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Abstract: Moisture anomaly conditions within humid and subhumid tropics that are associated
with different types of El Niño and La Niña phenomena are described and analyzed with a focus
on their spatial distribution and seasonal variability. Five dryness indices (Keetch–Byram Drought
Index, Weighted Anomaly Standardized Precipitation Index, Standardized Precipitation Index,
Palmer Drought Severity Index, and Percent of Normal Precipitation) were derived from ECMWF
(European Centre for Medium-Range Weather Forecasts) fifth generation reanalysis (ERA5) reanalysis
and University Corporation for Atmospheric Research (UCAR) datasets for the period from 1979
to 2019. Cross-correlation analysis was used to evaluate the relationships between the El Niño
Southern Oscillation (ENSO) and selected dryness indices. To describe the seasonal variability of the
ENSO–surface moisture relationships, the composite maps of dryness indices in different seasons were
analyzed. The results showed a significant heterogeneity of the ENSO-induced moisture anomaly
conditions both within and across various geographical regions. Four main areas in humid and
subhumid tropics with the maximum effects of El Niño/La Niña events on the surface moisture
conditions were found: Southeast Asia and Australia, Eastern and South Africa, Northeastern and
Eastern South America, and Central America. It was shown that the effects of La Niña were usually
opposite to those of El Niño, while the responses to the two types of El Niño differed mostly in the
moisture anomaly intensity and its spatial patterns.

Keywords: El Niño Southern Oscillation; humid and subhumid tropics; moisture conditions; dryness
indices; precipitation anomalies

1. Introduction

The El Niño Southern Oscillation (ENSO) is a major phenomenon of climate variability at the
interannual timescale that induces dramatic weather anomalies within and outside the tropics [1].
The anomalously large release of heat and moisture from the ocean into the atmosphere leads to a
large-scale transformation of atmospheric circulation [2,3] that invokes precipitation and temperature
anomalies around the world [4]. Within the tropics, there are two key mechanisms that allow the ENSO
to affect atmospheric processes. The first mechanism involves the propagation of the Kelvin and Rossby
waves in the tropical troposphere eastward and westward, respectively, which are forced by El Niño
(La Niña) warming (cooling) of the troposphere over the tropical central and eastern Pacific region [5,6].
These tropical tropospheric temperature anomalies then affect the temperature and humidity in the
atmospheric planetary boundary layer, resulting in anomalies of the sea surface temperature (SST) in
the tropical Indian and Atlantic Oceans through changed surface fluxes [7]. The second mechanism is
the atmospheric bridge [8–10], which is associated with the Walker circulations shift. During El Niño,
the eastward displacement of convective activity occurs over the Pacific region, leading to anomalous
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descending motions over the tropical eastern Indian Ocean that induce oceanic warming via increased
solar radiation and latent heat fluxes. The convection displacement also disturbs the Atlantic branch of
the Walker Circulation, resulting in anomalous descending motions over the tropical Atlantic.

The impacts of the ENSO on tropical climate anomalies have been extensively studied over the
past several decades [1,7]. The main regions within the tropics that are affected by the ENSO include
Indonesia, Southeastern Asia and Australia, South America, and equatorial Africa. In Southeastern
Asia, El Niño usually leads to very dry conditions, whereas La Niña results in extremely wet conditions
with high flood risks, e.g., [11,12]. In tropical Australia, El Niño is also associated with reduced rainfall
and higher temperatures, reduced tropical cyclone numbers, and a later monsoon onset. Dry weather
very often leads to increased fire danger, especially in southeastern Australia [13]. La Niña events
almost result in mirrored anomalies. As shown in the review carried out by Cai et al. [14], El Niño’s
impacts on South America are characterized by flooding along the western coast of Ecuador, Peru,
and Colombia, and droughts in the Amazonian and northeastern parts of the continent, while the La
Niña exhibits the opposite anomalous conditions in these regions. The ENSO’s impact on the African
climate is highly differentiated in space and time and has its maximum effect in Southern and Eastern
Africa [15,16]. It is noteworthy that the ENSO’s impact is modulated by a variety of factors, including a
diversity of ENSO events themselves, as well as other modes of climate variability within and outside
the Pacific region, inter-basin climate interactions, and greenhouse warming [14].

The extreme weather conditions associated with El Niño/La Niña events may affect tropical
ecosystems (e.g., forests, grasslands, savannas, and shrublands) [17,18] in multiple ways, particularly via
increased drought and fire that result from a precipitation deficit [19–21]. Tropical forests and
savannas cover large areas of the global land surface and have a significant impact on biosphere
processes at wide spatial and temporal scales [17,22–24]. These ecosystems influence energy and water
budgets; regulate surface runoff, groundwater discharge, and evapotranspiration; alleviate flooding;
guard against soil erosion [25–28]. Tropical forests take up atmospheric CO2 during photosynthesis
and store the carbon in above- and below-ground biomass and soils, thereby actively affecting the
global carbon cycle [29–31]. Lack of precipitation can lead to changes in plant ecosystem function and
production [32–34]. The ENSO induced wildfires can disturb natural ecosystems and cause a loss of
biodiversity [35–39].

Noticeably the influence of weather anomalies on terrestrial ecosystems varies depending on the
plant species’ adaptation to local conditions [34]. This variation in the responses of tropical vegetation
to El Niño, combined with a high diversity of terrestrial ecosystems [40] and the difficulties of data
collection in remote areas, together pose a major challenge to better understanding El Niño’s impacts
on tropical terrestrial ecosystems.

Prior studies investigating the effects of El Niño and La Niña on the surface moisture conditions of
terrestrial ecosystems mainly explored the relationships between the ENSO indices and precipitation
variability [37,41–46], as well as how these atmospheric phenomena affect forest fires [39,44,47].
Several studies also evaluated surface moisture conditions using dryness or moisture indices [48–52].
Dryness or moisture indices can be a more effective tool to assess the possible effects of ENSO anomalies
on terrestrial ecosystems since they account for multiple factors that affect land surface energy and
water budgets (e.g., surface temperature, potential and actual evapotranspiration, runoff) [49,53].

The influence of ENSO on precipitation and dryness indices can vary significantly in space and
time [39,43,47]. However, the effects of ENSO on moisture conditions in different geographical regions
have not been extensively evaluated. In particular, there is still a limited understanding of how La
Niña affects the surface moisture patterns and variability within many tropical regions. Another key
uncertainty is how surface moisture conditions vary with two types of El Niño: (1) Eastern Pacific
(EP), with maximum anomalies of the SST in the eastern equatorial Pacific, and (2) Central Pacific (CP),
which is characterized by maximum warming in the central Pacific region [54,55]. So far, only a few
studies have evaluated the impacts of so-called ENSO diversity on surface moisture conditions [56].
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These studies focused on how the two types of El Niño affect drought conditions in specific regions,
such as the Amazon [37] or Indonesia [45].

Given the uncertainty in the interactions between ENSO phenomena and land surface moisture
conditions, the main goal of our study was to investigate the spatial distribution and seasonal variation
of the ENSO-induced anomalies of surface moisture conditions within humid and subhumid tropics,
with a special focus on the different effects that are induced by two types of El Niño and La Niña.

2. Materials and Methods

2.1. Climate Dryness Indices

To derive the possible effects of the ENSO events on the spatial pattern and severity of
precipitation anomalies within the world’s humid and subhumid tropics, we used five dryness
indices: the Keetch–Byram Drought Index (KBDI), the Weighted Anomaly Standardized Precipitation
Index (WASP), the Standardized Precipitation Index (SPI), the Palmer Drought Severity Index (PDSI),
and the Percent of Normal Precipitation (PERCENT).

KBDI is specifically designed for wildfire potential assessment [57]. Its value reflects the dryness
of the upper soil layer by deriving the amount of precipitation necessary to return the soil to full field
capacity [58]. It is calculated as a function of the maximum daily air temperature and annual and daily
precipitation rates, and ranges from 0 to 800, with 0 being the point of no moisture deficiency and
800 being the maximum possible drought severity.

WASP shows the precipitation excess or deficit for different periods ranging from 1 to 12 months.
It can be very useful for monitoring developing drought in wet tropical regions, taking into account
the climate seasonality (wet and dry periods) [59,60].

SPI was suggested by McKee et al. [61] and it is widely used to derive the extent of meteorological
drought in different regions and at different timescales. It is calculated from long-term precipitation
data and can be interpreted as the number of standard deviations the observed anomaly deviates from
the long-term means [62,63].

PDSI is a dryness index that is based on the supply-and-demand concept of the soil water budget,
where it incorporates data on recent precipitation, air temperature, soil moisture, and runoff [64]. It is
usually applied to estimate the soil moisture availability for plant growth and assess drought conditions.
Potential evapotranspiration (PET) is a useful measure for describing plant water demand and can
be derived as a function of the air temperature using the Thornthwaite method [65]. Surface runoff,
actual evapotranspiration and soil moisture recharge, and loss from the soil surface layer are calculated
using precipitation and PET data. PDSI is usually distributed over several categories using a
comprehensive classification that depends on the severity of the dry or wet conditions [66,67].

PERCENT is calculated by dividing the actual precipitation by the long-term averaged (climate
mean) precipitation rate for the time being considered and is broadly used for identifying the various
impacts of droughts on natural ecosystems [68].

The ECMWF (European Centre for Medium-Range Weather Forecasts) fifth generation reanalysis
(ERA5) reanalysis data [69] were used to calculate KBDI, WASP, and PERCENT. These indices were
estimated for the regular grid with a 0.25 × 0.25◦ spacing within the latitude band of 30◦ S–30◦ N and
for the period from 1979 to 2019. While KBDI was calculated using daily data on the air temperature at
2 m and the precipitation amount, WASP and PERCENT were derived from monthly precipitation
amount only. Precipitation data from the ERA5 reanalysis was also used for the correlation analysis.

To avoid the uncertainty introduced by a discrepancy between the different reanalyses, in the
first step, we compared the results provided by the ERA5 reanalysis and global (land) precipitation
and temperature data from the University of Delaware (UDEL, Newark, DE, USA) [70]. Given that
both datasets yielded very similar results and the lower spatial resolution of the UDEL climatology
(0.5 × 0.5◦), we only used the results of the ERA5 reanalysis for our further analysis.
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The SPI values at 1 × 1 km grid spacing with 3-, 6-, and 12-month averages for the period from
1950 to 2012 were taken from the research data archive at University Corporation for Atmospheric
Research (UCAR) [71]. We only used the SPI data with 3-month averages (SPI-3) because the 3-month
period allowed us to better describe the seasonal variability of the ENSO and SPI relationships and the
spatial SPI patterns for the 3-, 6-, and 12-month averages were quite similar.

The PDSI was derived using NCAR data [72] at a 2.5 × 2.5◦ grid spacing for the period from 1950
to 2014.

2.2. ENSO Indices

We used the two ENSO indices introduced by Takahashi et al. [73], which make it possible to
separate the two types of El Niño. They are based on the first two leading empirical orthogonal
function (EOF) modes of monthly anomalies of the SST that are estimated over the tropical Pacific
region (120◦ E–80◦ W; 20◦ S–20◦ N) and account for the SST variability associated with EP (E index)
and CP (C index) El Niño events. They are calculated by the linear combination (through rotation) of
the principal components of the first two EOFs, namely, PC1 and PC2. While the E index accounts
for the extreme El Niño events of the EP type, the C index represents the variability associated with
the CP El Niño (positive values of the C index) and La Niña events (negative values of the C index).
These indices are statistically independent (i.e., their correlation is zero) and can be conveniently used
for correlation analysis.

The Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) archive was used to
characterize the monthly SST anomalies [74].

2.3. The Vertical Circulation Cells

The Walker and Hadley circulation cells were analyzed through vertical cross-sections.
The cross-sections were plotted following the method suggested by Wang [75]. As horizontal
components of the vectors, the divergent components of zonal and meridional winds were used for
zonal and meridional cells, respectively. Vertical velocity was taken as a vertical component. To plot the
Walker cell, the zonal and vertical components were averaged between 5◦ S and 5◦ N. The Hadley cells
were plotted for three analyzed regions: the Australian–Indonesian region (the meridional and vertical
components were averaged between 90 and 160◦ E), the South American region (the meridional and
vertical components were averaged between 30 and 80◦ W), and the African region (the meridional
and vertical components were averaged between 20◦ W and 50◦ E).

2.4. Data Analysis

Pearson correlation analysis was used to evaluate the relationships between the ENSO and dryness
indices. The normality of distribution of the ENSO and dryness indices was evaluated using the
Shapiro–Wilk and Kolmogorov–Smirnov tests. The Kolmogorov–Smirnov test showed a very good
similarity between the observed and normal distributions for all considered ENSO and dryness indices
(p < 0.001). The Shapiro–Wilk test showed similar results for all ENSO and most dryness indices used.
Insignificant deviations from normal distributions were only detected for WASP for a few small areas
in South America and Africa.

Statistical analysis was performed using MATLAB software. The correlation coefficients between
the ENSO and dryness indices were calculated using the corrcoef function. A significance level of
p < 0.05 was applied for the correlation analysis.

The linear regression of the dryness indices on the ENSO indices was calculated using the fitlm
function. Taking into account the very similar spatial distributions of regression coefficients relative to
the correlation coefficient patterns, we presented in our analysis in terms of the correlation fields only.

To describe the seasonal variability of the relationships between the ENSO and dryness indices,
the composite maps of five dryness indices for four seasons were created (December, January, February
(DJF); March, April, May (MAM); June, July, August (JJA); September, October, November (SON)).
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The composites were derived by taking into account the culmination of the ENSO event in DJF and
considering the response to the ENSO during the following three seasons. Thus, the calculations started
with December of the first ENSO year (Table 1) and were conducted until November of the following
year. The composites were calculated as a mean of all observed cases of the EP and CP El Niños and La
Niñas during the study period from 1950 to 2019 (Table 1). In particular, the composite for the EP El
Niño in DJF was a mean of the December parameters of 1982, 1986, 1987, 1997, 2015, and 2018 and the
January–February parameters of 1983, 1987, 1988, 1998, 2016, and 2019. To select the years of the CP and
EP El Niño and La Niña events, we used the method proposed by Yeh et al. [76]. Following Yeh et al.,
EP El Niño has occurred if the SST anomaly (SSTA) averaged over Niño3 (5◦ S–5◦ N; 150◦–90◦ W)
was greater than 0.5 ◦C and the SST anomaly in Niño4 (5◦ S–5◦ N, 160◦ E–150◦ W) during the three
consecutive months in the period from October to March was greater than 0.5 ◦C. CP El Niño was
identified if the SSTA in Niño4 was greater than in the Niño3 region and it exceeded 0.5 ◦C during the
three consecutive months in the period from October to March. La Niña events occurred if the SSTA
averaged over Niño3 was smaller than −0.5 ◦C during the three consecutive months in the period from
October to March. For example, the EP El Niño 1982–1983 was identified because during at least three
consecutive months from October 1982 to March 1983, the SSTA in Niño3 was greater than −0.5 ◦C and
higher than the SSTA in Niño4. Thus, December 1982, January 1983, and February 1983 were used for
the DJF composite, while the other months of 1983 were used for the MAM, JJA, and SON composites,
respectively. The method used for identifying ENSO based on Niño3 and Niño4 is well agreed upon,
with the method being based on E and C indices when the standard deviation (std) of the E and C time
series equal to 0.5 is taken as a threshold. The exception is EP El Niño 2018–2019, where the C index
was greater than 0.5 stds.

Table 1. The time intervals of the El Niño Southern Oscillation (ENSO) events that were used in
our study.

Eastern Pacific El Niño Central Pacific El Niño La Niña

1982–1983 1990–1991 1984–1985
1986–1987 1991–1992 1988–1989
1987–1988 1994–1995 1995–1996
1997–1998 2002–2003 1998–1999
2015–2016 2004–2005 2000–2001
2018–2019 2009–2010 2005–2006

2007–2008
2010–2011
2011–2012
2016–2017

Positive and negative values of dryness indices correspond to wet and dry conditions, respectively,
except for the KBDI index, which has an opposite scale that reflects surface moisture conditions.
To simplify the interpretation of the results in our study, the KBDI time series were multiplied by −1.

3. Results

3.1. Response of the Dryness Indices to the El Niño/La Niña Spatial Distributions

Analysis of the spatial patterns of correlation coefficients between the ENSO indices and five
selected dryness indices (KBDI, WASP, PDSI, SPI, and PERCENT) showed significant heterogeneity
both within and across geographical regions (Figures 1–3). Four main areas in the humid and subhumid
tropics with the maximum effects of El Niño/La Niña events on the surface moisture conditions were
found: Southeast Asia and Australia, Eastern and South Africa, Northeastern and Eastern South
America, and Central America.
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Figure 1. Correlation coefficients between the Eastern Pacific (EP) El Niño and the dryness indices:
Keetch–Byram Drought Index (KBDI) (a), Weighted Anomaly Standardized Precipitation Index (WASP)
(b), Palmer Drought Severity Index (PDSI) (c), Standardized Precipitation Index using 3-month averages
(SPI-3) (d), Percent of Normal Precipitation (PERCENT) (e), and precipitation (f). The hatched areas
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The variability of the moisture conditions was mostly associated with the amount of precipitation.
Within the tropical belt, abundant precipitation usually results from deep convection that is associated
with intensive air rising in the ascending branches of thermally driven vertical cells (Walker and
Hadley). Precipitation deficit is mostly due to large-scale downward air movement that develops
in descending branches of Walker and Hadley cells [75]. Thus, to interpret how ENSO cycles affect
surface moisture conditions, the spatial pattern and temporal variability of tropical vertical circulation
cells were examined.

3.1.1. Southeast Asia and Australia

The strongest effect of the ENSO was observed over Indonesia and Northern Australia and was
evident in the high negative correlation between the ENSO and dryness indices within the entire
region (Figures 1–3). This effect manifested as increased surface dryness (negative indices) due to a
precipitation deficiency during El Niño (positive E and C indices) and the opposite effect (abundant
precipitation) during La Niña. It is noteworthy that the anomalously dry (wet) conditions associated
with El Niño (La Niña) were indicated for the area by all the applied dryness indices. The highest
correlations (R = 0.53, p < 0.05) were revealed for SPI-3 (SPI with 3-month averages) and PDSI
(Figures 1c,d–3c,d), while the largest areas of statistically significant correlations were found for KBDI,
PERCENT, and WASP (Figures 1a,b,e–3a,b,e).

The anomalously wet and dry conditions associated with the EP and CP El Niño events differed in
both amplitude and location. For KBDI, WASP, and to some extent, for PERCENT during CP El Niño,
the area of negative correlation shifted to the south from Indonesia toward Australia compared to EP
El Niño (Figures 1a,b,e and 2a,b,e). This implied more drought risks for Australia during CP El Niños.
However, the CP-ENSO-affected areas were rather different for various indices. In the case of KBDI,
the driest conditions were observed in northwestern Australia, in the central and northeastern part
for WASP, and in the eastern part for SPI-3. The negative correlations between the El Niño and SPI-3
indices were also observed in eastern Australia during EP events. Overall, the correlations between
the ENSO and dryness indices were lower for CP El Niño than for EP El Niño.
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Under La Niña, Indonesia and Australia exhibited moisture conditions that were opposite to El
Niño (Figure 3): the negative ENSO index (La Niña) was associated with positive values of dryness
indices (excess precipitation) that resulted in negative correlations in this area. For KBDI, WASP,
and PERCENT, the maximum correlations were observed over Indonesia (Figure 3a,b,e), while for
PDSI and SPI-3, the strongest correlations occurred over Australia (Figure 3c,d). Overall, the surface
moisture conditions were more strongly correlated with La Niña than El Niño events.

The area with anomalously dry conditions observed over Indonesian and Australian regions was
associated with both types of El Niño, whereas excessive moistening was mainly associated with La
Niña periods. Very dry conditions during El Niño result from an eastward shift of the convective
zone and an ascending branch of a Walker cell from the western to eastern Pacific that follows the
displacement of the Western Pacific Warm Pool (see [4] for a review, Figure 4a,b, and Supplementary
Materials Figures S1–S3). The latter explains the smaller correlations over the continents compared
with the ocean (the correlation over the ocean is not shown on the figures as dryness indices are mostly
designed for characterizing moisture conditions over the continents): convection over the continents is
reduced to a lesser extent during El Niño due to the continued active transpiration of tropical vegetation
in the areas where sufficient soil moisture conditions remained [12,77]. The weaker response to the CP
El Niño may have resulted from a smaller eastward shift of the convective zone over the equatorial
Pacific during CP events compared to EP El Niño (Figure 4a,b). The maximum convection during
CP events was situated over the central Pacific, while over Southeast Asia and Australia, the deep
convection still also occurred [54,78,79]. The descending motions that developed between 110–160◦ E
during CP events were almost 50% less intensive than during EP El Niño (Figure 4a,b).

The response of the moisture conditions to the ENSO signal in the Indonesian–Australian
region that was evidenced by dryness index anomalies agrees well with previous studies that
reported strong droughts and wildfires in Indonesia and Australia during El Niño events and floods
in the region associated with La Niña [1,80,81]. As was already mentioned, most studies that
assessed regional ENSO effects on surface moisture conditions remain focused on the precipitation
anomalies. Meanwhile, our results suggest that the responses in dryness indices are not always
identical to the ENSO-induced precipitation anomalies (Figures 1f, 2f and 3f). Namely, the negative
correlation over Indonesia was larger for dryness indices than for precipitation during the EP El Niño
(Figure 1 and Supplementary Materials Figure S4) that invoked higher drought risks for this region
than those that may arise from precipitation shortages. Another region of strong difference between the
dryness indices and the precipitation response was southwestern Australia, which exhibited a strong
precipitation deficit during El Niño but a less pronounced response in the dryness indices (Figure S4).
La Niña demonstrates the opposite difference: the correlation of precipitation rates (above normal in
the Indonesian–Australian region) with the La Niña index was higher than for the dryness indices
(Figure 3 and Figure S6). Differences in the correlations were likely caused by additional factors that
affect regional surface moisture conditions in the dryness indices (e.g., evapotranspiration, runoff).

It is important to note that over South and East Asia, the strong positive correlation of the ENSO
index with precipitation was observed during La Niña (Figure 3f), pointing to the heavy rainfalls in
the region, but this signal was completely absent in the dryness indices (Figure 3a–e).
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3.1.2. Africa

The surface moisture response to ENSO events within the African continent showed more spatial
incoherency than in Southeast Asia, as evidenced by the wide range of correlation coefficients between
ENSO events and the dryness indices. Eastern Africa was characterized by positive correlations between
climate dryness and the ENSO indices: the positive dryness indices (above normal precipitation)
corresponded with the warm ENSO phase (Figures 1 and 2) and the negative indices (dry conditions)
were associated with the cold ENSO phase (Figure 3). KBDI, WASP, PDSI, and SPI-3 exhibited
significant negative correlations with La Niña in South Africa, which pointed to increased precipitation
during this period (Figure 3a–d). KBDI was also positively correlated with the La Niña intensity in
northern and central Africa (Figure 3a). The PDSI index was negatively correlated with the E index
in Sahel and Central Africa (Figure 1d) and KBDI was negatively correlated with this index in Sahel
and on the Guinea gulf coast (Figure 1a). The response of the dryness indices to the CP El Niño
was negligible across the African tropical region, except for KBDI and PDSI (Figure 2a,c). They were
negatively correlated with the CP El Niño over South Africa and Madagascar, while the correlation
between the CP El Niño index and KBDI was higher than between the CP El Niño index and PDSI.

Precipitation anomalies over eastern Africa were due to a large-scale shift of the Walker circulation
over the equator, which is associated with the ENSO cycle. The zone of ascending motions and
convection during the EP El Niño and weak descending motions during CP events were situated near
40◦ E, while during La Niña and normal conditions, the descending air motions dominated over the
entire region (Figure 4). The negative correlations between WASP and PDSI and the ENSO indices in
South Africa during the CP El Niño could have been due to descending atmospheric motions that
prevailed between 10–30◦ S (Figure 5e). Noticeably, the intensity of the vertical motion was greater
during EP El Niño, while significant negative correlations were only observed during CP events,
indicating that factors besides atmospheric vertical motions, such as soil moisture, solar radiation, and air
temperature, may have influenced the surface dryness conditions. The above-normal precipitation in
South Africa associated with La Niña was due to the ascending motions observed to the south of 20◦ S
(Figure 5f).

Over the African continent, the precipitation response to the ENSO was rather different from the
response of the dryness indices. Overall, the correlation of the ENSO/precipitation was lower during
El Niño and stronger under La Niña conditions, similar to the Indonesian region. Note, the spatial
patterns of correlation differences between the ENSO/precipitation and the ENSO/dryness indices
(Figures S4–S6) were rather different over the entire continent due to the various locations of correlation
maxima for the precipitation and dryness indices. This may have resulted from a heterogeneous
surface topography and a large diversity of vegetation and soils in Africa.

3.1.3. South America

The spatial pattern of correlations between the EP El Niño index and all dryness indices had a
dipole structure in South America (Figure 1). The negative values of the dryness indices (dry conditions)
were associated with positive values of the E index corresponding to EP El Niño in the northeastern
part of the continent (negative correlation area). The positive dryness indices (wet conditions) were
observed during the EP El Niño in the eastern part of South America, spreading to the south from
20◦ S (positive correlation). On the western coast of South America, wet conditions prevailed during
the EP El Niño events, as evidenced by the positive correlation of the E index with all dryness indices
in this region, except PDSI.
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Figure 5. The Hadley circulation cell over (a,d,g) Indonesia and Australia (averaged between 90–160◦ E);
(b,e,h) Africa (averaged between 20◦ W–50◦ E); (c,f,i) South America (averaged between 30–80◦ W) in
DJF. The composites are for EP El Niños (left column), CP El Niños (middle column), and La Niñas (right
column) (see Table 1 for the selected events). The arrows are the vectors of wind velocity: divergent
meridional wind (m/s) along the horizontal, pressure vertical velocity (×10−2 Pa/s) along the vertical;
the color field is the value of the pressure vertical velocity (×10−2 Pa/s).

The response of the moisture conditions in the region to La Niña events was the opposite of EP El
Niño for WASP, SPI-3, and PERCENT (Figure 3a,d,e). For KBDI and PDSI, the dipole structure was
not observed (Figure 3a,c) and negative correlations dominated over the region corresponding to wet
conditions (positive dryness indices).

Analysis of possible effects of CP El Niño on the moisture conditions for different areas across
South America showed very low correlations between the ENSO and dryness indices, except KBDI
and PDSI (Figure 2). The latter exhibited the same relationships that were detected for the area during
the episodes of EP El Niño (Figure 2c). KBDI was negatively correlated with a positive C index for
all areas over the eastern part of South America (Figure 2a); thus, CP El Niño was associated with a
negative KBDI (higher drought risk).

The western coast of equatorial South America is also exposed to heavy precipitation and positive
anomalies of dryness indices, which result from intensive deep convection that develops over the
anomalously warm ocean surface during El Niño [4].

Climate conditions over the South American continent are affected by the ENSO via so-called
atmospheric bridges that consist of longitudinal shifts in thermally driven vertical circulation cells
and the associated convection and precipitation zones [7]. While descending motions were localized
over the northeastern part of South America during El Niño (Figures 4a,b and 5a,b), La Niña exhibited
enhanced convection processes within the entire area (Figures 4c and 5c). This resulted in precipitation
and soil moisture changes, as well as in temperature anomalies, due to variable cloudiness, yielding
the dryness index deviations. To the south of Amazonia, the opposite ENSO effect, i.e., wet conditions,
created a dipole distribution pattern of dryness indices. Abundant precipitation in the eastern part
of South America during El Niño was associated with ascending motions located between 20–30◦ S
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(Figure 5a,b). The negative dryness indices in the northeastern part of South America under El Niño
conditions were consistent with the findings of [82–84], which reported periodic droughts in Amazonia
during El Niño events. These droughts are thought to result from the suppression of convection
and reduced rainfall in northern, eastern, and western Amazonia. However, the large diversity of
the response of the Amazonian climate to the ENSO mentioned in the previous studies [85] was
not manifested in the dryness indices, which only exhibited negative anomalies. These differences
indicated that additional studies are needed that focus on the Amazonian region.

The comparison of the ENSO’s impact on precipitation and dryness indices over South America
showed that during El Niño, the dryness indices over the northeastern part of the continent were
more correlated with ENSO indices than was precipitation. The higher risk of droughts and fire in
Amazonian forests projected by the dryness indices compared with the effect of precipitation deficiency
may have been due to the contribution of evapotranspiration in the surface water budget. The most
drastic difference was observed during La Niña: the correlations with precipitation were almost
opposite to the correlations with the dryness indices (Figure 3). While the correlation with the indices
indicated the wet conditions in the north (negative correlation) and dry or neutral conditions over the
rest of the continent, the correlation with the precipitation pointed to the abundant precipitation over
most of the continent and low precipitation over northern South America and Central America.

3.1.4. Central America

All the dryness indices in Central America were negatively correlated with the ENSO indices,
i.e., anomalous dryness (negative indices) was observed during El Niño (positive indices) and abnormal
precipitation (positive indices) during La Niña (negative indices). This resulted from strong atmospheric
descending (ascending) motions that developed between the equator and 20◦ S under El Niño (La Niña)
conditions (Figure 5a–c).

The results showed statistically significant (p < 0.05) correlations between EP El Niño and KBDI,
WASP, and PERCENT (Figure 1a,b,e), and between La Niña and WASP and PERCENT (Figure 3a,e).
For CP El Niño events, no statistically significant correlations were found. KBDI exhibited similar
anomalies during El Niño and La Niña events (Figures 1a and 3a). It was positively correlated with La
Niña and negatively with El Niño events; therefore, a negative KBDI (dry condition) was associated
with both positive (El Niño) and negative (La Niña) ENSO phases in Central America.

3.2. Response of the Dryness Indices to the El Niño/La Niña Seasonal Variability

3.2.1. El Niño Responses

The seasonality of the ENSO effect on moisture conditions in the tropics was evidenced using
composites of selected dryness indices for each of the four seasons (the season after the El Niño/La
Niña peak was considered). The maximum values of all the indices were observed in DJF when El Niño
and La Niña tended to peak. Overall, their spatial distribution in DJF was similar to the correlation
distribution considered in previous sections.

During the EP El Niño peak (DJF), negative dryness indices, which were associated with dry
conditions, were situated over the entire Indonesian–Australian region, central and eastern South
America, and northeastern and northern Africa. Above-normal precipitation was observed in central
and western Australia, in eastern Africa, and on the western coast of equatorial South America.
These features were common for all the dryness indices (Figure 6, left column). Some discrepancies
between the indices occurred only in South Africa and Central America. In South Africa, while KBDI
and WASP were positive during EP El Niño, PDSI and SPI-3 were negative, and PERCENT was
positive near 20◦ S and negative to the south of 20◦ S. In Central America, while KBDI and SPI-3
were positive, WASP was negative and the other indices were close to zero. In boreal spring (MAM),
the overall spatial pattern of the ENSO–dryness index relationships was similar to the boreal winter,
while their intensity was significantly lower (Figure 6, right column). The exception was for PDSI
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in eastern Africa, which was negative in winter but positive in spring. In boreal summer (JJA),
following EP El Niño, the largest area of negative indices with the highest absolute values was located
over the Indonesian region (Figure 7, left column). For WASP, the magnitude of the boreal summer
index was equal to the winter one, while for other indices, the intensity of the summer response was
weaker compared to the winter period. Over South America, the boreal summer indices were smaller
than in winter but had the same sign. Over the African continent, in the boreal summer, KBDI and
PERCENT showed the same patterns as in the boreal winter. SPI-3 had a smaller magnitude than in
winter. The boreal summer WASP index changed sign in North Africa, increased in Central Africa,
and decreased in South Africa. For PDSI, the area of positive correlations appeared over the entire
Somali peninsula. In the boreal fall (SON) season, the spatial patterns of the dryness indices were
similar to summer, except for South Africa, where the SPI-3 index was positive in fall but negative in
summer (Figure 7, right column). However, in Indonesia and South Africa, the magnitudes of WASP
and PERCENT, respectively, were greater in boreal fall than in summer (Figure 7).

Considering the possible effects of various El Niño types on the spatial and temporal variability
of the dryness indices, it was found that during DJF, the main difference in the CP El Niño response
was characterized by a smaller magnitude of the dryness indices with a slight spatial shift of
their maxima (Supplementary Materials Figure S7). In boreal spring, the difference between the
two types of El Niño was more pronounced than in winter. The opposite signs of the indices
during CP and EP events were observed for KBDI and WASP over South America, for WASP, PDSI,
and SPI-3 over eastern Africa, for PERCENT over South Africa, and for PDSI and SPI-3 over Indonesia
(Supplementary Materials Figure S7). During the boreal summer, all indices had opposite signs during
the CP and EP events over eastern Africa. Over the northern part of South America, the largest area of
positive WASP and PDSI were observed during summer following CP El Niño, which was not the
case for the EP event (Supplementary Materials Figure S8). During boreal fall, the strongest difference
between EP and CP conditions appeared over Australia: the EP events were associated with positive
SPI and PDSI, i.e., extremely wet, while during CP events, an area of high negative SPI-3 and PDSI was
observed over the whole continent, which corresponded to drought conditions. Over northeastern
Australia, the WASP boreal fall index exhibited the opposite anomalies during CP El Niño (positive)
and EP El Niño (negative) (Supplementary Materials Figure S8). A discrepancy between the indices
was observed in boreal fall following CP events over South Africa: WASP and PERCENT had positive
values and PDSI and SPI-3 had negative ones. Over South America, dry conditions during SON were
mostly associated with CP El Niño, while during EP EL Niño, the dryness indices had different signs
in different parts of the continent (Supplementary Materials Figure S8).

3.2.2. La Niña Responses

La Niña composites of the dryness indices were almost opposite to the El Niño conditions.
Positive dryness indices appeared over Indonesia and Australia, South America, and northern
Africa, and were characterized by above-normal precipitation, while eastern Africa exhibited a
precipitation deficit. The latter anomaly did not manifest in an SPI-3 pattern, while the northern
African anomalies were not described by PERCENT. The boreal spring anomalies were much weaker
than in winter, while the signs of almost all the dryness indices remained unchanged. The exception
was PERCENT, which changed sign over Indonesia (Supplementary Materials Figure S9). The effect
of La Niña on the summer indices was comparable to winter in Indonesia and Australia but it
was weaker over the African continent. Moreover, for KBDI and WASP, the summer patterns
differed from the winter patterns: the positive WASPs were replaced by negative ones in summer in
northern Africa, and the negative KBDI anomalies that were observed in winter over eastern Africa
disappeared completely in summer. The SON anomalies were stronger than in JJA over Australia,
Southeastern Asia, and Indonesia, and changed the sign from positive to negative over South Africa
(Supplementary Materials Figure S10).
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The seasonal variability of the ENSO effect on the dryness indices can be associated with both
a strong seasonality of El Niño/La Niña peaks [86] and intra-annual migration of the Intratropical
Convergence Zone (ITCZ) as the main causes of heavy precipitation in the tropics [87]. The ENSO
phase locking led to the maximum effect in boreal winter, while MAM and SON weakening of the
ENSO response, especially over the equator, was likely associated with ITCZ migration. In particular,
when the ITCZ moved toward the equator in spring and autumn, the associated precipitation tended
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to compensate for the ENSO dryness effect within the equatorial belt, while in DJF and JJA, the ITCZ
shifted off the equator over the continents, involving stronger sensitivity of the moisture conditions
to the remote forcing. However, the latter effect did not manifest in all the climate indices and all
considered areas due to the possible contributions of other factors. Moreover, despite the return of
the ENSO-associated anomalous circulation to normal conditions that are usually observed in boreal
summer following ENSO peaks, the anomaly of climate indices persisted over the subsequent seasons.
This may have resulted from a reduced moisture supply caused by surface dryness. For example,
over large parts of Indonesia, dry conditions were observed despite the ascending motions restored in
JJA following El Niño (Supplementary Materials Figures S2 and S3a,b).

4. Discussion

Our correlation and composite analyses showed the significant influence of the ENSO cycles on
land surface moisture conditions over the entire tropical belt. The main difference between the two
types of El Niño manifested in the different intensities of the dryness index responses, with weaker
correlations for CP El Niño. Previous studies emphasized that, during CP events, since the SST
maximum is located near or within the warm pool where the well-developed deep convection occurs,
the teleconnection patterns can be as marked as being during EP El Niño events [88]. We did not find
such an amplification. This was probably because the heat and moisture release into the atmosphere
from anomalous warm water mostly governs the propagation of the ENSO signal poleward rather
than leading to a redistribution of precipitation within the tropics.

The warm (El Niño) and cold (La Niña) phases of the ENSO cycle exhibited almost opposite
effects on the dryness indices in tropical regions, indicating the dominance of a linear response.
Meanwhile, it was documented that ENSO manifests with significant convection asymmetry between
the warm and cold phases [89]. To estimate the relationship between the linear and nonlinear responses
of the dryness indices to ENSO, we analyzed the differences between dryness indices observed in
DJF during El Niño and La Niña as a measure of the linear response (Figure 8, left column). The DJF
composites of the dryness indices, which were calculated as 0.5 × (El Niño + La Niña), were used as
a proxy of non-linear response (Figure 8, right column). It is clear that linear responses dominated
over the continents for all considered dryness indices. The non-linear response was much weaker and
manifested mostly over South and Eastern Africa and Eastern and Northern South America. Note that
for KBDI and WASP, the non-linear response was lacking. The lack of non-linearity in the dryness
indices’ response compared to convection may be explained by the fact that the asymmetry between the
convection response to the warm and cold ENSO phases is mostly attributed to the oceans, especially to
the Pacific, while in the present study, we only focused on dryness indices over the continents where
the asymmetric convection response was not as evident.

The variety of the ENSO effects on the dryness indices and precipitation anomalies that we observed
could be due to multiple reasons, including the different data sets that were used to compute each
index, the different atmospheric parameters (air temperature, precipitation), and the different averaged
different time intervals that were applied to derive the surface moisture conditions. In particular,
PDSI contains many empirical parameters that strongly depend on regional geographical conditions,
and therefore, requires additional calibration [67]. Moreover, the potential evapotranspiration in PDSI
was derived using the simplified Thornthwaite algorithm, which may result in some overestimation of
drought severity, especially in warm climates [66]. The widely used SPI is based only on precipitation
data and does not account for actual or potential evapotranspiration. This can also limit its ability to
capture the effect of increased temperatures on the moisture demand and availability [90].
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The variations in the dryness indices associated with El Niño/La Niña conditions are assumed
to impact the growth and function of tropical forest ecosystems through variations of energy and
CO2 fluxes [12,77]. The links between the dryness and ENSO indices make it possible to assess
the potential El Niño consequences for tropical vegetation. The ENSO-induced extremely dry or
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wet conditions can have dramatic impacts on the vegetation of the humid and subhumid tropics.
Surface droughts very often disturb vegetation function and reduce primary production. Similar effects
can also be observed in the case of floods associated with heavy rainfall. Wigneron et al. [91] analyzed
the influence of extremely hot and dry conditions associated with the 2015–2016 El Niño event on
tropical vegetation and showed that such anomalies can lead to larger carbon emissions from tropical
ecosystems into the atmosphere due to reduced gross primary production and increased ecosystem
respiration. Furthermore, the study showed [91] that the return to normal climatic conditions in
2017 led dry lands to very rapidly recover their carbon stocks to pre-El Niño levels, but African and
American humid forests did not, suggesting carryover effects from enhanced forest mortality and
impaired tree function. Similar results were obtained by Gushchina et al. [12] for tropical rainforests
in Indonesia. Strong droughts also increase the risk of wildfires, which can result in the complete
destruction of plant communities and acute changes of surface energy, water, and carbon budgets,
as well as a loss of biodiversity [44,92].

Considering the possible effects of the ENSO on the growth and functioning of tropical vegetation,
it is also important to take into account the plasticity of tropical plant species and their ability for
biological adaptation to current environmental conditions [93–95]. This can be extremely important
given the projected increasing frequency of extremely strong ENSO events by the end of the 21st
century [96] and the need to obtain adequate projections of the possible responses to such changes of
the different plant communities [93].

5. Conclusions

Five dryness indices (KBDI, WASP, PERCENT, PDSI, and SPI) were used to estimate the effects of
the ENSO events on moisture conditions that are crucial for tropical vegetation function and growth.
The separate effect of the ENSO on precipitation anomalies was also analyzed. The strongest variability
of the dryness indices associated with the ENSO cycle was observed over Indonesia, Australia, southern
and eastern Africa, eastern and northwestern South America, and Central America. During El Niño,
dry conditions extended over the entire Indonesian–Australian and Amazonian regions, as well as
northeastern and northern African regions. On the other hand, wetter than average conditions were
observed in central and western Australia, in eastern Africa, the southeastern part of South America,
and on the western coast of equatorial South America. The effects of La Niña were generally opposite to
those of El Niño, which indicated the dominance of the linear response of dryness indices to the ENSO.

An important finding was that the two types of El Niño (Eastern and Central Pacific) had different
impacts on the surface moisture conditions in both the humid and subhumid tropics. The response to
the two types of El Niño mostly differed in the strength of the correlations and the spatial distributions
of the dryness indices, with the CP El Niño effect being weaker than those of EP El Niño.

Comparisons of how the ENSO affected the dryness indices relative to precipitation anomalies
showed distinct ENSO–precipitation and ENSO–dryness indices correlations that exhibited opposite
patterns in some regions. These differences were due to various factors, including the use of
different data sets and time intervals when computing each indicator, as well as different atmospheric
parameters (e.g., air temperature, precipitation) that influence the dryness indices (e.g., KBDI, PDSI).
Tropical vegetation is sensitive to various climatic factors, and thus, future efforts to examine the
ENSO–vegetation interactions should consider using dryness indices in addition to precipitation data
for characterizing surface moisture.

The ENSO effects on the dryness indices that we observed were likely due to the displacement of
Walker and Hadley vertical circulation cells and the associated convection and precipitation zones
(atmospheric bridge mechanism), as well as to effects of tropospheric warming and cooling resulting
from the ENSO-associated changes in the SST that propagate along the tropics in the form of the
Rossby and Kelvin waves. Our results emphasized that the observed anomalies in dryness indices
corresponded with the location of ascending/descending branches of zonal (Walker) and meridional
(Hadley) verticals cells that favor/stress the processes of deep convection.
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We also found very strong spatial heterogeneity in the seasonal variability of the ENSO–dryness
index relationships. This can occur due to the influence of the phase-locking of El Niño/La Niña events
that tend to peak in boreal winter, as well as to seasonal migration of the Intratropical Convergence
Zone (ITCZ).

Our present study considered the possible effects of different types of El Niño and La Niña on
surface moisture and precipitation anomalies within tropical regions during a relatively short period
covering only the last several decades. The wide range of possible responses of weather conditions
to various ENSO events stresses the need for new studies of possible ENSO influences on regional
weather conditions in the tropical and extra-tropical regions. This is especially important given
the high sensitivity and vulnerability of tropical vegetation to extreme weather events and climate
anomalies. New studies of the ENSO–tropical vegetation interaction can help to better understand the
key mechanisms of such interactions and improve the projection of tropical vegetation’s response to
future climate change.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/12/1354/
s1. Figure S1: The difference between the El Niño Southern Oscillation (ENSO)–dryness indices and
ENSO–precipitation correlations for Eastern Pacific (EP) El Niño. Figure S2: The same as Figure S1 but
for Central Pacific (CP) El Niño. Figure S3: The same as Figure S1 but for La Niña. Figure S4: The Walker
circulation cell (averaged between 5◦ S–5◦ N) in MAM (March, April, May). The composites for (a) EP El Niños,
(b) CP El Niños, and (c) La Niñas (see Table 1 for the selected events). The arrows are the vectors of wind velocity:
divergent zonal wind (m/s) along the horizontal direction, pressure vertical velocity (×10−2 Pa/s) along the vertical
direction; the color field is the value of the pressure vertical velocity (×10−2 Pa/s). Figure S5: The same as Figure S4
but for JJA (June, July, August). Figure S6: The same as Figure S4 but for SON (September, October, November).
Figure S7: The composites of the dryness indices during the DJF (December, January, February) (left column)
and MAM (right column) seasons of CP El Niño years (see Table 1 for selected events). Figure S8: The same as
Figure S7 but for the JJA (left column) and SON (right column) seasons. Figure S9: The same as Figure S7 but for
La Niña years (see Table 1 for the selected events). Figure S10: The same as Figure S8 but for La Niña years (see
Table 1 for the selected events). Figure S11. The Hadley circulation cell over (a,d,g) Indonesia–Australia (averaged
between 90–160◦ E); (b,e,h) Africa (averaged between 20◦ W–50◦ E); (c,f,j,i) South America (averaged between
30–80◦ W) in MAM. The composites for EP El Niños (upper panel), CP El Niños (middle panel), La Niñas (bottom
panel) (see Table 1 for the selected events). The arrows are the vectors of wind velocity: divergent meridional wind
(m/s) along the horizontal direction, pressure vertical velocity (×10−2 Pa/s) along the vertical direction; the color
field is the value of the pressure vertical velocity (×10−2 Pa/s). Figure S12: The same as Figure S11 but for JJA.
Figure S13: The same as Figure S11 but for SON.
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