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Abstract The El Nifio-Southern Oscillation (ENSO) is one of the main factors causing extreme climate
events and, thus, has a significant influence on global climate systems. However, the long-term effects of ENSO
on vegetation are not well understood due to the complexity of the ENSO phenomenon under global warming.
Here, we examined the variations in the response of Leaf Area Index (LAI) to different types of ENSO from
1982 to 2017 in the west Pacific region and explored their relationship with climatic factors. Results show that
about 34.5% of the vegetated area in the west Pacific region displayed LAI anomalies correlated with ENSO
index from 1982 to 2017, which distributed differently across climatic types. Moreover, LAI anomalies elicited
by the Central-Pacific type and by the Eastern-Pacific type of ENSO events were significantly different, which
were contributed to the controls of the different types of ENSO on precipitation and temperature.

Plain Language Summary The El Nifio-Southern Oscillation (ENSO), characterized by periodic
fluctuations in Sea Surface Temperatures in the tropical Pacific, exerts a major influence on interannual climate
variability around the world. Classical ENSO is associated with maximum anomalies in the eastern equatorial
Pacific and is referred to as Eastern-Pacific (EP) type of ENSO. In recent decades, a new ENSO type, namely
Central-Pacific (CP) type of ENSO, with maximum anomalies in the central equatorial Pacific, has occurred
frequently. However, the relationship between ENSO types and vegetation changes is not well understood.
Here, we compared satellite-based vegetation anomalies to different types of ENSO during 1982-2017 in the
west Pacific region and explored their responses to climate anomalies triggered by ENSO. Results showed that
the ENSO-correlated vegetated area differed across climate types in the west Pacific region. The vegetation
anomalies in the CP type and the EP type showed significant differences in the west Pacific region, which were
closely related to the controls of different types of ENSO on precipitation and temperature. We highlight the
diverse responses of vegetation in different types of ENSO in the west Pacific region, and these findings may
help our understanding of ENSO impacts on ecosystems.

1. Introduction

The El Nifio-Southern Oscillation (ENSO), a recurring oscillation of coupled ocean-atmosphere dynamics in the
eastern-to-central equatorial Pacific, has been recognized as one of the primary sources of interannual climate
variability across the globe (McPhaden et al., 2006). In addition to neutral conditions, there are two distinct phas-
es in sea surface temperature anomaly (SSTA): warmer (El Nifio) and cooler (La Nifia) ocean events. Traditional-
ly both El Nifio and La Nifia were referred to as Eastern-Pacific (EP) type of ENSO, which is defined as an ENSO
event when the maximum SSTA is mainly located in eastern equatorial Pacific (5°S~5°N, 150°W~90°W). Dur-
ing the past four decades, a CP-type of ENSO, of which the maximum SSTA is mainly located in central equa-
torial Pacific (5°S~5°N, 160°E~150°W), has occurred frequently (Lee & Mcphaden, 2010), which is likely in
response to weakened equatorial easterlies observed over the Central Pacific (Ashok et al., 2007) or increased
temperatures attributed to climate change (Yeh et al., 2009).

Many studies have indicated that El Nifio/La Nifia phases lead to a redistribution of precipitation and temperature
patterns by affecting atmospheric circulation (Cai et al., 2011; Huang & Xie, 2015; Yang et al., 2018; Zhang
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et al., 2019). During El Niflo years, warmer and drier conditions are experienced throughout many regions of
the globe; Cooler, wetter conditions prevail in many regions during La Nifia years (Hao et al., 2018). Further-
more, some studies have revealed that El Nifio/La Nifia phases have significantly affected the structure and
function of vegetated ecosystems in many regions across the globe (e.g., Vicente-Serrano et al., 2006; Walther
et al., 2002; Xu et al., 2011), especially near the equator (Hao et al., 2020; Ma et al., 2015; Propastin et al., 2010;
Xie et al., 2019). For example, vegetation in arid and semi-arid ecosystems in Australia grew rapidly under heavy
rainfall driven by the 2011 La Nifia, which plays a leading role in changes of the global terrestrial carbon sink
(Cai et al., 2011; Poulter et al., 2014; Zhang et al., 2017). In contrast, the millennium drought during 2001-2009
induced by El Nifio was the worst in Australia since 1900s, which led to a high mortality of trees and shrubs.

However, compared with the ENSO effects on climate anomalies, the relationship between vegetation anomalies
and ENSO events is less understood, as it has only been explored in recent years. Majority of previous research
exploring vegetation responses to ENSO were either based on a single ENSO event or the same type of ENSO
event for a specific year, due to the timing, phase, and duration of ENSO events remain largely uncertain. Long-
term vegetation responses to ENSO, especially with respect to different types of ENSO (i.e., EP-type and CP-
type of ENSO), have rarely been reported. Moreover, the combination of uncertainty surrounding ENSO and
complexity in climatic conditions affected by ENSO through teleconnections makes it difficult to understand how
vegetation will respond to ENSO and which mechanisms will drive these changes.

In this study, we examined the variations in the response of vegetation to ENSO from 1982 to 2017 in the west
Pacific region between longitudes 70°E to 160°E, and from 45°N to 45°S. First, we quantified the spatial extent
of the region where there have been long-term correlations between vegetation anomalies and ENSO. Second,
we compared the vegetation anomalies with respect to different types (particularly EP-type and CP-type) of
ENSO based on ENSO-correlated vegetated area. Finally, we investigated linkages between ENSO, climate and
vegetation, for improving our understanding of vegetation variability response associated with different types of
ENSO events.

2. Data Sets and Methods
2.1. Identification of ENSO Event Occurrence and Type

ENSO indices were downloaded from the National Oceanic and Atmospheric Administration Earth System Re-
search Laboratory for the Nifio 3 region (5°S~5°N, 150°W~90°W), Nifio 3.4 region (5°N~5°S, 170°W~120°W),
and Nifio 4 region (5°S~5°N, 160°E~150°W). The average values of SSTA over the Nifio 3 region and Nifio 4
region from 1982 to 2017 were combined to distinguish between EP-type and CP-type ENSO using the criteria
proposed by Ren and Jin (2011). The average values of SSTA over the Nifio 3.4 region were used to identify El
Nifio/La Nifia phases which are defined as a time period when five consecutive SSTA values on monthly scale
were greater than 0.5°C or less than —0.5°C (Table S1 in Supporting Information S1).

2.2. Satellite Data and Pre-Processing
2.2.1. Vegetation Data Sets

We used long-term GLASS LAI data (Global Land Surface Leaf Area Index Product) as a proxy for green vege-
tation cover for the period from 1982 to 2017, during which 17 ENSO events were identified. The GLASS LAI
datasets are contiguous both in space and time at 0.05° and 8-day resolution and have been validated to have lower
uncertainty with fewer outliers for the overall biome types compared to other LAI products (Xiao et al., 2016;
Xu et al., 2018). The 8-day LAI was aggregated to a monthly composite to match the temporal interval of the
ENSO indices.

2.2.2. Climate Data Sets and Climate Classification Data

Temperature and precipitation observations were obtained from the ERA-Interim global reanalysis data provided
by the European Centre for Medium-Range Weather Forecasts at 0.125° and 6-hourly resolution. We aggregated
the original climate datasets to a monthly time scale at 0.05° resolution to match the resolution of the vegeta-
tion datasets. The Koppen-Geiger climate classification was also used in this study (Peel et al., 2007). 14 main
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climatic types were selected based on specific criteria for precipitation and temperature (Table S2 in Supporting
Information S1).

2.3. Correlation Assessment of Vegetation Responses to ENSO Events
The assessment of correlation between LAI variations and ENSO was conducted in three steps:

1. To avoid spurious correlations resulting from trends in the data, LAI data were linearly detrended by subtract-
ing the long-term linear trend, obtained by using a least squares regression fit on the original time series (Ma
etal., 2015; Zhu et al., 2017)

2. The standardized LAI anomaly for each month was calculated based on the z-score function (Flanagan &
Adkinson, 2011; Ma et al., 2015; Xie et al., 2019)

_ Ydetrend — H
o

y4 M
where y,...,q 15 the monthly detrended LAIL x and o are the average and standard deviation of the detrended LAI
for the corresponding month from 1982 to 2017. As low LAI values tend to be affected by environmental noise,
to reduce uncertainty, we excluded pixels with the annual average LAI of less than 0.1.

3. The Pearson's Chi-Square test was applied to investigate the relationship between LAI anomalies and ENSO
over a long time period (Lv et al., 2012). The Pearson's Chi-Square test, which evaluates the correlation be-
tween two disordered categorical variables, is calculated as follows

2 _ (ad —bc)’ - (a+b+c+d)
x(xy) = (@+b)c+d)a+c)b+d) .

a b
>—
a+c b+d 3)

where x refers to ENSO conditions, which can be categorized as ENSO occurrences and ENSO-neutral periods
based on ENSO index; y refers to vegetation variable, which can be categorized as distinct vegetation anomalies
(LAI z-score > 1 or < —1) and none-distinct vegetation anomalies (=1 < LAI z-score < 1); a and b are the
number of months when distinct LAI anomalies occurred during the ENSO events and ENSO-neutral periods,
respectively; ¢ and d are the number of months when none-distinct LAI anomalies occurred during the ENSO
events and ENSO-neutral period, respectively. We improved the Chi-Square test by adding condition (Equation 3)
to make sure that the probability of distinct LAI anomalies during the ENSO period is larger than that during the
ENSO-neutral period. When y? reaches the threshold y2 (@ = 0.05 and 1 of freedom) and condition (Equation 3)
is met, the LAI anomalies in this pixel are considered to be correlated with ENSO index in a long term.

2.4. Major Climatic Factors Driving Vegetation Growth

The standardized anomalies of temperature and precipitation were calculated based on steps 1 and 2 described
in Section 2.3. To examine the time-lag effects of LAI anomalies to different climatic factors (refer to Wu
et al., 2015), a cross correlation analysis was adopted to explore the relationship between LAI anomalies and
temperature or precipitation anomalies, as follows (Xie et al., 2019):

r= SHx(i) = mx)*(y(i = 1) = my]
\/Zf () = m)” \/Z;k (i = 1) = my)?

“

where cr is the cross correlation coefficient between x and y, x is the LAI anomaly time series and y is the temper-
ature or precipitation anomaly time series; mx and my are the means of x and y, respectively; k is the total number
of months; / represents the time lag of the LAI anomalies from the climate anomalies, which was considered from
0 to 3 months in the analysis following Wu et al. (2015).

WANG ET AL.

30of 10



~1
A\? 1

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL096666

105°

45°

30° N

N

15°

Cfa [N

Am-

(Cfa _

{ Ml An [ Cwb .
| Aw [ ] Cfa =
) | . swh b )
L. .1 [ Bwk [ Dwa
ML EESSZ?iZZeﬁZZd ® 7| [ BSh M Dwb =
g [ ] BSk [ ET :J others : -
75° E 90° E 105° B 120° B 135° E  150° E 75° E 90° 105° E 1200 E  135° E 150" E
(c) (d)
140 0.6
120+ 0.5 -
— 100 + c 0.4 -
g 80 Ke]
= £ 0.3+
S 604 3
ocy o 2
Z 20 0.1+
0_
< Z 8 % w < g S 5

Cwa (I

Cwb (I
Dwa (N
Dwb |l

£z

BSk (I
BSk _
BWh (I
BWk |
Cwa _
Dwa (N
Dwb (I
ET |

BWk (Il
Cfb [l

Figure 1. Spatial distribution of Leaf Area Index anomalies in (a) El Nifio-Southern Oscillation periods, (b) the Koppen-Geiger climate classification, (c) the area
and (d) proportion for each climate classification in the west Pacific region. The light green in (¢ and d) highlighted the top three climate classifications in the ranking.
Af: tropical rainforest, Am: tropical monsoon, Aw: tropical savanna, BWh: arid desert hot, BWk: arid desert cold, BSh: arid steppe hot, BSk: arid steppe cold, Cwa:
temperate dry winter hot summer, Cwb: temperate dry winter warm summer, Cfa: temperate without dry season hot summer, Cfb: temperate without dry season warm
summer, Dwa: cold dry winter hot summer, Dwb: Cold dry winter warm summer, ET: polar tundra.

3. Results
3.1. Extent of ENSO-Correlated Vegetated Area

The vegetated area correlated to ENSO differed spatially in the west Pacific region and varied with climatic
types (Figure 1). Overall, about 34.5% of the vegetated area in the west Pacific region displayed LAI anomalies
correlated with ENSO index during the period from 1982 to 2017. The BWh (Arid desert hot) had the largest
ENSO-correlated vegetated area (Figure 1c), where it is usually dry and the ecosystems are less complex with
low structural stability and low resilience to climate change, and thus vulnerable to extreme climatic conditions.
These are also supported by previous studies (Hao et al., 2020; Ma et al., 2015; Poulter et al., 2014; Propastin
et al., 2010). Next was Aw (Tropical savanna), which is mainly located in northern Australia, southern Indo-
china Peninsula and India. The Af (Tropical rainforest) had the third largest ENSO-correlated vegetated area
(Figure 1c). Besides, more than a half of vegetated area in Cwb (Temperate dry winter warm summer) had a
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Figure 2. The mean Leaf Area Index anomalies during (a—d) different types of El Niflo-Southern Oscillation in the west Pacific region. (e) Significance of the ¢ test for
the difference between vegetation anomalies in (a) EP El Nifio and (c) CP El Nifio, (f) significance of the 7 test for the difference between vegetation anomalies in (b)

EP La Nifia and (d) CP La Nina.

correlation with ENSO index from 1982 to 2017, which is concentrated in southwestern China; followed by BSh
(Arid steppe hot) and Af (Figure 1d).

3.2. Characteristics of LAI Anomalies in Different Types of ENSO

The characteristics of LAI anomalies in different types of ENSO were analyzed based on ENSO-correlated vege-
tated area (Figure 2 and Figures S1 and S2 in Supporting Information S1). In general, the LAI anomalies showed
diverse responses to different ENSO types in the west Pacific region (Figure 2 and Figures S1 and S2 in Support-
ing Information S1). In addition to warm (El Nifio) and cool (La Nifia) ENSO phases, we found that LAI anoma-
lies in EP-type and CP-type of ENSO were significantly different (Figures 2e and 2f). For example, in Australia,
the mean LAT anomalies in EP-type La Nifia tended to have negative patterns (Figure 2b), with more than 80% of
negative LAI anomalies in EP-type La Nifia for most pixels (Figure S2c¢ in Supporting Information S1); while the
enhanced positive LAI anomalies in CP-type La Nifia were presented, where 92.5% of pixels have an agreement
with the sign of positive mean LAI anomalies (Figure 2d and Figure S2d in Supporting Information S1). Besides,
the magnitude of LAI anomalies in EP-type El Nifio events was higher than that in CP-type El Nifio events, while
LAI anomalies associated with CP-type La Nifia events were stronger than in EP-type La Nifia, seen especially in
Australia (Figure S1 in Supporting Information S1).
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3.3. Climate Drivers for LAI Anomalies in Different Types of ENSO

The anomalies in both temperature and precipitation in the west Pacific region also showed varying patterns in
different ENSO types. El Nifio phase tends to elevate the temperature anomaly in most areas of the west Pacific
region, and this anomaly becomes even more pronounced in EP-type El Nifio (Figures S3a and S3b in Support-
ing Information S1). La Nifia phase tends to elevate the precipitation anomaly, and the anomaly is intensified in
CP-type La Nifia (Figures S4c and S4d in Supporting Information S1). Especially in Oceania, the temperature or
precipitation anomalies showed two extremes between EP-type La Nifia and CP-type La Nifia (Figures S3 and
S4 in Supporting Information S1), and the increased precipitation and decreased temperature lead to the increase
of LAI in CP-type La Niiia events (Figure 3). These precipitation and temperature anomalies tend to trigger
LAI anomalies, resulting in varying spatial distribution patterns of LAI anomalies in different types of ENSO
(Figures 2a-2d).

Considering that the vegetation responses to ENSO events differed spatially and varied with climatic types, we
selected the BWh that had the largest ENSO-correlated vegetated area for detailed analysis (Figure 4). The LAI
anomaly time series from 1982 to 2017 in BWh were negatively correlated with temperature anomaly time series
(r_max = —0.42, time lag = 2), but positively correlated with precipitation anomaly time series (r_max = 0.48,
time lag = 3), which is consistent with the findings reported in Figure 3. Figure 4b shows the distributions of
LAI anomalies and their corresponding temperature anomalies (with a two-month time lag) and precipitation
anomalies (with a three-months lag), which further indicates that the increased LAI anomalies are closely related
with decreased temperature anomalies and increased precipitation anomalies, and vice versa. Thus, the diverse
temperature and precipitation anomalies in different types of ENSO result in diverse LAI anomalies (Figure 4c).
These diverse responses of LAI to CP and EP types of ENSO were also found in other climatic types in the west
Pacific region (Figure S5 in Supporting Information S1).

4. Discussion

This study compared the vegetation anomalies in different types of ENSO based on ENSO- correlated vegetat-
ed area in the west Pacific region, and explored their relationship with climatic factors. We found that the LAI
anomalies in CP-type and EP-type of ENSO show marked differences in the west Pacific region, and have a close
relationship with different controls of CP-type and EP-type of ENSO on precipitation and temperature. These
findings highlight the diverse response of vegetation to EP or CP type of ENSO, improving our understanding
of ENSO impacts on ecosystems for better coping with climate change (Collins et al., 2010; Yuan et al., 2020).

We mapped ENSO-correlated vegetated area for the west Pacific region from 1982 to 2017 based on the improved
Chi-Square test. The ENSO-correlated vegetated area was dispersed especially in Asia, possible reasons include:
(a) The vegetated landscape has a complex and mosaic distribution pattern developed by fragmentation and inter-
section of various vegetation patches (Su et al., 2020), which results in a scattered distribution of ENSO-correlat-
ed area; (b) The spatial distributions of climate types, topography, and human activities vary, which also leads to
heterogeneous spatial patterns in vegetation responses to ENSO; (c) There has been extensive land cover change
from 1982 to 2017, especially in agriculture and urban areas (Gong et al., 2019; Liu et al., 2014), which may have
weakened the vegetation correlation with ENSO events in these areas. Besides, different data sources and data
processing methods (i.e., detrending, anomaly calculation) would also affect the identification of ENSO-corre-
lated area. However, the LAI anomalies derived from MODIS and AVHRR sensors still present similar opposite
responses of vegetation to EP-type and CP-type La Nifia events in Australia (Figure S4 in Supporting Informa-
tion S1), and the overlapping region still covers about 62.2% of area when using different detrending methods
(Figure S5 in Supporting Information S1). This indicates that different LAI products and detrending methods will
have an influence on the identification of ENSO-correlated vegetated area, but the area closely correlated with
ENSO events tends to remain consistent since the vegetation anomalies in ENSO-correlated area are higher than
the LAI errors introduced by the product algorithms and detrending methods.

Preceding studies have demonstrated that the CP and EP types of ENSO are fundamentally different in terms of
their evolution, occurrence mechanisms, and climate impacts (Kao & Yu, 2009; Kim & Yu, 2012; Yu et al., 2011;
Yu & Kim, 2010). The active convection area for CP ENSO events develops west of the convection area associ-
ated with EP ENSO events, forming two anomalous Walker circulation circles over the equatorial Pacific. This
circulation change resulted in an influence on climate anomalies opposite to that of EP ENSO events (Kao &
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(a) and (c) indicate significant positive and negative correlations (p < 0.05), respectively, while Sig + and Sig — represent

Yu, 2009; Kim & Yu, 2012; Yu et al., 2011). For example, it has been shown that southern China experiences
increased rainfall in the following spring and summer when EP El Nifio events occur but reduced rainfall in those
same seasons during CP El Nifio events (Feng & Li, 2011). These supported our findings of diverse response
of vegetation to EP and CP types of ENSO. Furthermore, the newly emerging CP type of ENSO significantly
enhances the atmospheric oscillation in last four decades. The shift between EP-type and CP-type of ENSO is
to some extent resulted in the increasing frequency and severity of weather extremes (e.g., droughts, floods and
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heatwaves) in many global locations, which enlarges the interannual fluctuation of vegetation growth, and chal-
lenges the sustainable growth of ecosystems in some climate zones.

It should be noted that, although vegetation anomalies during ENSO-neutral periods were excluded from our
analyses, other periodic atmospheric oscillations (e.g., the Indian Ocean dipole, Arctic Oscillation) and human
activities also affect vegetation anomalies during the ENSO period (Cai et al., 2011; Xie et al., 2019). Data pro-
cessing is computation-intensive, we therefore have chosen the LAI as a proxy for vegetation for the analysis in
this study. In the future, additional vegetation variables from multi-source/sensors, such as normalized difference
vegetation index, solar-induced chlorophyll fluorescence, gross primary productivity, could be used to reduce
the uncertainty in vegetation growth anomalies. Considering the universal influence of ENSO, further research
should examine the variations in responses of vegetation to EP and CP types of ENSO in other regions at the
global scale. Moreover, the underlying mechanisms of different types of ENSO need to be further explored, to
provide additional evidence for the long-term influence of ENSO on vegetation and ecosystems across the globe.

5. Conclusions

This study examined the variations in the response of vegetation to different types of ENSO in the west Pacific
region from 1982 to 2017 and investigated linkages between ENSO, climate and vegetation. We found that, in
addition to warm (EI Nifio) and cool (La Nifia) ENSO phases, the responses of vegetation to CP-type and EP-type
of ENSO demonstrate significant differences in the west Pacific region, which are closely related with different
controls of CP-type and EP-type of ENSO on precipitation and temperature. Our findings highlight the diverse
responses of vegetation in different types of ENSO in the west Pacific region, which will enhance our understand-
ing of the impact of ENSO on ecosystems thus warrant further studies at the global scales.
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