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El Nino phase transition by deforestation in the Maritime

Continent

Shengbiao Wei

2, Xin Wang ®'>®, Chunzai Wang®'>* and Qiang Xie*>*®

El Nifno-Southern Oscillation (ENSO), an irregular alternation between warm El Nifio and cold La Nifa phases, is the most
prominent air-sea interaction phenomenon on Earth and greatly affects global weather and climate. Nevertheless, it remains
unclear whether human activity can alter the characteristics of ENSO. We demonstrate, using reanalysis data and coupled general
circulation models, that deforestation over the Maritime Continent (MC) favors a rapid transition of El Nifio to La Nifa.
Deforestation over the MC can induce a regional enhancement in precipitation, which in turn leads to the strengthening of the
easterly trade winds over the western equatorial Pacific owing to the Gill-response. These stronger trade winds, by inducing a
shoaled thermocline in the eastern Pacific, are favorable for the development of cold sea surface temperature anomalies in the
eastern equatorial Pacific during El Niflo decaying years. Our results suggest that El Nifio is more likely to be followed by La Nifa if

MC deforestation continues in the future.
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INTRODUCTION

El Nifio-Southern Oscillation (ENSO) is the strongest interannual
climate variability with great global impacts'™. It is characterized
by an irregular swing between El Nifio and La Nifa, which are
respectively warmer and colder than normal sea surface
temperature (SST) over the eastern and central tropical Pacific.
Several conceptual theories have been proposed to explain the
phase transition of ENSO, including the delayed oscillator>®, the
recharge oscillator’, the western Pacific oscillator®®, the
advective-reflective oscillator'® and the unified oscillator'". In
recent decades, more El Niflo events have tended to turn into La
Nifa events (Fig. 1a). The proportion of El Nifio events with a
phase transition, defined here as the percentage of the number
of El Nifio events followed by La Nifia events in the total number
of El Nifio events in sliding 25 years (see Methods), has
prominently increased from approximately 40% before 1980 to
about 70% in the latest decade (Fig. 1a, Supplementary Fig. 1,
Supplementary Note 1). Explaining this increase in the number of
El Nifio events followed by La Nifa events in recent decades is
still an open issue.

Deforestation has profound impacts on the climate and
environment'2. During recent decades, forests in the Maritime
Continent (MC) region (10°S-10°N, 95°E-130°E) have experienced
a high rate of clearing due to pressure from the local population
and economy'>'%, Gaveau et al. (ref '°) estimated that 75.7% of
Borneo’s area was forested around 1973 and that value had
declined by 30.2% in 2010. According to forest assessment data
from the United Nations Food and Agricultural Organization’s
(UNFAO) Forest Resource Assessment in 1990 and 2015 (ref 17729),
the forest cover in Indonesia experienced a monotonous decrease
during 1980-2015, from 72.4% in 1980 to 52.9% in 2015 (Fig. 1a).
From the Moderate Resolution Imaging Spectroradiometer
(MODIS) land cover type product, the forest cover over the MC

has gradually decreased since 2001 (Fig. 1b). MC deforestation not
only alters the local climate?'~2?>, but may also influences large-
scale atmospheric circulation patterns?>242627 |t is suggested that
the change in the Walker circulation associated with MC
deforestation is comparable to that induced by La Nifa?*. MC
deforestation may even influence on ENSO diversity, including the
spatial pattern, temporal evolution, and amplitude variation?5,
These previous results indicate possible impacts of MC deforesta-
tion on ENSO. Since the increase in the proportion of El Nifo
events turning into La Nifa events in recent decades was
occurring under MC deforestation (Fig. 1a), a hypothesis is
proposed that the increase in the number of El Nifio events
turning into La Nifa events in recent decades is partly attributed
to MC deforestation.

RESULTS

The keys to the transition from El Nifio to La Nifia

The key features associated with the phase transition of El Nifio are
assessed first. For convenience, an El Nifio that is followed by a La
Nifia is referred to as El Nifio-La Nifia (EN-LN), while the remainder
of the El Nifio events, which are followed by the neutral state, are
defined as El Nifo-Neutral (EN-Neutral). The composite evolutions
of the Nifio 3.4 index during EN-LN and EN-Neutral are compared.
Here, the Nifo 3.4 index is defined as the SST anomalies averaged
over (5°5-5°N, 170°W-120°W), which is a widely used index for
ENSO. During the developing year and the early decaying year of El
Nifo, the changes in the Nifio 3.4 index for EN-LN and EN-Neutral
are similar except in amplitude, with the warm SST anomalies
developing from late spring, reaching peaks in winter, and
beginning to decay in the next earlier spring (Fig. 2a). However,
distinct differences in the Nifio 3.4 index for EN-LN and EN-Neutral
are shown during decaying summer. In EN-LN, the Nifio 3.4 index
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Fig. 1 Opposite changes in the forest cover over the MC and the
phase transition of El Nifio. a The 25-year sliding rate of the El Nifio
phase transition (%, blue line), the time series of the forest cover
(%, solid green line) averaged over the MC (10°S-10°N, 95°E-130°E)
and the Indonesian forest cover (%, dashed green line). The rate of
the El Nifo phase transition is defined as the percentage of the
number of El Nifio events followed by La Nifla events to the total
number of El Nifo events in a 25-year period (see the Methods).
b The trends (% decade”, shading) of forest cover during
2001-2019.

indicates a rapid cooling in summer (May-June-July, MJJ), which
develops into strong cold SST anomalies in the following winter. In
comparison, the Nifio 3.4 index in EN-Neutral decreases from the
peak to neutral condition (0-0.5 °C) in May, and such a neutral Nifio
34 index persists through winter. The timing of the phase
transition of El Nifio is critical and occurs in MJJ.

The differences in large-scale atmospheric circulation patterns
in MJJ associated with EN-LN and EN-Neutral are examined.
Compared to EN-Neutral, EN-LN features an enhanced precipita-
tion over the MC (5°S-5°N, 100°E-125°E; red box in Fig. 2b) and
anomalous lower-level easterly winds over the western equatorial
Pacific (5°S-5°N, 140°E-170°W) (Fig. 2b, Supplementary Fig. 1).
These circulation pattern differences are in accordance with the
Gill-response?®, in which equatorial diabatic heating induces
easterly surface wind anomalies to its east. The significant
correlation coefficient as high as —0.48 (p <0.001) between the
anomalous MC precipitation and the zonal winds over the western
Pacific (Supplementary Fig. 3a) is consistent with the dynamics of
the Gill-response.

The anomalous easterly winds over the western equatorial
Pacific, significantly related to the east-west thermocline tilt in
the equatorial Pacific (Supplementary Fig. 3b), lead to a shoaled
thermocline in the east and a deepened thermocline in the
west. The shoaled thermocline in the eastern equatorial Pacific
is conducive to the development of cold SST anomalies through
thermocline feedback’3%3" (Supplementary Fig. 4a). The
significant cold SST anomalies in the eastern equatorial Pacific
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can develop into La Nifa in winter under the control of Bjerknes
feedback. In contrast, the weaker MC precipitation in EN-
Neutral is unfavorable for the emergence of cold SST anomalies
(Supplementary Fig. 4b). It is clear that the phase transition of El
Nifo is connected with the precipitation over the MC, the more
MC precipitation could favor the transition from El Nifio to La
Nifia through inducing lower-level easterlies over the western
equatorial Pacific.

The climate variations related to MC deforestation

The above results show that the precipitation over the MC and
precipitation-induced lower-level easterlies over the western
equatorial Pacific could be responsible for the El Nifio phase
transition. Based on the available observational and reanalysis
data, Fig. 2¢, d show close relationships of the MC forest cover
with the MC precipitation and lower-level zonal wind anomalies
over the western equatorial tropical Pacific, respectively. Here, the
concurrent influences of the eastern Pacific SST anomalies on the
precipitation and zonal wind are removed using linear regression
with respect to the MJJ Nifio 3.4 index. These results indicate that
a reduction in the MC forest cover may lead to an enhancement in
the local precipitation and stronger easterlies over the western
equatorial Pacific. It is possible that these changes coincide by
chance with an increase in the rate of El Niflo phase transition
rather than direct effects caused by MC deforestation. Therefore,
in the following, the physical mechanisms behind these strong
relationships are uncovered.

Deforestation in the MC can lead to local land surface warming
(Supplementary Fig. 5), which is consistent with previous
studies?'*2, Since the MC is surrounded by seas, it is suggested
that land surface warming can induce stronger convergence of
lower-level winds to the islands, and thus result in an increase in
precipitation. To prove this, we use regional climate model (RegCM)
simulations (Supplementary Fig. 6) to demonstrate the effects of
deforestation on precipitation in the MC (see Supplementary Note
2). After deforestation over the MC, surface warming is seen in the
islands, which induces a stronger land-sea thermal contrast and
causes stronger convergence of lower-level winds towards the
islands from the surrounding seas (Fig. 3a). This intensified lower-
level convergence carries surplus water vapor to the islands,
offsetting the local drying effect of forest clearing®® and thus
leading to an enhancement in precipitation (Fig. 3b). The effect is
amplified in MJJ season due to the background condition of this
season. The mean SST over the MC in this season is about 29°C,
which is the observed threshold for deep atmospheric convection®3,

Idealized atmospheric general circulation model (AGCM)
experiments are also conducted to confirm the observed close
relationship between the MC forest cover and the lower-level
easterly winds over the western equatorial Pacific in Fig. 2d.
More precipitation is seen over the MC when the MC forests are
cleared (Fig. 4), which is consistent with the RegCM results
(Fig. 3b). Note that the simulated positive precipitation
anomalies are not confined to the MC region, and extend from
100°E to 150°W, which may be related to the model biases or
absence of air-sea interaction in the AGCM experiments (see
Supplementary Note 3). To the east of the MC, where centers of
precipitation are located, easterly wind anomalies appear as a
classic Gill-response to single heat source®®. Lower-level east-
erly anomalies thus prevail over the western equatorial Pacific
(5°S-5°N, 140°E-170°W), similar to the observed patterns
(Fig. 2b).

The simulated El Niiio phase transition induced by MC
deforestation

The observation and model results have provided evidence that
MC deforestation can enhance local precipitation and lower-
level easterly winds over the western equatorial Pacific, which
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Fig.2 Connection between the phase transition of El Nifio and the MC forest cover. a Composite evolutions of the Nifio 3.4 index (°C) for
EN-LN (blue line) and EN-Neutral (red line). Shading represents the ranges of 1 standard deviation from the mean values, and the differences
between EN-LN and EN-Neutral above the 95% confidence level (Student’s t-test) are marked by hollow circles. (0), (1) and (+2) on the X-axis
denote the developing, decaying and the third year of El Nifio, respectively. b The composite differences in surface winds (m s™, vectors) and
precipitation anomalies (mm day”', shading) in decaying May-June-July (MJJ) between EN-LN and EN-Neutral (EN-LN minus EN-Neutral).
Darkened vectors and areas with white crosses indicate the differences in the surface winds and precipitation above the 95% confidence level
(Student’s t-test), respectively. ¢, d Scatter diagrams of the mean MC (10°S-10°N, 95°E-130°E) forest cover (%) with the MJJ precipitation (mm
day™) in MC (5°S-5°N, 100°E-125°E, red box in b) and western equatorial Pacific (WP, 5°5-5°N, 140°E-170°W) zonal surface wind (m s™)
anomalies during 2001-2019. The concurrent influences of the Nifio 3.4 index on the precipitation and zonal wind have been removed using
linear regression. r is the correlation coefficient, and p is the corresponding p-value. The black straight line is the linear fit.

are the key features for the transition from El Nifio to La NiAa.
To illustrate the effect of MC deforestation on the long-term
change in phase transition of El Nifo, we performed two
idealized model experiments (Control and Deforest runs) with
coupled general circulation model (CGCM, sea Methods). The
CGCM experiments can simulate the EN-LN and EN-Neutral
events well (Fig. 5). In both the Control and Deforest runs, the
precipitation in the MC and anomalous lower-level easterly
winds over the western equatorial Pacific during MJJ season are
stronger in the EN-LN events than in the EN-Neutral events,
similar to observations (Fig. 2b). It is also seen that the
precipitation change over the MC is stronger in the Deforest
run than in the Control run, consistent with the local effects of
the MC deforestation. Here, the changes in the rate of El Nifio
phase transition (see Methods) and the differences of the Nifio
3.4 index between El Nifio peak season (November-December-
January, NDJ) and the following NDJ season are calculated to
identify the changes in the transition of El Nifio (sea Methods).
The rate of El Nifo phase transition is higher under MC
deforestation, with an increase by 5.5% when MC is completely
deforested (Fig. 6). The increase shows that MC deforestation is

favorable for

the transition from El

Nifo to La Nida.

Furthermore, comparing the Nifio 3.4 index changes between
the Control and Deforest runs (Fig. 6), it is seen that the
probability of Nifio 3.4 index decrease more than 1.0°C is
higher in the Deforest run than in the Control run, with an
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increase by about 10%. The probability increase in the Deforest
run also indicates that El Nifio is more likely to transit to La Nifa
under MC deforestation. It is noteworthy that the increase in
the rate of El Nifio phase transition is only 5.5%, and the
increase in the probability of Nifio 3.4 index decrease more than
1.0°C is only about 10% under complete MC deforestation.
These changes are not as prominent as those ENSO property
changes due to greenhouse warming, such as the increases in
extreme El Nifio and La Nifa frequencies®**3> and the changes
in El Nifo favorS. The results show that MC deforestation only
partly contributes to the change in the rate of El Nifio phase
transition. However, considering the small area of the MC, these
increases due to MC deforestation is considerable, and deserve
attention.

DISCUSSION

Our results highlight the role of MC deforestation in boosting
the phase transition of El Nifio (Fig. 7). Due to local surface
temperature warming induced by MC deforestation, a strong
land-sea thermal contrast leads to lower-level convergence of
water vapor and precipitation over the MC3’38 As a Gill-
response of the heat released by precipitation, the lower-level
easterly winds strengthen over the western equatorial Pacific.
The strengthening of the lower-level easterly winds could lead
to a shoaling of the thermocline over the eastern equatorial
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npj



S. Wei et al.

a 2-m Temperature and 10-m Winds
44 5 W -1
BRI A S L I
ANNINY s s bEEEV YK KKK 1.4
5°N 1

0.6

o | 0.2

0 -0.2

AR e 0.6

5°5 1 L ::vvvv: - -1

xR = « < 1.4
10°S |

b
10°N 4
5°N -
0° 1
5°S -
10°S 4
100°E 110°E 120°E 130°E
Fig. 3 Influences of MC deforestation on the local temperature

and precipitation during MJJ season in RegCM experiments. a The
differences in 2-m temperature (°C, shading) and 10-m winds (m s,
vectors) during May-June-July (MJJ) between the Def-run and Ctrl-
run experiments (Def-run minus Ctrl-run). b The differences in
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Pacific’3°, which is critical for the cooling of the SST over the

eastern equatorial Pacific due to a more efficient Bjerknes
feedback. Therefore, during continuous MC deforestation in the
recent decades, El Nifio tends to change into La Nifa, and the
proportion of the El Nifo with a phase transition increases
(Fig. 1a). If deforestation in the MC continues in the future, the
phase transition of El Nifio may be more predictable, meaning
that El Nifio will be more likely to be followed by La NifAa. In
addition to the phase transition of El Nino, MC deforestation
may influence other properties of ENSO. For example, the
strengthening of the easterly trade winds over the western
equatorial Pacific associated with MC deforestation may favor
the development of La Nifa, or multi-year La NiAa?8. Such
potential influence of MC deforestation is still an open study.

Many previous studies have shown that ENSO variability is
influenced by greenhouse warming>*3°-41, Being regarded as
the lungs of Earth, forests are capable of absorbing carbon
dioxide via photosynthesis. Thus, deforestation can exacerbate
greenhouse warming*? and, in this way, indirectly impact ENSO
variability and hence global climate. However, our results show
that deforestation in the MC can directly affect the phase
transition of El Nifo by changing the large-scale atmospheric
circulation patterns. This finding is different from the traditional
understanding of the climate impacts of deforestation. Our
present study provides a new perspective on how deforestation
may influence global climate, which deserves attention and
further study in the future.

METHODS

Definitions of EN-LN and EN-Neutral events

In this study, the Nifio 3.4 index, which is defined as the SST
anomalies averaged over (5°S-5°N, 170°W-120°W), is used to
define El Nifio/La Nifa. An El Nifio (La Nifa) is defined when the
3-month running mean Nifio 3.4 index above 0.5°C (below
—0.5°C) for at least 5 consecutive months. To investigate the
variation in the phase transition of El Nifio, we classify El Nifio into
El Nifio-La Nifta (EN-LN) and El Nifo-Neutral (EN-Neutral). The EN-
LN is El Nifio followed by an immediate La Nifa in the El Nifio
decaying winter, while EN-Neutral is El Nifio followed by a neutral
state. During 1948-2020, there were 11 EN-LN cases (1963/1964,
1969/1970, 1972/1973, 1982/1983, 1986/1987/1988, 1994/1995,
1997/1998, 2004/2005, 2006/2007, 2009/2010 and 2015/2016),
and 9 EN-Neutral cases (1951/1952, 1957/1958, 1965/1966, 1968/
1969, 1976/1977, 1977/1978, 1991/1992, 2002/2003 and 2018/
2019). All the anomalies are calculated relative to the 1981-2010
climatology.
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Fig. 5 ENSO pattern changes in the CGCM simulation in MJJ season. Differences in precipitation (mm day™', shading) and surface winds
(ms™, vectors) during May-June-July (MJJ) between the EN-LN and EN-Neutral (EN-LN minus EN-Neutral) in the Control a and Deforest
b experiments. Darkened vectors and areas with white crosses indicate the differences in the surface winds and precipitation above the 95%

confidence level (Student’s t-test), respectively.
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The MC region

The MC generally refers to the region (10°5-10°N, 95°E-130°E) in
this study. When precipitation is considered, a narrower region
(5°S-5°N, 100°E-125°E) is referred.

Rate of the El Nifio Phase transition

This rate is defined as the percentage of the number of EN-LN
cases in the number of total El Nifio cases in a preceding 25-year
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Fig. 6 Changes in El Nifo properties under MC deforestation in
CGCM simulations. Change in the rate (%, dotted bar) of El Nifo
phase transition (Deforest — Control), and Change in the probability
(%, cross bar) of NDJ Nifio 3.4 index decrease of more than 1.0°C
between El Nifio year and the following year (Deforest — Control).

a Forested MC
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5
window. For example, the value in 2000 is calculated by the ratio
during 1976-2000.

The CGCM

The CGCM used in this study is Community Earth System Model
1.2.2 (CESM) with a fully coupled component set and a 1-degree
grid. In the fully coupled component set of CESM, the Community
Atmosphere Model version 4 (CAM4), the Community Land Model
version 4.0 (CLM4.0) with satellite phenology, the Parallel Ocean
Program version 2.1 (POP2), the Community Ice CodE (CICE), and
the River Transport Model (RTM) are coupled through the CESM
coupler version 7 (CPL7). The model is integrated over 200 years
with the state of forest cover in 2000 as spin-up, and then two
idealized experiments are carried out to investigate the effects of
MC deforestation on the phase transition of El Nifio. In the Control
run, the forests in the MC are set to the state in 2000; while in the
Deforest run, all the forests in the MC are cleared, and are replaced
with broadleaf evergreen trees and broadleaf deciduous trees
with C4 grasses (tropical grasses). Both the Control and Deforest
experiments are branched from the end of the 200-year free run
of spin-up, and integrated forward for 200 years. The differences
between the Control and Deforest experiments are then
compared. To identify the changes in El Nifio phase transition,
the rates of phase transition in the two experiments are calculated.
The definitions of El Nifio and La Nifia events are the same as in
observations. Similar to the El Nifio case 1986/1987/1988, warming
lasting more than 2 years without a break is treated as one El Nifio
event in CGCM simulations. Also, the difference in Nifio 3.4 index
between El Niflo peak season (November-December-January, NDJ)
and the following NDJ season is calculated (the following NDJ
minus peak NDJ). The probability of Nifio 3.4 index decrease of
more than 1.0°C is compared between the Control and Deforest
experiments to show the influence of MC deforestation on the
phase transition of El Nifo.

Statistical tests

Unless explicitly mentioned, all statistical tests are determined
based on the two-tailed Student’s t-test.

Neutral state

b

El Nifio

La Nifia

Fig. 7 Schematic depicting the influence of MC deforestation on the phase transition of El Niiio. a The phase transition of El Niflo under a
forested MC. b The phase transition of El Niflo under a deforested MC. Under a forested MC, El Nifio is likely to remain in a neutral state a in
the winter of the El Nifio decaying year. When the MC is deforested, El Nifio tends to turn into a La Nifia state b due to deforestation-induced
local precipitation enhancement (by inducing stronger local convergence and convection, indicated by red arrows) and the resultant
anomalous western equatorial Pacific zonal winds (indicated by black arrows). The symbols of tree, stump, and grass courtesy of the
Integration and Application Network (https://ian.umces.edu/media-library/, license https://creativecommons.org/licenses/by-sa/4.0/).
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DATA AVAILABILITY

The monthly sea surface temperature during 1948-2020 is from the Hadley Centre
Sea Ice and Sea Surface Temperature®* (HadISST) dataset (https:/
www.metoffice.gov.uk/hadobs/hadisst/). The monthly surface winds and precipita-
tion during 1948-2020 are from the National Center for Environmental Prediction
(NCEP) and National Center for Atmospheric Research (NCAR) reanalysis data**
(https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html). The yearly land cover
type data during 2001-2019 are from the Moderate Resolution Imaging Spectro-
radiometer  (MODIS) MCD12C1  product  (https://Ipdaac.usgs.gov/products/
mcd12c1v006/). The forests in the MC are represented by a combination of
evergreen broadleaf forests and deciduous broadleaf forests that are based on the
leaf area index (LAI) classification. In addition, country-based forest extent assessment
data from the United Nations Food and Agricultural Organization’s Forest Resource
Assessment (UNFAO-FRA) in 1990 and 2015 are also used'’~%° (http://www.fac.org/
forest-resources-assessment/). The Indonesian forest extent in 1980 is inferred from
the annual deforestation and plantation rates during 1980-1990 from UNFAO-FRA
1990, and those in 1990, 2000, 2005, 2010, and 2015 are from UNFAO-FRA 2015.
RegCM, CAM4, and CESM simulated data are available at https://data.scsio.ac.cn/
metaData-detail/1731888315977166848, or on request from the corresponding
authors.

CODE AVAILABILITY

All analyses were performed using NCAR Command Language (NCL). The codes for
calculations are available at https://pan.cstcloud.cn/s/48A8UWP9T9A or on request
from the corresponding authors.
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