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ABSTRACT

The present study is based on the assumption that vegetation in Indonesia is significantly affected by climate
anomalies that are related to El Nifio—Southern Oscillation (ENSO) warm phases (EI Nifio) during the past
decades. The analysis builds upon a monthly time series from the normalized difference vegetation index
(NDVI) gridded data from the Advanced Very High Resolution Radiometer (AVHRR) and two ENSO
proxies, namely, sea surface temperature anomalies (SSTa) and Southern Oscillation index (SOI), and aims at
the analysis of the spatially explicit dimension of ENSO impact on vegetation on the Indonesian archipelago.
A time series correlation analysis between NDVI anomalies and ENSO proxies for the most recent ENSO
warm events (1982-2006) showed that, in general, anomalies in vegetation productivity over Indonesia can be
related to an anomalous increase of SST in the eastern equatorial Pacific and to decreases in SOI, respectively.
The net effect of these variations is a significant decrease in ND VI values throughout the affected areas during
the ENSO warm phases. The 1982/83 ENSO warm episode was rather short but—in terms of ENSO
indices—the most extreme one within the study period. The 1997/98 El Nifio lasted longer but was weaker.
Both events had significant impact on vegetation in terms of negative NDVI anomalies. Compared to these
two major warm events, the other investigated events (1987/88, 1991/92, 1994/95, and 2002/03) had no sig-
nificant effect on vegetation in the investigated region. The land cover—type specific sensitivity of vegetation
to ENSO anomalies revealed thresholds of vegetation response to ENSO warm events. The results for the
1997/98 ENSO warm event confirm the hypothesis that the vulnerability of vegetated tropical land surfaces to
drought conditions is considerably affected by land use intensity. In particular, it could be shown that natural
forest areas are more resistant to drought stress than degraded forest areas or cropland. Comparing the
spatially explicit patterns of El Nifio-related vegetation variation during the major El Nifio phases, the spatial
distribution of affected areas reveals distinct core regions of ENSO drought impact on vegetation for Indonesia
that coincide with forest conversion and agricultural intensification hot spots.
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1. Introduction

Vegetation cover on the earth’s surface is rapidly
changing. Changes are observed in phenology and di-
versity with respect to distribution of vegetation on the
earth’s surface and in annual dynamics of photosyn-
thetic activity of vegetation (e.g., Myneni et al. 1997;
Claussen et al. 2003, among many others). These changes
can be related to both changes in environmental condi-

Corresponding author address: Stefan Erasmi, Cartography,
GIS, and Remote Sensing Dept., Institute of Geography, Univer-
sity of Gottingen, Goldschmidtstr. 5, 37077 Gottingen, Germany.
E-mail: serasmi@uni-goettingen.de

DOI: 10.1175/2009JCLI2460.1

© 2009 American Meteorological Society

tions (e.g., climate change) and to human impact (Glantz
1996; Anyamba et al. 2002; Saleska et al. 2007). The
changes have direct implications for human society, as
well as for the functioning of the earth system, because
the processes occurring in the vegetation cover are tightly
coupled to the processes occurring in other components
of the system, such as, meteorological, hydrological, and
biogeochemical cycles. Thus, understanding the causes of
vegetation dynamics and monitoring the vegetation re-
sponse to natural and anthropogenic factors are of great
scientific importance.

It is presumed that long-term dynamics in vegetation
are caused by the contemporary global warming of the
earth’s climate leading to a redistribution of precipitation
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and temperature patterns on the earth’s surface (Solomon
et al. 2007; Myneni et al. 1998). Short-term variations are
a result of quasi-periodic climate fluctuations like the
El Nino-Southern Oscillation (ENSO)—a well-known
coupled atmospheric (Southern Oscillation) and oceanic
(El Nifo/La Nifia) cycle. The periodicity of ENSO events
is approximately 2-7 yr. It is a part of the global atmo-
spheric circulation and therefore affects the weather
and climate in other regions of the world (Hoerling and
Kumar 1997). Indonesia is one of the regions where the
impact of ENSO is quite strong. It was shown by Walker
and Bliss (1932) and Bjerknes (1969) that dry anomalies
in the western tropical Pacific are associated with low
phases of Southern Oscillation and warm phases of oce-
anic cycles—El Nino. The droughts in Indonesia during
the warm events of ENSO could therefore be considered
as a result of a weakening of the Walker circulation,
cooling of SST in the western tropical Pacific, and shift-
ing of convection eastward. It should be noted, how-
ever, that the effect of ENSO events in Indonesia is well
pronounced during the dry period only—that is, by con-
siderable precipitation reduction—and is not significant
during the wet period (Hendon 2003; Gunawan et al.
2003). The atmospheric and oceanic extremes associated
with ENSO warm events have affected economic and
societal sectors, such as, agriculture, fisheries, energy
consumption, water resources, public health, and epide-
miological prospects (Glantz 1996; McPhaden et al.
2006). The ENSO droughts have had major impacts on
environment—for example, uncontrolled forest fires and
the associated losses and modifications of carbon re-
sources, biodiversity, and habitats (Fuller and Murphy
2006). The spatial patterns of land cover and precipitation
dynamics in relation to El Nifio events in humid tropical
regions are recorded by Nagai et al. (2007) and others, but
there is only sparse evidence about the spatial patterns of
land cover-type specific responses of the vegetated sur-
face to the major recent El Nifio events (e.g., Dessay et al.
2004).

Satellite remote sensing has been widely used for
monitoring vegetation dynamics in general and ENSO-
caused vegetation variability in particular. Most of the
recent studies on vegetation monitoring at global or re-
gional scales were based on time series data from the
Advanced Very High Resolution Radiometer (AVHRR)
sensor system of the National Oceanic and Atmospheric
Administration (NOAA). Data from the AVHRR sensor
provide a unique compilation of more than 25 yr (1982—
present) of high temporal coverage of the earth’s surface.
The AVHRR product commonly used for investigations
on land surface dynamics is the normalized difference
vegetation index (NDVI). The NDVI has been shown to
be highly correlated to green leaf density, absorbed frac-
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tion of photosynthetically active radiation (FAPAR), and
above-ground herbaceous biomass accumulation and can
be viewed as a general proxy for photosynthetic activity
(Asrar et al. 1984; Sellers et al. 1997; Justice et al. 1985;
Heinsch et al. 2006; Myneni et al. 1995).

Numerous studies have investigated relationships be-
tween satellite-derived NDVI and climatic variables
(Anyamba et al. 2002; Richard and Poccard 1998; Tateishi
and Ebata 2004; Wang et al. 2003; Nemani et al. 2003).
Theoretically, the time series of NDVI could be considered
as climate records, although mainly as rainfall records,
particularly in semidry regions because of their ability to
represent fluctuations of green leaf density related to water
availability, which in turn is related to precipitation. This
assumption was used in various drought monitoring and
early warning studies (Kogan 2000; Song et al. 2004).

On the other hand, the relationship between NDVI
and climatic parameters in humid tropical rain forest
areas is reported to be rather weak or even statistically
insignificant because of low interannual and no seasonal
variability of NDVI values (Schultz and Halpert 1995;
Kowabata et al. 2001). However, Nagai et al. (2007)
revealed a significant relation between precipitation and
NDVI anomalies for the strong El Nifo years (1982/83
and 1997/98). Most studies devoted to the monitoring of
El Nino effects on tropical vegetation investigated the
relations between the time series of NDVI anomalies
and any conventional ENSO index (e.g., Anyamba and
Eastman 1996; Mennis 2001; Nagai et al. 2007).

Other studies dealing with the ENSO-NDVI relation
focused more on the evaluation of elaborated methods
of time series decomposition like, for example, princi-
pal component analysis or singular spectrum analysis
(Anyamba et al. 2001; Verdin et al. 1999; Prasad et al.
2007; Nagai et al. 2007).

The goal of the present study is to analyze and to
describe the spatial patterns of vegetation response to
ENSO warm events in Indonesia throughout the period
of 1982-2006. Supplementary to the studies cited pre-
viously, the study aims at a comprehensive analysis of
the spatially explicit relationship between ENSO time
records and the NDVI time series representing spatial
vegetation patterns in a tropical humid area. In partic-
ular, the emphasis is on the description of the land
cover-type specific ENSO-NDVI spatial response pat-
terns. Taking into account that the effect of ENSO on
general rainfall patterns in Indonesia is confirmed (e.g.,
Hendon 2003; Malhi and Wright 2004), the analysis
herein is driven by the following underlying hypotheses:

o ENSO warm events (El Nifio) impact the rainfall
patterns and consequently the vegetation condition in
Indonesia.
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o The vegetation response to drought can be spatially
explicitly characterized by changes in satellite-based
NDVI measurements.

o The degree of tropical vegetation response to El Nifio
is a function of the intensity and duration of the
drought period.

o The affected areas show spatially coherent patterns
over time for different ENSO warm events.

o The degree and extent of vegetation disturbance de-
pends on the type of land cover and hence the land use
intensity at the rain forest margins.

2. Data
a. Remote sensing data

Temporal variations in vegetation photosynthetic ac-
tivity were investigated using the NDVI dataset compiled
at 8-km spatial resolution from the NOAA AVHRR
satellite data by the Global Inventory Monitoring and
Modeling Studies (GIMMS) research group (Tucker et al.
2005). The data were originally processed as 15-day com-
posites, using the maximum value procedure to minimize
effects of cloud contamination (Holben 1986). For this
research, we created monthly composites from two 15-day
composites to further minimize the effects of clouds on
the vegetation signal. Initially, the GIMMS-NDVI da-
taset was corrected for calibration, view geometry, vol-
canic aerosols, and other effects not related to vegetation
change. However, some short-term noise still remained in
the time series and was eliminated by calibrating the
GIMMS NDVI data against three time invariant desert
targets using a method described by Los (1993).

For the study period 1982-2006, the NDVI anomalies
(NDVIa) in relation to the long time mean (NDVI)
were standardized by calculating z scores for every
month i as follows:

(NDVI, — NDVI)
NDVIa = l

\/Z(NDVII. —~ NDVI)*/(n - 1) |

b. Climate data

There are different ways to describe the state of the
ENSO system or intensity of a particular ENSO event. Most
methods implement proxies—so called, ENSO indices—
that make use of anomalies of climatic or oceanic variables
measured over the Pacific and/or Indian Ocean.

According to the operational definition of the Climate
Prediction Center (CPC) of the National Oceanic and At-
mospheric Agency, El Nifio is a phenomenon in the equa-
torial Pacific Ocean characterized by a positive sea surface
temperature departure from normal (for the 1971-2000
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base period) in the Nifio-3.4 region (5°S-5°N, 120°-170°W)
greater than or equal in magnitude to 0.5°C, averaged
over three consecutive months. Thus, it is logical to
choose a sea surface temperature anomaly (SSTa) in
the Nino-3.4 region to represent El Nifo conditions.
The region overlaps two other regions—namely, Nifio-3
(5°S-5°N, 90°-150°W) and Nifio-4 (5°S-5°N, 160°E-150°W),
and is considered to be most sensitive to the fluctua-
tions, duration, and magnitude of ENSO events. The SSTa
Nifno-3.4 dataset was recently subject to several studies
that investigated the relationships between ENSO and
vegetation variability in Africa, North America, and South
America (Anyamba et al. 2001; Mennis 2001). It was also
shown that drought in Indonesia is also associated with
low phases of Southern Oscillation (Gutman et al. 2000),
and thus it is interesting to look at the relationship be-
tween vegetation and ENSO during warm phase from
an “atmospheric” point of view. Therefore, the Southern
Oscillation index (SOI) is also chosen in this study to
represent the warm episode-low phase of ENSO. The
dataset of ENSO indices—SOI and SSTa Nifno-3.4—is
freely available from the web site of the CPC (http://www.
cpe.ncep.noaa.gov/). There are several versions of the SOI
using different combinations of reference stations (e.g.,
Chattopadhyay and Bhatla 1993). Here, NOA A/National
Centers for Environmental Prediction’s version was used,
which is computed as the normalized difference in sea level
pressure between Papeete, Tahiti, and Darwin, Australia
(e.g., AchutaRao and Sperber 2002).

c. Land cover data

The land cover information in this study is based on
the global land cover product for the reference year 2000
(GLC2000) at 1-km spatial resolution (Stibig et al.
2008). The initial land cover map included 17 land cover
classes based on a global land cover classification system
(LCCS). For the purpose of this study, the LCCS classes
were thematically aggregated to the eight major land
cover categories within the area under investigation
(broadleaved evergreen forest, open to closed shrub-
land, grassland, cropland, mosaic of cropland and other
natural vegetation, bare areas built up, and water). The
spatial distribution of the vegetated land surface is
shown in Fig. 1. For reasons of spatial coherence, the
land cover data were resampled to 8-km spatial resolu-
tion and co-registered to the NDVI data using a nearest
neighbor resampling algorithm.

3. Methods
a. Statistical model

The spatial patterns of ENSO impact on vegetation
cover become visible when values of both ENSO proxies
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FIG. 1. Aggregated land cover classification for the Indonesian archipelago based on the GLC2000 product.

and vegetation indices (e.g., NDVI) exceed certain crit-
ical levels and/or duration. Theoretically, the influence
of ENSO on vegetation should be stronger during pro-
longed dry periods associated with El Nifio or wet pe-
riods associated with La Nina. Accordingly, the influence
of ENSO on vegetation should be weaker during minor
ENSO events and ‘“normal” phases. Every approach
trying to treat the NDVI-ENSO relationship in a single
calibration model for a complete time series of obser-
vations would fail because a considerable part of the an-
alyzed anomalies—both of NDVI and ENSO proxies—
consists of close to zero values during normal phases
of ENSO.

To overcome this problem and still account for the
whole information content of monthly time series data, we
applied a moving window correlation (MWC) approach.
The MWC is a commonly used technique that generally
investigates variations in relationships between two vari-
ables in space and time. For example, Fotheringham
et al. (1996) and Lloyd (2005) investigated spatial vari-
ations and spatial autocorrelations between two or more
spatially explicit variables using this technique. There
also are examples of using MWC in terms of a running
mean to analyze long time series of climate records (e.g.,
Mommersteeg et al. 1995; Myneni et al. 1996). In our
study, the MWC was used to analyze the nonstationarity
over time in the relation between ENSO anomalies and
vegetation condition. The concept of MWC uses a win-
dow with a defined size that is moving across the dataset
to be analyzed. The output of an MWC is a new time
series of statistical correlation measures in the same
resolution as the analyzed data. In this study, the MWC
was used to analyze relationships between time series of
monthly NDVI data and ENSO proxies. We extracted
the local correlation coefficient (R) from the MWC. The
number of data points (n) that are included in every
single correlation analysis corresponds to the window

width. We tested different window widths (8 months <
n < 36 months) in order to find the closest correlation
between NDVI and ENSO proxies.

Recent studies reported the presence of a time lag of
1-12 weeks between dynamics of climate factors, especially
of precipitation and the reaction of vegetation to these
dynamics (Richard and Poccard 1998; Yang et al. 1998;
Wang et al. 2003). Although the studies refer to different
climate zones (semi-humid tropics to temperate zone), the
context between climate anomalies and vegetation dy-
namics is the same. However, the delay of response might
be assumed higher in humid tropical areas. Therefore, in
this study MWC calculations were done between the syn-
chronized time series and by imposing time lags into the
correlation analysis (from —6 to +6 months).

In a first step, the MWC was applied to the complete
time series (1982-2006) of NDVI and ENSO proxy data
with regard to the analysis of the overall patterns of
temporal relations against different time lags and win-
dow widths. In the second part of the analysis, the time
series was decomposed to single El Nifio periods based
on the aforementioned definition of ENSO years by the
CPC. To account for the delay of vegetation response
to El Nino—caused drought, the CPC-based durations of
El Nifio events were extended by 3 months after the
ending of each particular period. At this level of analysis
the area of Indonesia was no longer treated as a whole
but subdivided into patches of the same land cover class
and to every single pixel (see next section).

b. Spatial scale of analysis

The ENSO-NDVI relations for the area of Indonesia
were investigated at three different scales: 1) the non-
spatial level, 2) the class level, and 3) the pixel level.

In a first step, the analysis of the general character of
trend and correlations of time series data was carried out
using aggregated mean NDVI anomalies and ENSO data
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for the entire Indonesian archipelago (1 902 170 km?) for
every month. A spatial average over certain geographical
regions is a very convenient parameter for the analysis of
a time series of spatially explicit data. It eliminates noise
and allows for an easy visualization of the time series and
its interpretation in relation to other datasets. However,
a disadvantage of regional averaging is the masking of
any spatial patterns of vegetation response that might
occur because of the characteristics of particular land
surfaces, anthropogenic impact, or spatial patterns of
climate variables. Some authors have revealed such dif-
ferences between individual vegetation types and their
response to the temporal variability of climatic factors for
temperate and semi-humid regions (Yang et al. 1998;
Wang et al. 2001; Dessay et al. 2004). According to these
studies, the second step of data analysis comprised the
investigation of the relationships based on a stratification
of the study area into major land cover categories.

Furthermore, the response of vegetation to climatic
conditions might depend on other factors like topogra-
phy, soil, geology, and anthropogenic impact (Nicholson
and Farrar 1994; Ji and Peters 2004). Hence, the third
step involved the spatially explicit analysis of correla-
tions at the level of every single pixel, to document the
spatial patterns of land cover variability and their re-
lation to El Nifio events.

4. Results

a. Analysis of warm phases during the period
1982-2006 (nonspatial level)

Figure 2 shows 25-yr time series of monthly standard-
ized NDVI anomalies spatially averaged over the area
of Indonesia, versus SSTa and SOI values. At first view,
there are certain similarities between temporal trends for
both ENSO proxies and NDVI anomalies. Generally,
NDVI shows negative anomalies during El Nifio years
and positive anomalies during La Nifa years. The lowest
SOI and highest SSTa values were observed during the
1982/83 and the 1997/98 phases. The statistical relation
between NDVIa and ENSO proxies for the complete
time series is significant for the NDVIa-SSTa relation
(R = —0.21, p < 0.05) but not significant for the NDVIa—
SOI relation (R = 0.08, p > 0.05).

Patterns in NDVIa during the 1982/83 phase showed
a particularly strong association with that of the SOL
NDVIa decreased below —1.5 at the end of 1982. After
that, NDVIa slightly increased in accordance with the
increase of the SOI and later, when the SOI decreased
again in June—July, NDVIa reached its second minimum.
In terms of SOI and SSTa, the evolution of the warm
phase in 1997/98 started earlier compared to El Nifio in
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FIG. 2. Monthly standardized NDVI anomalies averaged over
the Indonesian archipelago (dotted line) vs SSTa in the (top)
Nifio-3.4 region and (bottom) SOI for the period of 1982-2006.

1982/83, because it continued longer and in terms of SOI
it was characterized by two distinct periods of intensity:
1) May-June 1997 and 2) January—April 1998 (Fig. 2,
lower panel). Conversely, the SST had only one maxi-
mum because the water temperature changes were con-
siderably slower than the air pressure (Fig. 2, top panel).

The overall similarity between temporal patterns of
NDVI anomalies and ENSO proxies presumes a statis-
tical relationship between these datasets. The MWC
technique enables monitoring of temporal variations of
the NDVI-ENSO relationship and tracing the evolution
of the ENSO influence on vegetation over a continuous
study period. The best results, in terms of statistical
significance (p < 0.05) for the ENSO-NDVI relation-
ship, were achieved using an MWC window width of n =
19 months (Fig. 3). There are also strong ENSO-NDVI
relations for larger windows, but in these cases the
window size would have exceeded the total length of
some ENSO periods. Figure 4 summarizes the results
of the temporal delay between ENSO indices and
NDVI variation. The best results in terms of correlation
strength were obtained for time lags of —2 to 0 months,
whereas the time lag between SOI and NDVIa is gen-
erally close to zero or positive and between SSTa and
NDVIa close to zero or negative. The overall results of
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FI1G. 3. Strength of correlation between SOI and NDVI (solid
line) and between SST and NDVI (diamonds) against window width
for the MWC.

the MWC analysis based on these parameter settings are
presented in Fig. 5. This figure shows the nonstationary
nature of the relationship between NDVIa and ENSO
throughout the time, and it reveals clear temporal pat-
terns in the response of vegetation to ENSO dynamics.
The strongest correlations for NDVIa-SOI and NDVIa—
SSTa relationships are observed during the ENSO events
of 1982/83 and 1997/98. Since the last major El Nifio
event of 1997/98, no significant response of vegetation
to ENSO warm phases was observed based on the un-
derlying datasets.

The temporal patterns of ENSO warm periods and the
corresponding vegetation response periods based on the
correlation analysis of NDVI and ENSO proxies are
summarized in Table 1. Based on the ENSO thresholds
from the CPC, eight El Nifio events or El Nifo-like
years were lined out for the period from 1982 to 2006. It
can be seen that not all EI Nifio events directly constitute
a negative vegetation response, and that no vegetation
variability was directly related to El Nifio periods after
the 1997/98 event. The first half of the 1990s, as well as
the period after the 1997/98 event until the end of the
observed period (2006), is characterized by only mod-
erate ENSO warming periods with no significant vege-
tation reaction. For the two major warm events in 1982/83
and 1997/98, the vegetation reaction is closely linked to
both SSTa and SOI, respectively. Conversely, in general
the minor El Nifio events do not show clear temporal
patterns of vegetation response to either evaluated
ENSO indices.

b. Sensitivity of vegetation type to ENSO strength
and duration (class level)

The sensitivity of vegetation types to ENSO vari-
ability was evaluated in terms of statistical significance
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of the NDVIa-SOI and NDVIa-SSTa relationships for
the 1997/98 El Nifio event.

Mean statistical measures of significance (R and p
value) were computed for every land cover type and for
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and SOI during the period from 1982 to 2003, calculated with a
19-month moving window.
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TABLE 1. Periods (mm/yy) of statistically significant vegetation
response to ENSO warm episodes (p < 0.05) for the Indonesian
archipelago. For comparison of respective R values see Fig. 3.
El Nifo episodes are defined as positive SST departures from
normal (for the 1971-2000 base period) in the Nifio-3.4 region
greater than or equal in magnitude to 0.5°C, averaged over three
consecutive months (data in the first column taken from CPC at
http://www.cpc.noaa.gov/).

NDVI-SOI NDVI-SSTa
response response
El Nifio episodes (time lag = 0 month) (time lag = —2 month)

04/82-07/83 04/82-04/83 04/82-06/83

09/86-02/88 None 11/86-02/87
05/91-07/92 None None
07/94-03/95 11/94-01/95 None

05/97-04/98 11/97-04/98 02/97-07/98

05/02-03/03 None 09/02-04/03
07/04-02/05 None None
08/06-12/06 None None

every pixel within the respective land cover type based
on the GLC2000 land cover map and the NDVI-ENSO
relationships. These R values were then used as input to
evaluate the correlation between the strength of the
ENSO-NDVI relationship and the value of the ENSO
index itself. If this correlation coefficient is below the
land cover—type specific significance level that is deter-
mined by p < 0.05, no significant reaction of the vege-
tation type to unfavorable climate conditions caused by
ENSO was assumed at that position (Fig. 6). Thus,
thresholds could be defined for every land cover type
under which the vegetation is not sensitive to climatic
variations caused by ENSO warm events. Table 2 sum-
marizes the respective threshold values for SOI and
SSTA that were estimated for each considered land
cover type. The values decrease for SSTa from forest to
shrubland and cropland and increase for SOI, respec-
tively, with the exception of grassland areas where no
significant response of vegetation cover to ENSO-related
climatic variations could be found. For both indices, the
forest areas show the highest thresholds and therefore
the lowest sensitivity to ENSO-related climate variability.
Hence, for the studied area of Indonesia, cultivated areas
as well as shrubby vegetation are suggested to be more
vulnerable to unfavorable conditions caused by ENSO
events than tropical forest.

These results indicate that the degree of ENSO im-
pact on vegetation is not uniform. Recent studies on
vegetation dynamics support these findings and show
different responses of vegetation types to both inter-
annual and intra-annual precipitation and temperature
variability (Richard and Poccard 1998; Kowabata et al.
2001; Wang et al. 2003). To also investigate the spatial
extent of ENSO drought effects with regard to land
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FIG. 6. Schematic representation of the calculation of land
cover—type specific thresholds of vegetation response to ENSO
drought based on the relation between SST/NDVI and SSTa. The
SSTa threshold for a land cover type is obtained at the intersection
of the function graph with the horizontal line indicating the sig-
nificance level (p = 0.05).

cover type, the areas impacted by an El Nifio event were
measured within each land cover type for the most re-
cent major El Nifio event, 1997/98. These areas were
determined by selecting only those pixels that show
statistically significant correlations between NDVIA
time series and the two ENSO indices. In a first step, the
two indices were treated separately and the affected
areas were masked. Subsequently, the two masks were
combined for each land cover and compared between
the two phases to investigate the spatiotemporal co-
herence of response patterns.

The results indicate remarkable variations in the size
of affected areas depending on land cover type (Table 3).
As already shown in the previous section, the sensitivity
to El Nifio drought varies considerably between land
cover types, and consequently the spatial extent of af-
fected land cover classes is a function of the sensitivity
threshold of the ENSO proxies for that land cover type.
The classes “open to closed shrubland” as well as
“cropland” exhibit the largest share of affected areas
based on both ENSO indices. The class ““‘grassland’ was
neglected in this analysis because it was shown to be in-
sensitive to El Nifio. The spatial extents of the single land
cover classes are comparable in size between the two
ENSO indices. However, the size of ENSO-affected
areas based on the NDVI-SSTa relation is always higher.
A spatial joining of the affected areas for both indices
shows a considerable coherence of areas between SOI
and SSTa for all land cover classes based on the 1997/98
observation period (Fig. 7). In general, broad-leaved
natural forest areas were less affected than other land
cover types. Altogether, the results support the hypoth-
esis of a stronger dependence of more or less intensively
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TABLE 2. Sensitivity threshold values of SOI and SSTa for individual land cover types.

Broad-leaved evergreen forest Open to closed shrubland Grassland Cropland Mosaic: cropland/natural vegetation

SOI threshold
SSTa threshold

—1.63
1.85

—1.42
1.79

—1.54
1.75

—1.48
1.79

n/s
n/s

cultivated land cover types on the climatic anomalies
caused by ENSO warm events.

c. Spatiotemporal patterns in vegetation response
to ENSO (pixel level)

The spatiotemporal patterns of vegetation response to
El Nifo-related drought periods were compared only
for the two major El Nifio events within the observation
period (1982/83 and 1997/98) because only these events
showed a significant overall vegetation response pat-
terns based on both ENSO indices (1982/83 and 1997/98;
see Table 1). Table 4 lists a summary of affected area
calculations based on each of the investigated ENSO
indices, as well as for the joined analysis of both indices.
According to these data, Fig. 8 shows the spatial distri-
bution of El Nifio—affected areas for the two mentioned
warm phases based on the joined SOI-SSTa core areas.
The calculation and mapping of the impacted areas re-
veal distinct spatial patterns of response that are asso-
ciated with each ENSO event. However, there are also
considerable areas of coherence between the spatial
patterns of affected areas for both El Nifio periods.
These core regions of land cover sensitivity to El Nifo
are concentrated in southwest Kalimantan, central
Sumatra, Java, the west coast of Sulawesi, and in the
southeastern part of New Guinea. The distribution of
affected areas localized out of the core regions is mainly
related to areas of intensive cultivation (e.g., Sumatra,
Java) and land degradation (northeast Kalimantan).

5. Discussion and conclusions

The results of the correlation analysis between satellite-
based monthly NDVI time series and ENSO indices

indicate a variability of vegetation response to abnormal
interannual climate conditions caused by ENSO, both in
the temporal and in the spatial domain. The temporal
analysis of spatially aggregated NDVI time series with
ENSO indices revealed clear trends of NDVI anomalies
that can be associated with the major El Nifio phases (in
the present study, 1982/83 and 1997/98). The physical
basis for this relationship is that despite the high-average
annual rainfall in Indonesia the occurrence of irregular
El Nifio—caused droughts has a significant impact on the
physiology of tropical plants, especially at the leaf level
(e.g., Mulkey et al. 1996). The inhibited photosynthetic
activity and reduced evapotranspiration result in a de-
crease of the absorption of red light by plants, and con-
sequently its increase in reflected signal, changing the
value of NDVI. However, only severe droughts are re-
ported to produce significant water shortage and stress in
tropical, woody, moist ecosystems (Brando et al. 2008).

The two ENSO proxies that were used in this study are
representative of two groups of indices that can be clas-
sified as atmospheric-based (e.g., SOI) and ocean-based
(e.g., SSTa) indices. Although there is a clear causal re-
lation between sea surface temperature anomalies, at-
mospheric pressure, and precipitation anomalies in the
tropical Pacific, the relations between those indices and
vegetation condition anomalies are versatile and show
diverse spatial and temporal patterns of response and
vulnerability. The present approach of a spatial inter-
section of affected areas accounts for this phenomenon
and points out the areas that are most reliably threatened
by ENSO-related drought.

The nonspatial analysis showed that the strength and
extent of vegetation response is proportional to the in-
tensity of a certain El Nifio event (in terms of ENSO

TABLE 3. Percentage (%) and area (km?) of the major land cover types (vegetated land surfaces) in Indonesia that are significantly
affected (p < 0.05 for NDVI-ENSO response and NDVIa < —1) by the 1997/98 ENSO warm period.

NDVI-SOI NDVI-SSTa NDVI-SOI and NDVI-SSTa
response response response
Land cover type Total area Area % Area % Area %
Broad-leaved evergreen forest 1034 345 432 576 42 538 112 52 349 952 34
Open to closed shrubland 179 370 97 216 54 102 976 57 67 712 38
Cropland 156 275 75 136 48 113 408 73 64 320 41
Mosaic: cropland/natural 494 251 235072 48 346 816 70 213 504 43
vegetation
Total 1 864 241 840 320 45 1101 824 59 695 808 37
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indices’ magnitudes). The 1982/83 El Nifio, being the
most intense within the study period, was characterized
by the highest values of the local temporal correlation
coefficient between NDVI and SOI. On the other hand,
the overall impact of an El Nifio event depends more on
the combination of duration and strength. The 1997/98
El Nifio, being just a little bit weaker (in terms of both
SOI and SST values) than the 1982/83 event, had almost
the same impact on vegetation cover in terms of the
spatial extent of areas affected by drought stress (Table 4).
This corresponds to literature in which the most severe
El Nifio impacts on vegetation in the western Pacific
area were reported for the longer phase (1997/98),
rather than for the more intense phases (Fox 2000;
Hoerling and Kumar 2000).

The analysis at the class level reveals that the effect of
ENSO-related climate variability on vegetation cover in
the humid tropics of Indonesia is a function of the land
use intensity outside the natural forest areas. Similar
phenomena were observed by Li et al. (2004) and Wang
et al. (2003) for study sites outside the humid tropics
in China, the Sahel, and the Great Plains, respectively.
Studies dealing with consequences of ENSO-caused
droughts in the tropics generally focus on forest areas
and only investigate the general connections between
tropical rain forest NDVI and ENSO proxy time series
data (Gurgel and Ferreira 2003; Poveda and Salazar
2004). Potts (2003) reports a weak sensitivity of tropical
evergreen forests to the availability of water, and Saleska
et al. (2007) even pointed out a greening of tropical sea-
sonal forests during drought phases. However, none of
them investigated land cover—specific ENSO drought im-
pact patterns or humid tropical vegetation response, sep-
arately, for various land covers. In the present study, it is
shown that most land cover types in the humid tropics are

considerably affected by ENSO-related climate anoma-
lies. Also, it is demonstrated that shrubland and cropland,
as well as mixed vegetation, suffer from drought condi-
tions more than intact and mainly undisturbed forest. The
results for the 1997/98 period illustrate that only strong
El Nino events, in terms of SOI and SST anomalies, can
achieve some noteworthy influence on woody vegeta-
tion physiology and hamper productivity. These results are
in accordance with physiological experiments of an in-
duced drought on cacao agroforestry systems in Indonesia,
where significant influences of water shortage on plant
physiology and yield became visible only after several
months of constant rainfall reduction (Schwendenmann
et al. 2009).

Finally, the study defines key areas of ENSO impact for
Indonesia, the main impact located in southwest Kali-
mantan and southeast Guinea. These core areas show
significant vegetation response to El Nifio droughts dur-
ing the two major El Nifio periods for each of the two
observed ENSO indices. However, the extent of the af-
fected areas is not coherent between different warm
phases. This implies that other factors beside ENSO
amplify or inhibit the response of vegetation cover to
a particular El Nifo event. Possible reasons could include

TABLE 4. Percentage (%) and total area (km?) of vegetated land
surface in Indonesia that was significantly affected (p < 0.05) by
ENSO warm periods during the past two major ENSO events.

1982/83 1997/98
Area % Area %
NDVI-SOI 984 604 53 840320 45
NDVI-SSTa 1087638 58 1101824 59
NDVI-SOI and NDVI-SSTa 893 143 48 695 808 37
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FIG. 8. Spatial distribution of vegetated land surface areas showing high response (p < 0.05) to both major
ENSO warm events.

the following: land cover conversion activities in between
two ENSO periods, agricultural intensification, wildfires,
or slash and burn activities closely associated with ENSO
warm events. Recent literature has reported this about
severe forest fires in Indonesia associated with these
activities and recent ENSO warm events (Fuller and
Murphy 2006), whereas wildfires were less extensive dur-
ing the 1987 and 1991 periods (Fox 2000).

The general patterns of interannual NDVI variations
and connections between NDVI and ENSO proxies
agree well with the results of earlier studies for Indo-
nesia (Fox 2000), but the influence of land cover type on
the vulnerability of an ecosystem to ENSO-related cli-
mate variability has to be investigated further to im-
prove estimates of vegetation productivity changes for
global carbon modeling. The knowledge concerning the
ecological factors that might be responsible for the ob-
served land cover—specific drought response patterns in
perhumid tropical areas is scarce and a discussion about
the causes is beyond the scope of this article. However,
the results of the present investigation underscore a
strong demand for experiments that study the effects of
ENSO droughts on forest and nonforest land cover in
the perhumid tropics.
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