atmospheric conditions
worldwide, El Nifio impacts both ecosystem and human society. It changes the spatiotem-
poral pattern of temperature and precipitation in several regions of the world, leading
to complicated responses of the ecosystem [1,2]. El Nifio not only threatens human lives
in a direct way by droughts and floods, but also indirectly through its impact on disease
epidemics [3,4] or crop production, which leads to famine [3,5-7]. Thus, the study of El
Nifio is of strong societal importance and its changes in frequency and intensity is the
subject of intense ongoing research.

El Nifo originates from coupled ocean—-atmosphere interactions in the equatorial Pacific
and is often characterized by elevated sea surface temperature (SST) in this region [8-11].
It disrupts the regular pattern of atmospheric circulation over the Pacific [7,10,11], and
influences the climate through teleconnections, which is the phenomenon that the mete-
orological conditions in one location are related to those far away [11,12]. The EI Nifio
teleconnections exist far away from the equatorial Pacific. Indeed, even regions such as
Africa, Europe and Antarctica are also associated with the El Nifio signals [13-16].

The El Nifio teleconnections have been widely studied using different techniques.
A basic indicator of El Nifio teleconnections is the anomaly of a climate variable. The
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positive and negative anomalies represent opposite El Nifio teleconnections, while the
absolute values of the anomalies indicate the degree of the teleconnections [15,16]. Based
on this idea, the correlations between the anomalies of the climate variables and the
anomalies of tropical SST are investigated to qualify the impact of El Nifio [17,18]. Besides
the linear relation, studies also report non-linearity between the El Nifio indices and the
climate variables and methods such as neural network are used to study the non-linear
pattern of El Nifio teleconnections [19,20]. Other methods that are applied to investigate
El Nifio include regression [9], clustering [16] and climate modeling [9,21]. Even though
each technique highlights different aspects, they consistently conclude that the El Nifio
teleconnections are global, but vary in space and time.

This paper intends to analyze and visualize the spatiotemporal patterns of the El Nifio
teleconnections, which is important in the domain of El Nifio study because the patterns
illustrate how the El Nifio teleconnections behave with time. A key question to conduct
this study is to find an appropriate way to represent the dynamics of the teleconnections.
In the domain of geographical information science, a technical framework called attribute
trajectory analysis was proposed to represent and analyze the dynamics of non-spatial
data [22]. Inspired by this technical framework, a new method is proposed here to study
the spatiotemporal pattern of the El Nifio teleconnections. It uses the normalized anoma-
lies of two climate variables (temperature and precipitation) as the indicators of El Nifio
teleconnections. Thus, the El Nifio teleconnections can be represented by the trajectories
and spatiotemporal dynamics of the teleconnections can be studied by analyzing these
trajectories. More specifically, a data structure called flock is introduced to analyze the
trajectories. In this paper, a flock indicates the regions under the same type of El Nifio
teleconnection for a certain period. The flocks, together with the spatiotemporal relations
among them, characterize the spatiotemporal pattern of the El Nifio teleconnections. Differ-
ent from conventional techniques used to investigate El Nifio teleconnections, the method
proposed here concentrates on the spatiotemporal dynamics, thereby providing a novel
perspective to understand and interpret El Nifio teleconnections.

This paper is organized as follows. Section 2 introduces the dataset and the methodol-
ogy. Section 3 presents the results obtained from the analysis. The methodology and the
results are discussed in Section 4. Finally, the conclusions are drawn in Section 5.

2. Data and Methodology
2.1. Observations and Definitions

The El Nifio teleconnections are investigated here using gridded observations taken
from the Climatic Research Unit dataset CRU TS v4.02 [23], which is commonly used as
a reference dataset for investigating El Nifio teleconnections [19,24]. As a grid dataset,
CRU TS v4.02 covers the global land mass (excluding Antarctica) at a grid resolution
of 0.5° and temporal resolution of 1 month during the period 1951-2017. The global
land area was therefore divided into 67,420 grid points, and each grid point contained
records of 804 months (12 months for 67 years). Two variables TMP (temperature) and
PRE (precipitation) were involved in this study. In this paper results for an anomalous
temperature increase are presented and discussed, but the results for other anomalies are
provided in the supplementary material.

Different definitions exist to quantify El Nifio. A widely used descriptor is the SST
(sea surface temperature) averaged over the Nifio 3.4 region (5° 5-5° N, 170° W-120°
W) [25]. In line with the NOAA (National Oceanic and Atmospheric Administration)
of the USA [26], this paper used the 3-month running-mean SST anomalies in the Nino
3.4 region, also termed the ONI (oceanic Nifio index). Note that the seasonal cycle and
global-warming trends have been removed from the ONI dataset [27]. Specifically, an El
Nifio event is defined as a period when the ONI remained greater than 0.5 for at least 5
consecutive months, and strong El Nifio months were those in El Nifio events and with
the ONI exceeding 0.8. Table 1 lists the strong El Nifio months in the period 1951-2017,
categorized by month.
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Table 1. The strong El Nifio months in the period 1951-2017, categorized by month. Strong El Nifio
months are those in El Nifio events and with ONI > 0.8.

Month Year with Strong El Nifio Month
January 1958, 1964, 1966, 1969, 1973, 1983, 1987, 1988, 1992, 1995, 1998, 2003, 2010, 2016
February 1958, 1966, 1969, 1973, 1983, 1987, 1992, 1998, 2010, 2016
March 1958, 1966, 1969, 1983, 1987, 1992, 1998, 2010, 2016
April 1958, 1983, 1987, 1992, 1998, 2016
May 1957, 1983, 1987, 1992, 2015
June 1957, 1965, 1972, 1987, 1997, 2015
July 1957, 1963, 1965, 1972, 1987, 1997, 2015
August 1951, 1957, 1963, 1965, 1972, 1982, 1987, 1997, 2002, 2015
September 1951, 1957, 1963, 1965, 1972, 1982, 1987, 1997, 2002, 2015
October 1951, 1953, 1957, 1963, 1965, 1969, 1972, 1976, 1982, 1986, 1987, 1997, 2002,
2009, 2015
November 1951, 1953, 1957, 1963, 1965, 1969, 1972, 1976, 1977, 1982, 1986, 1987, 1991, 1994,
1997, 2002, 2009, 2015
December 1951, 1953, 1957, 1963, 1965, 1968, 1972, 1976, 1982, 1986, 1987, 1991, 1994, 1997,
2002, 2009, 2015

The study area of this paper covered both the northern and southern hemisphere,
where the seasons were opposite. In the remainder of this paper and the Supplementary
Materials, the seasons are indicated by the boreal seasons. For example, when the study
period is boreal spring, it indicates the three months of March, April and May, which
is austral autumn. In order to keep the paper concise, this issue will not be repeatedly
emphasized in the reminder of the paper. Note that both hemispheres were studied in all
the analyses of this paper, although the austral seasons were not mentioned.

2.2. Preprocessing of the Data

The CRU TS v4.02 data were preprocessed before constructing attribute trajectories.
Firstly, the anomalies were calculated for each of the 12 months. We henceforth considered
the temperature variable as an example. For each grid point r inmonthm (m =1, ..., 12),
the temperature anomaly A! ,, was calculated via the formula

Az:m = MrT,;EN - .uZ:m 1

Here MrT N is the monthly mean temperature at 7 in the strong El Nifio months m (i.e.,
the months listed in Table 1), while p! is the monthly mean temperature at r over all the
months m from 1951 to 2017. Note that A] ,, did not average to zero since it is an anomaly
for strong El Nifio months only. For example, m = 1 means January. As listed by the first
row of Table 1, there were 14 years in which January was classified as a strong El Nifio
month. For each grid point, MVT N was the average of the 14 monthly temperatures of
the strong El Nifio January, while p! was the average of the 67 monthly temperatures of
January from 1951 to 2017. Since the anomalies were calculated for each month, the results
were free of the seasonal signal. The precipitation anomalies were calculated in the same
way. Basically, the anomaly quantified the difference between the strong El Nifio records
and the average records.

Subsequently, the anomalies were normalized. For a temperature anomaly AVT/ s the
normalized anomaly V,!,, was

AT
Vi == )
r,m U_r'l:m
Here O'r]:m is the standard deviation of all the records at r in month m. If m =1,

ol is the standard deviation of the 67 January temperatures from 1951 to 2017 at the
corresponding grid point . The precipitation anomalies are normalized in the same
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way. The normalization removes the local effect from the anomalies, and thus makes the
comparison between different grid points possible.

The last step is an extra normalization, intending to adjust both variables to the
same scale. This study involved 67,420 grid points over the 12 months. So, after the
first normalization, every variable got 809,040 (67,420 x 12) normalized anomalies. For
temperature, let " be the standard deviation of the 809,040 normalized temperature
anomalies. Then each normalized temperature anomaly ng was normalized again to Vr/Tm

) v
Vi = 7 3)

The normalized precipitation anomalies were normalized again in the same way. The
second normalization is an important procedure if the two variables are analyzed together.
So, it is a recommended step in attribute trajectory analysis and thus it is performed in this
study. However, the second normalization is technically not essential if the two variables
are analyzed independently. If the second normalization is omitted, the threshold in the
following section should also be adjusted.

2.3. El Nifio Attribute Trajectories and Sequences

The double normalized anomalies V,/z;z and Vr/l,; are used as coordinates to construct
attribute trajectories for each grid point [22]. Every trajectory contains 12 vertices, one for
each month. All trajectories together indicate the El Nifio teleconnections over the global
land area.

In order to interpret the dynamics, the trajectories are transformed into sequences.
The threshold of the transformation is +0.84 corresponding to an occurrence probability of
around 20% following a standard normal distribution. Although the double normalized
anomalies do not necessarily follow the standard normal distribution, this threshold is still
an objective reference to distinguish anomalous values against normal values. So, both
temperature and precipitation are transformed based on this threshold. Table 2 shows the
rules of transformation for temperature. The double normalized temperature anomalies
Vrlfn are classified into three categories: Warm, cool and neutral, corresponding to three
teleconnection types: Anomalous temperature increase caused by El Nifio, anomalous
temperature decrease caused by El Nifio, no anomalous temperature difference, respectively.
The three categories are represented by three labels respectively: w, c and n, which are the
elements of the sequences. The double normalized precipitation anomalies Vr/fn are also
classified into three categories: Wet, dry and neutral, in a similar way, represented by labels:
w, d and n, respectively. In the remainder of the paper, the names of the categories are
occasionally used to indicate corresponding teleconnection types. For example, if a region
is subject to the anomalous temperature increase, it is sometimes referred to as a “warm
region”. Note that “warm” here means this region is warmer than normal in EI Nifio. It
does not necessarily mean that this region is warmer than the other regions. Based on the
rules of transformation, every trajectory is transformed into two sequences of 12 labels.
For example, the temperature sequence “ww-wnn-nnn-nnn-n” implies that under the El
Nifio teleconnections, the corresponding grid point is anomalously warm from January
to March, but could be considered normal in the other nine months when El Nifio occurs.
Note that the sequence is split by bar “-” to indicate the seasons.

In order to extract a smoother signal, an additional filtering step was performed. For
the temperature of a certain month, the set of temperature categories of that very month,
one month before and one month after were examined. The final temperature category
of the central month was neutral in case the set contains two or three neutral months, or,
contains two non-neutral months that are not identical. A non-neutral final temperature
category was therefore found in case that the three months in the set were non-neutral
and identical, or one month was neutral and two months were non-neutral and identical.
For example, in order to find the final temperature category of February, examine the
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temperature category set of January, February and March. If the set was “warm, warm,
warm” or “warm, neutral, warm”, the final category of February was warm. If the set was
“warm, warm, cold”, “neutral, warm, neutral” or “cold, warm, neutral”, the final category
of February became neutral. The categories of the precipitation are filtered in the same
way. After filtering, some sequences are modified while others remain unchanged. For
example, the sequence “ww-wnn-nnn-nnn-w” remains unchanged, while the sequence
“wn-wnn-nnn-nnw-w” becomes “ww-nnn-nnn-nnw-w”.

Table 2. The rule of transformation for temperature.

Teleconnection Type Criterion Category Label
Anomalous temperature increase V/%1 > 0.84 warm w
No anomalous temperature difference —0.84 < Vr/fn <0.84 neutral n
Anomalous temperature decrease Vgn < —0.84 cool c

2.4. Flock Extraction

A flock is a well-known data structure in the context of the moving-object trajectory
analysis [28]. In general, a moving-object flock refers to a group of moving objects, which
remain close to each other for a period. In this study, a flock is defined as a group of grid
points whose teleconnection types remain identical but non-neutral for several consecutive
months. The months associated with a certain flock are defined as the flock period, the flock
length is the length of this period (in months) and, finally, the flock coverage is its spatial
extent. Note that coverage may be a combination of several disjoint polygons. No lower
limit is imposed to the flock length so the shortest flock periods cover only one month.
Given a flock period, the flock contains all the grid points fulfilling certain criteria. For
instance, Figure 1 shows a flock denoted as “Flock T-w: Jan-Mar”. This notation indicates
the variable (T) and teleconnection type (w). The period of this flock is from January to
March, i.e., it covers three months, and so the length of the flock is 3. The coverage of the
flock is the combination of the yellow regions in Figure 1. Note that a flock is unconstrained
by the teleconnection type outside the flock period, so the teleconnection type of the other
nine months can be arbitrary. In summary, a flock characterizes the El Nifio teleconnections
in the sense that it is a spatial region with identical teleconnection type during a fixed
period. Based on this definition, flocks have been extracted from the sequences. Note that
the flock extraction is a step of information distillation rather than data processing, i.e., the
data is organized using a new data structure (flock).

) Legend
a | Flock T-w: Jan-Mar

Figure 1. An example of a flock. The yellow regions show the coverage of the flock. The legend of the flock indicates the
variable (T), teleconnection type (w) and the period of the flock (Jan-Mar). Note that this flock (and all the other flocks in
this paper) is based on the CRU TS v4.02 dataset.
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(a)

2.5. Flock Analysis

An important feature of the flocks as defined here is that the flocks often overlap with
one another both spatially and/or temporally. These overlapping relations are important
in studying the pattern of El Nifio teleconnections. As an example, Figure 2a,b shows
two flocks, which are the warm flocks in boreal winter (Flock T-w: Dec-Feb) and in boreal
spring (Flock T-w: Mar-May), respectively. Figure 2c combines these two flocks. The
intersected regions of the two flocks, which are the brown parts, make up another flock
(Flock T-w: Dec-May). Note that the boreal winter flock (Flock T-w: Dec—Feb) and the
boreal spring flock (Flock T-w: Mar-May) overlapped spatially but not temporally, while
the six-months flock (Flock T-w: Dec-May) overlapped with the other two flocks both
spatially and temporally. Additionally, note that the colors in Figure 2 did not necessarily
indicate flocks. For example, Flock T-w: Dec-Feb includes both yellow and brown regions
in Figure 2c. So, the legend of Figure 2 does not list the raw flocks although they can be
easily derived. In order to interpret the figures in a clearer way, Figure 2d provides a zoom
of South America, a region known to feature strong El Nifio teleconnections.

7y
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S \ b R » %}‘{’?‘-{
y e
\w "\E:G ;’L-ﬂ 4 4’,{‘4\
b )

¥l i
ﬂ?l‘*\m
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Sy r;:“ 4 &
} ;;p\‘ i 4 ’\:"\LL );;f
! i‘q, A Legend
g warm: Dec-Feb
|:| warm: Mar-May

- warm: Dec-May

(d)

Figure 2. An example of overlapping flocks. (a) The warm flock in boreal winter: Flock T-w: Dec-Feb. (b) The warm flock in

boreal spring: Flock T-w: Mar-May. (c) The overlap of the two flocks above. (d) A zoom of South America.
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The overlapping relations among the flocks can be interpreted in different ways. On
the one hand, the flocks can be analyzed at the same temporal scale. The two flocks in
Figure 2a,b were at the seasonal scale, so the analysis between them revealed the dynamics
of El Nifio teleconnections from boreal winter to boreal spring. For instance, Figure 2d
shows two warm boreal wintertime regions in South America: One at the east-coast
(Regions 4, 5 and 6) and one at the west-coast (Regions 1 and 2). From boreal winter to
boreal spring, the extent of these two regions is reduced since Regions 1, 5 and 6 are no
longer warm in boreal spring, and expanded since Region 3 is not warm in boreal winter
but warm in boreal spring. Region 3 connects the two boreal wintertime warm regions,
thereby forming one big warm boreal springtime region in South America. On the other
hand, the flocks can also be analyzed at different time scales. In Figure 2, the boreal winter
flock (Flock T-w: Dec-Feb) and the boreal spring flock (Flock T-w: Mar-May) were at
the seasonal scale, while the six-months flock (Flock T-w: Dec-May) was at the half-year
scale. The analysis among them shows the multitemporal dynamical aspects of El Nifio
teleconnections from December to May. Figure 2d shows that Regions 2 and 4 were the
core warm regions during the entire six-months period. During the first three months,
the core regions slightly expanded along the coast (Regions 1, 5 and 6), while in the last
three months, the core regions significantly expanded inland. Therefore, for the six months
from December to May, the warm regions expanded more in the second half of the period
than in the first half. In summary, the use of flock analysis allowed the investigation of the
spatiotemporal behavior of El Nifio teleconnections.

3. Results

This study involved two variables (TMP and PRE), thus four types of El Nifio telecon-
nections were analyzed: Anomalous temperature increase (warm), anomalous temperature
decrease (cool), anomalous precipitation increase (wet) and anomalous precipitation de-
crease (dry). The spatiotemporal patterns of the four teleconnections were different, but the
way to interpret them was the same. This section presents and discusses the patterns of one
teleconnection: The anomalous temperature increase (warm). The interested reader can
find the results of the other teleconnections in the Supplementary Materials. The patterns
were analyzed at two temporal scales: Monthly scale and seasonal scale, because they are
common temporal scales in the studies of El Nifio teleconnections. Nevertheless, it is tech-
nically possible to analyze the data at other scales, although not discussed in detail in this
paper. The results presented in this section consist of two parts. Section 3.1 visualizes and
discusses the single-scale analyses, which study the dynamics of El Nifio teleconnections
between seasons. The multiscale analyses, which study the El Nifio teleconnections within
the seasons, are visualized and discussed in Section 3.2.

3.1. The Dynamics between Seasons

The dynamics of El Nifio teleconnections between seasons can be studied by compar-
ing the flocks of adjacent seasons. Figure 3 visualizes the warm flocks and their relations
in adjacent seasons. Each map in Figure 3 shows the flocks of two adjacent seasons: The
yellow regions were warm in the former season, while the red regions were warm in the
latter season. The brown regions remained warm in the two seasons. Again note that, due
to the overlap of flocks, the colors in Figure 3 did not necessarily indicate the flocks.

The flocks in Figure 3 illustrate the spatiotemporal pattern of the anomalously high
temperatures in El Nifio. At the seasonal level, the regions subject to warm teleconnections
were mainly situated in five regions: South America, North America, Africa, South Asia
and the west coast of the Pacific (including Southeast Asia, East Asia and Oceania).

As a region known to be seriously influenced by El Nifio, the west coast of South
America is subject to an anomalous temperature increase throughout the entire year. Other
South American regions are subject to the teleconnections only in certain seasons. In boreal
winter, the warm regions in South America consisted of a part on the west coast and a
part on the east coast. From boreal winter to boreal spring, the two parts expanded and
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connected, making a big region in the north of South America. Then, in the next two
seasons, the warm regions kept shrinking from east to west. As a result, the teleconnection
on the east coast disappeared while the teleconnection on the west coast remained. This
trend stopped when a region on the east becomes warm in boreal winter. The west coast of
the Pacific was also close to the source of El Nifio, but the spatiotemporal behavior of the
teleconnection was different. The anomalously high temperature in the west coast of the
Pacific existed mainly in boreal winter and boreal spring. A large part of this region was
warmer than usual in boreal winter, and the warm regions even expanded in boreal spring.
However, the teleconnection stopped in boreal summer and boreal autumn. Only a very
small part of the west coast of the Pacific was warmer than usual in boreal summer and
boreal autumn. Thus the spatiotemporal pattern of the anomalously high temperatures in
the west coast of the Pacific was different from South America.

(a) winter-spring (b) spring-summer

Legend

| warm in the former season
I:l warm in the latter season

I varm in the two seasons

(d) autumn-winter (c) summer-autumn

Figure 3. The warm flocks of the adjacent seasons. (a) The warm flocks of boreal winter and boreal spring. (b) The warm

flocks of boreal spring and boreal summer. (c) The warm flocks of boreal summer and boreal autumn. (d) The warm flocks

of boreal autumn and boreal winter.

In North America, an anomalous temperature increase existed in the boreal wintertime
El Nifio months in some central regions. From boreal winter to boreal spring, the regions
under warm teleconnections move to the west coast. However, the teleconnection stopped
in boreal summer and did not recover until boreal spring. So, at the seasonal scale, North
America was subject to the anomalously high temperatures only in boreal winter and
boreal spring. In Africa, the warm teleconnections from boreal winter to boreal summer
corresponded to a movement from south to north across the equator with no temperature
anomaly in boreal autumn. In South Asia the northeast part was anomalously warm in
boreal wintertime El Nifio months. Subsequently, the warm region moved southward
in boreal spring and remained in Southern South Asia in boreal summer. After boreal
summer, there was a movement backwards from the south to the northwest part.
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3.2. The Dynamics within One Season

The dynamics of El Nifio teleconnections within one season can be studied by com-
paring the seasonal flock and the monthly flocks within each season. Figure 4 visualizes
the warm flocks of the four seasons and the corresponding monthly flocks in the seasons.
The brown regions show the seasonal flocks, while the lines of different colors indicate the
monthly flocks. Note that the widths of the three colorful lines were different, so that one
could identify them when the monthly flocks share boundaries. The widths of the lines
implied no other information.

(a) winter (b) spring

!

Legend

I:I warm in the first month of the season
' warm in the second month of the season ‘

E warm in the third month of the season
- warm in the whole season

(d) autumn (c) summer

Figure 4. The warm flocks of the four seasons and the corresponding monthly flocks. (a) The flocks in boreal winter. (b) The
flocks in boreal spring. (c) The flocks in boreal summer. (d) The flocks in boreal autumn. The widths of the lines for the
monthly flocks are different, so that they do not cover each other when the monthly flocks share boundaries. The widths of

the lines imply no other information.

Figure 4 also contains important information. As discussed in the previous section, at
the seasonal timescale, the regions subject to the anomalously high temperature in El Nifio
months were situated in the five major regions. In addition, Figure 4 revealed more warm
regions, which were not included in Figure 3 because the corresponding teleconnections
did not remain for one complete season. The extra information in Figure 4 was important
in the study of El Nifio teleconnections. For instance, there is well-known warm EIl Nifio
teleconnection over North America [29] in boreal winter. However, in Figure 3a,d, the
warm region in North America during boreal wintertime was small, which was inconsistent
with the previous conclusion. This inconsistency can be explained by Figure 4. As shown
by Figure 4a, the warm region in North America was large in January and February,
but reduced in December, implying that North America was indeed subject to the warm
teleconnections during boreal wintertime, but the teleconnection did not remain for the
whole season. Thus the teleconnection can be found in Figure 4 but cannot be revealed by
Figure 3.
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Besides the extra information, Figure 4 also revealed the spatiotemporal pattern
of the El Nifio teleconnections within one season. At the local scale, one can identify
three relations between the spatial coverage of the seasonal flock and the monthly flocks,
which correspond to three spatiotemporal patterns. Note that this paper proposed fuzzy
definitions to the three relations, without giving a quantitative threshold. So, the three
spatiotemporal patterns were not strictly distinguished. Nevertheless, the semantics of the
three relations were clear, thus one can generally identify the three patterns in Figure 4.

(1) The spatial coverage of the three monthly flocks is similar, thus the coverage of the
seasonal flock is similar to the monthly flocks. The symbol of this situation on the maps is
a brown region tightly surrounded by lines of three colors. This situation corresponds to
the locally constant teleconnection in the season, that the warm regions remain the same
in the three months of the season. South America in boreal spring and Southeast Asia in
boreal spring and boreal winter belong to this pattern. This is not surprising due to their
proximity to the Pacific. A strong and widespread El Nifio teleconnection is therefore clear.

(2) The spatial coverage of the three monthly flocks is different, but they share some
common areas. This situation is symbolized by a brown region surrounded by three
colorful lines, but with big white regions between the brown region and the colorful lines.
Such a situation indicates a varying pattern. The warm regions vary regionally in the
three months of the season, but they share a core part, which remains warm in the whole
season. Typical examples of this situation include North America in boreal winter and
boreal spring, South America in boreal winter, Africa in boreal summer, etc. In general, this
is the dominant spatiotemporal pattern for anomalously high temperatures in El Nifio.

(3) The coverage of the three monthly flocks barely or not share a common area, or
there merely exists one or two monthly flocks, implying the absence of the seasonal flock.
This situation is shown by the white region surrounded by one or more colorful lines.
Some cases of this situation could be El Nifio teleconnections across the seasons, while the
other cases are indicative of short-duration El Nifio teleconnections or simply statistical
noise. One has to check the maps of adjacent seasons to make the conclusion. For example,
the Mainland Southeast Asia is warm in November, but not in September and October.
However, note that the Mainland Southeast Asian is warm in the whole boreal winter. So,
this situation in Mainland Southeast Asia indicates an El Nifio teleconnection across the
seasons rather than short duration teleconnection.

The global spatiotemporal patterns of the anomalously high temperatures in El Nifio
are the mixture of the three patterns above. Note that the second pattern is the dominant
one, indicating that the anomalously high temperatures vary in El Nifio.

4. Discussion
4.1. Other El Nifio Teleconnections

The results presented above illustrate the spatiotemporal patterns of the anomalous
temperature increases in El Nifio, thus demonstrating the attribute-trajectory-based method
of the teleconnection analysis. In order to keep the article concise, the results of the other
three types of El Nifio teleconnections (anomalous temperature decrease, anomalous pre-
cipitation increase and anomalous precipitation decrease) were not presented in this paper
but were included in the Supplementary Materials. Figures S1-S32 visualize the inter-
seasonal/intraseasonal dynamics of the flocks for each type of El Nifio teleconnections
and each season/pair of seasons. Figures S33-S38 are the combinations of the maps in
Figures S1-532, which illustrates the dynamics in the similar format as Figures 3 and 4. In
general, the spatial coverages of the other three teleconnection types were smaller than the
anomalous temperature increases, and the spatiotemporal patterns of the four teleconnec-
tion types were different. Few regions were subject to anomalously low temperature for
two consecutive seasons, so the interseason spatiotemporal patterns of the cool regions
were different from the movement patterns of the warm regions. The regions subject to
anomalous precipitation were more fragmented than the regions subject to anomalous
temperature, thus the movements of the wet and dry regions tended to be local. Although
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the spatiotemporal patterns were different, the results of the four teleconnection types
supported a common conclusion that El Nifio teleconnections are widespread but vary in
space and time. More specifically, 71.7% of the grid points feature anomalous temperatures
in at least one month of the year in El Nifio, and the percentage for precipitation was 74.2%.
If we take both variables into consideration, only 8.0% of the grid points were never subject
to El Nifio teleconnections. However, only 2.4% of grid points were subject to anoma-
lously high temperatures throughout the entire year. The corresponding percentage for
anomalously high precipitation was 0.2%, and for anomalously low precipitation was 0.1%.
Additionally, no grid point was subject to anomalously low temperature throughout the
year. So, in summary, most of the global land area was subject to El Nifio teleconnections,
but the teleconnections varied strongly.

4.2. The Method and the Analysis of Anomalous Temperature Increase

In general, the attribute-trajectory-based method proposed in this paper is a new
approach to analyze the dynamics of the El Nifio teleconnections. In most existing works,
the teleconnections are usually processed and stored per month or per season [18]. The dy-
namics are then conventionally extracted by comparing the teleconnections of consecutive
timestamps before further analysis. In the domain of geographical information science, this
technique is called a spatiotemporal snapshot [30]. Although conceptually straightforward,
this technique is not the best solution to study the dynamics. The attribute-trajectory-based
method, proposed here, concentrates on the dynamics. More specifically, the dynamics
are stored as trajectories, so they can be analyzed directly, without the step of information
extraction. Moreover, the attribute-trajectory-based method makes it possible to study the
teleconnections using the techniques designed for trajectory analysis, which provides a
novel perspective to understand the dynamics of El Nifio teleconnections.

This paper defines El Nifio using ONI, which is a common indicator of El Nifio. There
are some other indicators of El Nifio, including the SST of the other regions [8], outgoing
longwave radiation (OLR) [31] and the southern oscillation index (SOI) [32]. The ENSO
index can also be defined by the first principal component (obtained using empirical
orthogonal function analysis) of the SSTs over the tropical Pacific [21]. These definitions
are correlated, and the slight differences between these definitions are not the main source
of uncertainty. So, the simple and commonly used definition of the El Nifio was utilized in
this study.

This paper detected the El Nifio teleconnections based on a hypothesis that if the
temperature/precipitation in a region was anomalously higher/lower than normal when
the ONI was high/low, this region was subject to the corresponding El Nifio teleconnections.
The teleconnections were thereby quantified by the normalized anomalies. This is a type of
composite analysis. In principle, this hypothesis does not rule out the possible impacts of
the other teleconnections. However, the analyses in this paper were based on the averages
of several El Nifio events rather than one El Nifio event. Unless the periods of the other
teleconnections were associated with the periods of El Nifio teleconnections, the anomalous
temperatures/precipitations discovered in this paper were probably subject to El Nifio
teleconnections. Actually, the results of this paper were generally consistent with the other
studies about El Nifio influences [15]. The regions that were subject to strong El Nifio
influences were mostly recovered. Since the main goal of this paper was to introduce the
method to study the spatiotemporal patterns, the simple methodology to detect the El Nifio
teleconnections was used in this paper.

The spatiotemporal pattern of the anomalously high temperatures was studied by
analyzing the overlapping relations among the flocks. This method did not limit the length
of the flock, so such an analysis can be performed at multiple scales. The comparison
between the flocks of the same temporal scale, e.g., the seasonal flocks, revealed the
movement of the teleconnection, while the analysis among the flocks of different temporal
scales, e.g., the seasonal flock and the monthly flock, indicates the relationship between the
coverage and the duration of the teleconnection. The capability to perform the multiscale
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analysis is a strong advantage of the flock analysis. In this paper we chose seasons and
months as the typical timescales in line with common climatological studies. The analysis,
however, should not be limited to these two scales. Actually, Section 2.5 demonstrates the
analysis with an extra scale (the scale of six months), although it only acts as an example
and is thus not further discussed. In some situations, season and month may even not be
the most suitable scales. For example, the anomalously high temperature in the Mainland
Southeast Asia starts from November and ends in June. So the best flock to represent these
teleconnections might be Flock T-w: Nov-Jun. One can tailor the scale according to the
teleconnections at hand.

The presented results are based on the average of all the El Nifio events in 1951—
2017. Therefore, the spatiotemporal patterns revealed by these analyses demonstrated the
overall El Nifio teleconnections rather than the evolution of any single event. In general,
the dynamical evolutions of known El Nifio events were different from each other, due
to complex interactions with the earth system at different temporal and spatial scales.
Nevertheless, the method proposed in this paper could also be used in studying the
evolution of a single El Nifio event. Note that the analysis was based on the flocks extracted
from the attribute trajectories, whose coordinates are the normalized anomalies. Therefore,
by replacing the average anomalies of all the El Nifio events in 1951-2017 by the anomalies
of one El Nifio event, one can study the development of the event using this method.
Furthermore, other climatological teleconnections, such as the North Atlantic Oscillation
(NAO) or the Pacific North-American Pattern (PNA), can be studied by this method.

4.3. Future Work

Although the method proposed in this paper produced promising results, it can still
be optimized in different ways. Firstly, as discussed in the previous section, this paper used
a simple methodology to detect the El Nifio teleconnections. Although the results produced
by this method are generally consistent with the other related studies, the methodology can
still be improved by applying a more robust technique to detect the El Nifio teleconnections.
Secondly, the proposed method discretized the attribute trajectories into sequences, making
the results clearer to understand. The discretization, however, eliminated the details of the
data. More patterns may be discovered if one can analyze the attribute trajectories without
discretization. So, it may be revenue for future study to design a method to analyze the
attribute trajectories directly. Thirdly, some sequences containing both warm and cool
labels were discovered during the analysis, implying that some regions were subject to
two opposite teleconnections in the twelve months. The flock analysis was not specialized
to analyze this phenomenon, because the flock was designed to investigate the behavior
of one type of teleconnection. However, this phenomenon may be important and worth
further investigation.

5. Conclusions

A method was proposed to analyze and visualize the spatiotemporal patterns of El
Nirfio teleconnections. Four types of teleconnections (anomalous temperature increase
and decrease and anomalous precipitation increase and decrease) were analyzed with a
focus on anomalous temperature increases. The proposed method was derived from the
attribute trajectory analysis technique. The normalized anomalies were used as coordinates
to construct attribute trajectories, from which the flocks were extracted. The overlapping
relations among the flocks revealed the spatiotemporal patterns of the teleconnections. The
comparison between the flocks of the same temporal scale demonstrated the movement
of the teleconnection, while the analysis among the flocks of different temporal scales
indicates the relationship between the coverage and the duration of the teleconnection.
More specifically, this study selected two temporal scales for analysis: Season and month.
The seasonal analysis shows the dynamics of the five major warm regions between adjacent
seasons. The multiscale analysis revealed three types of patterns between the monthly
warm region and the seasonally warm region. However, note that the proposed method
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was capable to analyze the patterns at more temporal scales. One should choose the scale
according to the required product of the analysis. The main contribution of this paper
was the introduction of the method to study the spatiotemporal patterns of teleconnection.
The capability to perform multiscale analysis makes it possible to identify and reveal the
dynamics of the El Nino teleconnections from a novel perspective and in greater detail.
Moreover, this method is capable of analyzing other teleconnections besides El Nifio,
making it a valuable tool in the domain of climatology.
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