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ABSTRACT: Predicting the changes in teleconnection patterns and related hydroclimate extremes
can provide vital information necessary to adapt to the effects of the El Nifio—Southern Oscillation
(ENSO). This study uses the outputs of global climate models to assess the changes in ENSO-related
dry/wet patterns and the frequency of severe dry/wet events. The results show anomalous precipi-
tation responding asymmetrically to La Nifia and El Nifio, indicating the teleconnections may not
simply be strengthened. A “dry to drier, wet to wetter” annual anomalous precipitation pattern
was projected during La Nifia phases in some regions, with drier conditions over southern North
America, southern South America, and southern central Asia, and wetter conditions in Southeast
Asia and Australia. These results are robust, with agreement from the 26 models and from a subset
of 8 models selected for their good performance in capturing observed patterns. However, we
did not observe a similar strengthening of anomalous precipitation during future El Nifio phases,
for which the uncertainties in the projected influences are large. Under the RCP4.5 emissions
scenario, 45 river basins under El Nifio conditions and 39 river basins under La Nifia conditions
were predicted to experience an increase in the frequency of severe dry events; similarly, 59 river
basins under El Nifio conditions and 61 river basins under La Nifia conditions were predicted to
have an increase in the frequency of severe wet events, suggesting a likely increase in the risk
of floods. Our results highlight the implications of changes in ENSO patterns for natural hazards,
disaster management, and engineering infrastructure.
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limate models project a general increase in the frequency and intensity of hydroclimate

extremes at regional to global spatial scales during the twenty-first century (Donat

et al. 2017; Hirabayashi et al. 2013), which is expected to cause severe casualties and
economic loss (Ward et al. 2014). This enhancement of extreme events is due to increases in
atmospheric water vapor and rates of ascent in clouds (O’Gorman and Schneider 2009; Pfahl
et al. 2017). Along with these climatic changes, the Earth system continues to experience
natural interannual climate variability. The El Niho—Southern Oscillation (ENSO) is a
naturally occurring fluctuation that originates in the tropical Pacific region and dominates
global interannual climate variability by modulating large-scale atmospheric circulation
patterns (Neelin et al. 1998; Alexander et al. 2002). ENSO affects the occurrence of many
natural hazards (e.g., droughts, floods, hurricanes) (Ward et al. 2014; Sun et al. 2016) and
modulates the societal risks arising from these hazards (e.g., wildfires, disruption of food
production, death toll) (Andela and Werf 2014; Iizumi et al. 2014; Power and Callaghan
2016) in many regions of the world. Kenyon and Hegerl (2008, 2010) investigated the
global response patterns of hydroclimate extremes to ENSO over land areas, and reported
a significant decrease in precipitation extremes over Southeast Asia, Indonesia, Australia,
and the northernmost region of South America during El Nifio phases, whereas the southern
tier of the United States and the region from Argentina to southern Brazil show increases in
heavy precipitation during El Nifio phases, and vice versa during La Nifia phases (Kenyon
and Hegerl 2010). Many record-breaking drought and flood events can be linked directly to
the ENSO cycle, such as the November—April 1998-2001 severe drought in southwest Asia,
which was linked to the cold phase of the ENSO cycle (Barlow et al. 2002; Hoerling and Kumar
2003), extreme floods in China and Australia (Yin and Li 2001) and Bangladesh (Hoerling
and Kumar 2003; Bell et al. 1999) in 1998, and the severe heat and drought in Indonesia in
2015 (King et al. 2016).

Global warming changes the climate state in tropical Pacific regions (Allen and Luptowitz
2017; Wang et al. 2016), leading to changes in the characteristics of ENSO, and it might have
already increased the likelihood of extreme events (Cai et al. 2014, 2015a,b; Power et al.
2017). Changes in the mean state of tropical Pacific regions and in the properties and fea-
tures of ENSO may alter ENSO teleconnections, precipitation variability, and the occurrence
of droughts and floods over remote land areas. ENSO-driven precipitation variability in the
equatorial Pacific is projected to intensify in response to global warming, and this tends to
increase ENSO-driven precipitation variability around the world (Bonfils et al. 2015; Power
and Delage 2018). In addition, El Nifio—driven precipitation anomalies in the equatorial Pacific
are projected to move east (e.g., Kug et al. 2010; Power et al. 2013), inducing an eastward
shift in the Pacific—North American (PNA) teleconnection pattern (Zhou et al. 2014; Kug et al.
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2010). Intensification of El Nifio—driven drying in the western Pacific Ocean is also predicted
under global warming (Power et al. 2013). For Central America, the projected future changes
in precipitation anomalies are not clear (Steinhoff et al. 2015). Tropical cyclones are predicted
to become more frequent during future El Nifio events compared with present El Nifio events
(Chand et al. 2017). Studies have also suggested that the teleconnection mechanisms that
underlie ENSO and its associated impact on North America will intensify and/or shift position
as a result of climate anomalies in a warmer climate (Coelho and Goddard 2009; Wang et al.
2014; Wang et al. 2015; Meehl et al. 2007). The projected increases in both intense drought
and excessive flooding in California may be associated with a strengthened relation to ENSO,
which affects the hydrologic cycle through its precursor patterns as well as through its warm
and cold phases (Yoon et al. 2015).

Some recent studies examined changes in ENSO-driven precipitation variability over global
land in the twenty-first century (Power and Delage 2018; Bonfils et al. 2015; Perry et al. 2017).
Perry et al. (2017) reported a ~12% increase in the spatial extent of ENSO teleconnections for
precipitation. Power and Delage (2018) reported an increase in ENSO-related variability over
some regions, driven by the enhanced variability in the tropical Pacific. Yeh et al. (2018)
reviewed changes in ENSO atmospheric teleconnections associated with changes in ENSO
properties and the tropical Pacific mean state, and how these may change under greenhouse
warming. Here, we extend these previous studies as follows: 1) we use global climate models
to estimate future changes in ENSO-related precipitation teleconnection patterns at both the
local grid scale and the river-basin scale, and 2) we quantify changes in the frequency of
ENSO-related extreme precipitation events in major river basins worldwide. We use simula-
tions from 26 models from phase 5 of the Coupled Model Intercomparison Project (CMIP5),
statistically downscaled via the bias correction and spatial downscaling method (BCSD;
Brekke et al. 2014). In these simulations, climate projections are downscaled to obtain high
spatial resolution and to reduce climatological bias (Maurer et al. 2014). Using these models,
we calculate a global projection of the changes in ENSO-related hydroclimate extremes over
land under the representative concentration pathway (RCP) 4.5 emissions scenario for the
twenty-first century.

Materials and methods
Observed data. In this study, a gridded monthly precipitation product for the period 1951-2005
from the Global Precipitation Climatology Centre (GPCC) with a grid resolution of 0.5° was
used to calculate the standardized precipitation index (SPI). The SPI is a widely used index for
characterizing dry/wet events. We used the 3-month-scale SPI to identify dry/wet conditions,
since the 3-month SPI reflects short- and medium-term moisture conditions and provides a
seasonal estimation of precipitation. The 3-month SPI compares the precipitation for a given
3-month period over the historical record. For example, a 3-month SPI value for the end of
February compares the precipitation total for the December—February period with all the past
totals for that same period. This long-term record is fitted to a probability distribution, which
is then transformed into a normal distribution such that the mean SPI value for the location
and desired period is zero. Positive SPI values indicate greater than median precipitation,
and negative values indicate less than median precipitation. Because the SPI is normalized
and dimensionless, it is particularly suited for characterizing the relative dry/wet conditions
across different time periods and across regions with different climatic conditions and sea-
sons. To reduce the influence of dry month and location, we calculated the running 3-month
total precipitation, and screened out the months/locations with a long term average of the
3-month total precipitation below 30 mm.

We used the oceanic Nifio index (ONI; 3-month running mean of ERSST.v4 SST anoma-
lies in the Nifio-3.4 region) to represent ENSO and determine whether El Nifio or La Nina
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ate temperature and precipitation datasets with higher spatial resolution and significantly
reduced climatological biases (Wood et al. 2004). The BCSD CMIP5 simulations have been
used to project future changes in climate extremes in previous studies (Ning et al. 2015). In
this study, each simulation spanned the years 1951-2060. For 1951-2005, we used estimates
of historical climate forcings. For 2006 onward, we used forcings corresponding to RCP4.5,
which represents a relatively moderate buildup of atmospheric greenhouse gases. For each
model, we then used the BCSD precipitation output to calculate the 3-month SPI time series.

Classification of El Nifio, neutral, and La Nifia years. Related atmospheric and rainfall vari-
ability can be strongly associated with different stages of ENSO events. We used the standard
hydrological year (October—September) to calculate the time series of the annual SPI value, as
previous studies have done (Ward et al. 2014). ENSO years were therefore adjusted by 1 year
to be connected with the hydrological year. For instance, ENSO year 1998 refers to the period
October 1998 to September 1999. The ONI for December—February (DJF), when ENSO events
are typically at their peak (Santoso et al. 2013), was used as ENSO index to classify years as
neutral years (—0.50 < ONI < 0.50), normal La Nifia years (-1.00 < ONI < —0.50), strong La Nifia
years (ONI < -1.00), normal El Nifio years (0.50 < ONI < 1.00), or strong El Nifo years (ONI >
1.00), where ¢ is the standard deviation of the ONI. The ONI calculation was applied to the
Nifno-3.4 time series from each of the 26 models. Compared with the standard deviation of
historical ONI time series, 14 models had higher ONI variability in the projected simulation
(2006-60) (Fig. 1a). We used the standard deviation of the ONI during the period 1951-2005
to normalize the ONI in both the historical and RCP4.5 simulations.

In this study, we focused on the influence of the strong El Nifio and La Nifia events.
Using the threshold value of 1.00, 226 strong La Nifia and 250 strong El Nifio events were
selected from the 26 models in the projected period (2006-60, Table ES2); these numbers
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were slightly higher than the numbers in the historical period (Fig. 1). Raising the threshold
value to 2.00 yielded 17.07% and 64.29% increases in the frequency of strong El Nifio and
strong La Nifia events. These changes mainly arise from a small number of models and are
not robust. Previous studies taking into account the nonlinear nature of ENSO processes also
predicted that the frequency of extreme ENSO events will increase (Cai et al. 2014, 2015a,b;
Power et al. 2017).

ENSO-related precipitation responses

Precipitation response pattern. A composite analysis was performed to investigate precipi-
tation response patterns to La Nifia, El Nifio, and neutral years. We first selected the strong
La Nifna, strong El Nifio, and neutral years based on the ONI values in the observations and
in each model. Then, we detrended the annual SPI time series during the period 1951-2060
for all model simulations. We computed the detrended annual SPI average for each grid
location over all of the strong La Nifia and strong El Nifio years during the 1951-2005 and
2006-60 periods to obtain composite patterns for each set of events. The Mann-Whitney U
test was used to determine whether the composite patterns for strong La Nifia and strong E1
Nifio years were statistically significantly different from the composite pattern for neutral
years. The Mann—-Whitney U test is a nonparametric test and does not require the assumption
of normality. Then, we compared the composite patterns for the 1951-2005 and the 2006-60
periods to identify changes in ENSO-related precipitation variability between the two peri-
ods. We focused on the grid cells where the signals were strong for the present day in both
the model and the observations. We first selected the grid cells over global land that had a
significant (p < 0.1) correlation between the time series of the annual detrended SPI and the
ENSO index (observations) during the period 1951-2005. Then, we assessed the correlation
relationship between the time series of the annual detrended SPI and ENSO index during
the period 1951-2005 over these grid cells in all models. We selected the grid cells where
the multimodel ensemble mean (MMM) of all 26 models correctly captured the observed
signal of the correlation relationship and where more than two-thirds of the models (i.e., 17
models) agreed with the observed signals. The geographical distribution of the grid cells to
be analyzed can be found in Fig. ES1 in the online supplement (https://doi.org/10.1175/BAMS
-D-18-0258.2).

We also examined changes in the patterns of precipitation at the river-basin scale. River-
basin boundaries were based on the Global Runoff Data Centre (GRDC) dataset. This dataset
contains a basin layer for 405 river basins. We selected 167 river basins over global land that
had a significant (p < 0.1) correlation between the time series of the regional average annual
detrended SPI and the ENSO index (observations) during the period 1951-2005. Then, we
chose the river basins where the MMM correctly captured the observed signals and where
more than two-thirds of the models agreed with those signals. In the end, 117 river basins
were selected (Fig. ES1b). Regional SPI composites for these 117 river basins during the strong
La Nifa and strong El Nifio years were calculated for the observations and for all models for
the 1951-2005 and 2006-60 periods to compare the changes in regional precipitation vari-
ability forced by the future ENSO events.

In addition to analyzing the MMM of all 26 models, we also wanted to take the capabili-
ties of the different models into consideration; therefore, we also compared the results with
those of a subset of models that showed good performance in relation to the observations.
Because our study mainly focused on the influence of ENSO on dry/wet conditions over global
land, we selected the models that reasonably captured the observed SPI response pattern to
La Nifia and El Nifio phases at both the local gridcell scale and the river-basin scale. First, we
selected the 10 models with the highest spatial correlation coefficients (the Pearson correlation
coefficient between the SPI values taken over all selected cells from the model and observed
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composite patterns) between observed and simulated data (Fig. 2). Following the methods
in Cai et al. (2014), we used Nifio-3.4 SST skewness (Table ES3) as an additional selection cri-
terion because we used the ONI to identify ENSO events. The skewness of the Nifio-3.4 SST
anomaly coarsely measures asymmetry in the El Nifio—La Nifia amplitudes. Eight out of the
26 total CMIP5 models had both positively skewed Nifio-3.4 SST (like the observed data) and
high correlations with the observed SPI response pattern (Fig. 2). The eight models that met
our criteria are the ACCESS1.3, CCSM4, CESM1(BGC), CNRM-CM5, GFDL CM3, GFDL-ESM2G,
GFDL-ESM2M, and NorESM1-ME. The majority of these selected models coincide with those
used by Cai et al. (2014).

FREQUENCY OF SEVERE DRY/WET EVENTS. To investigate potential changes in the occurrence of
ENSO-related extreme precipitation events, we calculated the difference in the frequency of
severe dry/wet events between the historical and projected periods (Table ES4) over global land
and over major river basins (the 117 selected river basins are shown in Fig. ES1). The SPI time
series was detrended for each month during the period 1951-2060. For the strong La Nifia and
strong El Nifio years, we accumulated the number of months per year in which the detrended

SPI values exceeded 1.5 (severe wet) or
1
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scale) or at the river-basin scale. Forin- £ .| NRD
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Mariotti 2007; Juneng and Tangang
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1987; Richard et al. 2000), with drier
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Correlation for La Nifia composite pattern

Fic. 2. Spatial correlation coefficients for the relationship between
observed and simulated regional SPI composite values at (a) the
gridcell scale and (b) the river-basin scale. The grid cells and river
basins where the ensemble mean captured the observed signal
of the correlation relationship and where more than two-thirds
of the models agreed with the observed and MMM signals are
included in the analysis. Results are shown for 26 individual CMIP5
models plus the MMMs. The asterisk dots indicate the 8 models
out of the 26 total models that had both positively skewed Niiho-
3.4 SST (like the observed data) and higher correlations than the
other models.
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(a) 26 MMM 1951-2005 (b) 8 MMM 1951-2005
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Fic. 3. Correlation coefficients for the relationship between the normalized ONI value and the SPI values
during the period 1951-2005, for (a),(c),(e) the MMM of all 26 models and (b),(d),(f) the MMM of the 8
selected models. (a),(b) The MMM of the historical simulations (1951-2005); (c),(d) the MMM of the RCP4.5
simulations (2006-60); (e),(f) changes in the correlation coefficient between the historical simulations and
the RCP4.5 simulations. Stippling denotes locations for which at least two-thirds of the models agree with
the sign of the MMM results.

patterns over southwestern North America, southern China, and central Asia during La Nifia
phases but wetter patterns over northeastern South America, Australia, and southern Africa
during La Nifia phases. Moreover, we compared precipitation anomalies under different ENSO
events for the two subperiods 1951-80 and 1981-2010 (Fig. ES5). We removed the influence
of the Pacific decadal oscillation (PDO) from the observations by linear regression. Then, we
compared the composite patterns of the La Nifia and El Nifio phases during the 1951-80 and
1981-2010 periods over the grid cells with a significant relationship between ENSO and SPI.
The results show that ENSO-related precipitation anomalies in the period 1981-2010 were larger
than those in the period 1951-80 for the northeast and southeast of South America and for
some regions scattered in southwest Asia (Fig. ES5), but the differences were not significant
according to the Mann-Whitney U test.

Compared with the results from single model (Fig. 2, Figs. ES6 and ES7), the MMMs of the 26
models and of the 8 selected models were able to capture the observed teleconnection patterns
(Figs. 3a,b). The sign of the anomalous precipitation over global land as captured by the MMMs

AMERICAN METEOROLOGICAL SOCIETY BéOMUjT to you by UNIVERSITY OF VICTORIA | I'nﬁlﬁlgrlnlm%c%% Bm\ nlnEﬂ;I(ﬁ)ﬁ/()ZQS 03:58 PM UTC



of all 26 models and of the 8 selected models (Figs. ES3 and ES4) was in agreement with that
produced individually by two-thirds or more of the models used. The spatial correlation coef-
ficients between the model composite SPI patterns and the observed composite SPI patterns
in response to La Nifia and El Nifio were higher in the ensemble mean than in the individual
models (Fig. 2). This is consistent with the evaluation of ENSO precipitation teleconnections
described elsewhere (Power and Delage 2018). This may be because the multimodel ensemble
embraces distinctly different physical parameterizations, thus surmounting the limitations
of an overconfident single-model simulation (Tebaldi and Knutti 2007).

Changes in precipitation response patterns. GripceLL scALe. Overall, the geographical area
with a significant relationship between the ENSO index and SPI values under the RCP4.5
scenario broadly resembled what we found for the observed data and simulated historical
periods (Figs. 3c,d). According to the MMM of the 26 models, the correlation coefficients are
projected to increase in the future (Fig. 3e), relative to the historical period, in southern North
America, southern South America, southwestern central Asia, Australia, and in some grids
scattered in southeastern China. Precipitation variability in these regions has been shown to
be connected to ENSO variation (Ropelewski and Halpert 1986, 1987; Mariotti 2007; Grimm
and Tedeschi 2009; Juneng and Tangang 2005). However, the MMM of the 8 selected models
did not show this consistent strengthening of the relationship between the ENSO index values
and SPI value in some of these regions. The consistent strengthening can be found across both
the 26 models and the 8-model subset only in northern Australia and parts of central Asia.
Under the RCP4.5 scenario, some regions of southern North America, southern South
America, and southern central Asia were predicted to experience drier conditions (higher
negative anomalous precipitation) during La Nifia phases, while wetter conditions were pre-
dicted for Southeast Asia and Australia in both the MMM of the 26 models (Fig. 4a) and the
MMM of the 8 selected models (Fig. 4c). Two-thirds or more of the models used agreed as to

(a) Changes in composite La Nifia (26 MMM) (b) Changes in composite El Nifio (26 MMM)
(c) Changes in composite La Niiia (8§ MMM) (d) Changes in composite El Nifio (8§ MMM)
r o L % T ey & ¥ g

04 -03 -02 -0.1 0 0.1 0.2 0.3 0.4

Fic. 4. Changes in the composite of the annual SPI values in response to strong ENSO events for the RCP4.5
simulations (2006-60) relative to the historical simulations (1951-2005). (a),(b) The MMM of the 26 models;
(c).(d) the MMM of the 8 selected models. Stippling indicates regions where the sign of the MMM change
is the same as the sign in at least two-thirds of the models used.
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(a) Variability 1951-2005 (26 MMM) (b) Variability 1951-2005 (8 MMM)
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Fic. 5. ENSO-related precipitation variability for 117 river basins based on the MMMs of the 26 models
and the 8 selected models. (a),(b) ENSO-related precipitation variability (composite SPI values for La Nifia
years minus composite SPI values for El Nifio years) for the MMM of the historical period (1951-2005);
(c).(d) ENSO-related precipitation variability for RCP4.5 (2006-60) simulations. (e),(f) ENSO-related
precipitation variability for the RCP4.5 scenario minus ENSO-related precipitation variability for the
historical simulations. Stippling in (a)-(f) indicates regions where at least two-thirds of models used
agree with the sign in the MMM.

the signs of these changes. However, there was little obvious strengthening of anomalous
precipitation during El Nifio phases, except in southern central Asia and northern Australia.
Some regions were predicted to experience a slight weakening of anomalous precipitation
during El Nifio phases, such as Southeast Asia and South America (Figs. 4b,d). The results
from the 26 models and the best 8 selected models showed a closer transition pattern during
La Nifia phases than that during El Nifio phases. The spatial correlation coefficients between
the MMMs of the 26 models and the 8 selected models are 0.73 and 0.47 for the transition
patterns during La Nifia phases and El Nifio phases, respectively. Precipitation anomalies
in South America, southwestern North America, and northern central Asia during El Nifio
phases had inconsistent change signals.

River-BasIN scALE. Figures 5 and 6 showed the changes in regional precipitation response
patterns to future ENSO events at the river-basin scale. Once more, the MMM performed
better than the individual models when simulating the teleconnections between regional
precipitation variability and ENSO, with a correlation coefficient greater than 0.8 (0.8) for
the La Nifia (El Nifio) composite pattern (Fig. 2b). The time series of the regional average SPI

AMERICAN METEOROLOGICAL SOCIETY Bé()Muﬁlt to you by UNIVERSITY OF VICTORIA | I'nﬁlﬁlgrlltlfu%c%% Bm\ 111?16;](’7()5/()2/25 03:58 PM UTC



(a) La Nifia (26 MMM) (b) EI Nifio (26 MMM)

0.15

0.1

0.05

-0.05
Changes in composite SPI

-0.1

-0.15

2 02 . ®26 MMM L
§ : R=10.25 . . ® 3 MMM *3.' . R=-0.50
[=¥ . . . L L ) .Co .
0.1 had 0' . . - * .. °
: Soe e R e
© ® ® o " ) . o S 3 H .t ..“..o .. ° ®e g °
E 0 : oot e oo 2::.‘ ¢ ;%'Q'“..' ° [ st e ‘~.0 ﬁ. > o':. 'o \‘0 :
n LTI il § ..: . ° . o %% . g 3¢ ® . :0: eeo, &
E -0.1 S e o .’0,"00‘. . ° :c : :‘ F ¢ .:: o?“: . o° ®e
Q L4 (1] L) . °
on ° ° .
§ 02 ° i S
@]
03 ‘ ‘ ‘ ‘ ‘ s ‘ ‘ s s
-0.6 -0.4 -0.2 0 0.2 0.4 -0.6 -0.4 -0.2 0 0.2 0.4
SPI composite SPI composite

FiG. 6. Projected changes in the regional SPI values during strong La Nifia and El Nifio phases in 117 major
river basins. (a),(c) Maps of the changes in the regional SPI composite over 117 major river basins for strong
La Nifa events based, respectively, on the MMMs of all 26 models and the 8 selected models. (b),(d) Maps

for El
same

Nifio phases. Stippling in (a)-(d) indicates regions where the signal of the change in the MMM is the
as the signal in two-thirds or more of the models used. (e),(f) The relationship between the historical

regional SPI composite and changes in the regional SPI composite over 117 major river basins, for strong
La Nifta and El Nifio phases, respectively. The black and red dots indicate the results from the MMMs of all
26 models and the 8 selected models, respectively.

values were calculated, and then the regional average composite SPI was derived to estimate
the response of precipitation to ENSO. We quantified changes in ENSO-related precipitation
variability by comparing the historical and projected differences between the composite SPI
values in response to La Nifia and El Nifio phases (Fig. 5). ENSO-driven precipitation vari-
ability was projected to increase slightly in river basins over southwestern North America,
the Murray River basin, and the Aral basin based on the MMMs of the 26 models and the 8
selected models. However, these MMMs showed different change signals for precipitation
variability in the river basins of South America. The predicted future precipitation response
to La Nifia and El Nifio was asymmetric. Under the RCP4.5 scenario, a “dry to drier, wet to
wetter” pattern during La Nifia phases was projected in some river basins, including the
river basins of southern North America, central Asia, Southeast Asia, and Australia. The
results from the MMMs of the 26 models and the 8 selected models agreed with regard to the
signals of these changes. The MMM of the 26 models showed that changes in the regional
composite SPI, during La Nifia phases were significantly positively correlated with the his-
torical composite SPI with a correlation coefficient of 0.63 (Fig. 6e), while the MMM of the 8
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selected models did not show such a strong relationship, due to inconsistent change signals
in some river basins (Figs. 6a,c). For example, in the Amazon River basin, the results from
the 26 models and the 8 selected models had opposite change signals. During future El Nifio
phases, the “dry to drier, wet to wetter” pattern was not seen over most river basins. To the
contrary, the historical negative precipitation anomalies over the Amazon River and Mekong
River basins and the positive anomalies over the river basins of northern North America were
projected to be ameliorated. Generally speaking, there are large uncertainties in the changes
of precipitation anomalies during future El Nifio phases, with large inconsistences evident
between the MMMs of the 26 models and the 8 selected models.

Changes in the occurrence of severe dry/wet events. Figures 7 and 8 showed changes in
the frequency of severe dry/wet events under future ENSO conditions over 117 river basins.
Assessment of these basins revealed large geographical differences in the projected changes
in the frequency of severe dry and wet events. Under RCP4.5, according to both the MMMs
of the 26 models and the 8 selected models, 45 rivers under El Nifio conditions and 39 river
basins under La Nifia conditions were predicted to experience an increase in the frequency
of severe dry events relative to the historical period, while 44 under El Nifio conditions and
44 under La Nifia conditions would experience decreasing trends. Conversely, 59 river basins
under El Nifio conditions and 61 under La Nifia conditions were predicted to have an increase
in the frequency of severe wet events, suggesting a likely increase in the risk of floods, while
a decreasing tendency was found for 21 river basins under El Nifio conditions and 17 under
La Nifia conditions. Both intense dry events and excessive flooding were projected to increase
in frequency in 22 river basins during La Nifia phases, including the Aral River basin, the
Colorado River basin, and the southern river basins of North America, indicating that these

(a) 26 MMM La Nifia (SPI>1.5) (b) 26 MMM La Nifia (SPI<-1.5)

-40 -30 -20 -10 0
Relative change in frequency of severely dry/wet events (%)

Fic. 7. Projected relative changes in the frequency of severe dry events (SPl < -1.5) and severe wet events (SPI
> 1.5) during strong La Nifia phases in 117 major river basins. The analysis is based on the MMM change (a),(b)
for the 26 models and(c),(d) for the 8 selected best models. Stippling in the panels indicates that the sign of
the change in the multimodel ensemble is the same as the sign in two-thirds or more of the models used.
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Fic. 8. Projected relative changes in the frequency of severe dry events (SPI < -1.5) and severe wet events
(SPI > 1.5) during strong El Nifio phases in 117 major river basins. The analysis is based on the MMM change
(a).(b) for the 26 models and (c),(d) for the 8 selected best models. Stippling in the panels indicates that
the sign of the change in the multimodel ensemble is the same as the sign in two-thirds or more of the
models used. The blue lines indicate the boundaries of the major river basins.

rivers may experience concurrent dry condition and wet condition in different parts of their
basins during ENSO events. Some basins, such as the Mekong River basin, the Murray River
basin, and river basins in Canada, were predicted to experience an increase in the frequency
of severe wet events but a decrease in the frequency of dry events during La Nifia phases
(Fig. 7). Most river basins showed a broad increase in the frequency of severe wet events during
El Nifio phases. The Murray River basin and the Mekong River basin showed more pronounced
and robust changes, with agreement from more than two-thirds of the models (Figs. 8a,c).
Figure 9 exhibited the relationship between the change in regional composite SPI and the
change in the frequency of dry/wet events over different river basins. The correlation coeffi-
cients based on the simulations from all 26 models and the 8 selected models indicate that the
changes in the frequency of severe dry/wet events contributed to the changes in anomalous
precipitation in response to ENSO events. We also examined the relationship between the
change in the frequency of severe events and historical anomalous precipitation. The significant
negative correlation coefficient indicates that the river basins with large negative anomalous
precipitation are predicted to experience an increase in severe dry events during La Nifia.
However, a decrease in the total number of dry/wet events in a full year and a reduction
in anomalous precipitation do not necessarily indicate a weakening of dry or wet events. For
instance, in the Amazon River basin, drought events and below-average streamflow are com-
monly associated with El Nifio events (Lopes et al. 2016); we found a decrease in dry events but
an increase in wet events from the MMM of the 26 models under the RCP4.5 scenario, albeit
without general agreement among most models. However, looking at the changes in individual
months, dry events did not decrease from October to December, when the teleconnection
relationship with ENSO is much stronger (Fig. 10a). Moreover, with an increased occurrence
of extreme ENSO events, more areas were predicted to be subject to a greater frequency of dry
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Fic. 9. The relationship between the change in the regional SPI composite values and the change in the
frequency of severe dry/wet events during strong (a),(b) La Nifia and (c),(d) El Nifio phases. The dots indicate
117 major river basins in which the dry/wet conditions are significantly correlated with ENSO. The black
and red dots indicate the results from the MMMs of the 26 models and the 8 selected models, respectively.

events and floods. For instance, with an ENSO-index threshold of two standard deviations,
the risk of dry events during El Nifio phases and floods during La Nifia phases was predicted
to increase in the Amazon River basin. In the Colorado River basin, dry event was predicted
to be more frequent and widespread under RCP4.5 in response to increasingly strong La Nifia
events (Fig. 11).

Discussion and conclusions

In summary, anomalous precipitation under different ENSO conditions may be changed in
some regions under future climate warming, with an asymmetric response to La Nifia and
El Nifio. We analyzed precipitation response patterns to La Nifia and El Nifio phases and found
that a “dry to drier, wet to wetter” annual anomalous precipitation pattern was predicted for
La Nifna phases, with drier conditions expected over southern North America, southern South
America, and southern central Asia, and wetter conditions expected in Southeast Asia and
Australia based on analysis of results from all 26 models and the 8 selected models with good
performance. However, a similar strengthening of anomalous precipitation was not observed
for El Nifio phases and, in fact, a slight weakening of annual anomalous precipitation was
predicted for Southeast Asia and South America during El Nifio phases. The future changes
in anomalous precipitation during La Nifia phases is more robust than that during EIl Nifio
phases, according to the comparison of the results from the 26 models and the 8 selected
models. The asymmetric response of anomalous precipitation to La Nifia and El Nifio sug-
gests that the influences of ENSO on precipitation may change in the future, but the existing
teleconnections will probably not simply be strengthened and remain uncertainties. Further
exploration of the underlying mechanisms that contribute to these changes in teleconnec-
tion relationships remains an avenue for future work. On the other hand, our study mainly
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Fic. 10. The average frequency of dry/wet events of different intensities over the Amazon River basin during
(a)-(d) strong El Niio years and (e)-(h) strong La Nifia years. (a),(c),(e).(g) The average number of dry/wet
events is measured as the number of months in which the detrended monthly SPI value exceeded speci-

fied thresholds (SPI < —1.5 for severe dry events; SPI > 1.5 for severe wet events). The blue and magenta
lines indicate the results from historical and RCP4.5 simulations, respectively.

focused on changes in the ENSO driven precipitation variability. Power and Delage (2018) also
revealed changes in mean state and neutral precipitation over the globe, which may modify
the ENSO teleconnections to some extent. Quantification and explanation for the contribution
of mean state changes to changes in ENSO teleconnections is an important topic for future
climatic conditions.

With these changes in precipitation anomalies in response to future ENSO events, the
majority of river basins were predicted to experience an increase in the frequency of ENSO-
related severe dry/wet events. For instance, precipitation deficits in El Nifo years over the
ENSO-affected Australia region were predicted to worsen and, in combination with higher
temperatures under a warmer climate, may trigger more extreme droughts. Central Asia has
a semiarid steppe climate with little precipitation, and precipitation variability there can
be affected by variations in ENSO (Mariotti 2007). Furthermore, much of the population in
this region is directly reliant on agriculture. This region may become more susceptible to
droughts in La Nifia years owing to intensified negative SPI anomalies and an increased
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Fic. 11. The average frequency of dry/wet events of different intensities over the Colorado River basin
during (a)-(d) strong El Nifio years and (e)-(h) strong La Niia years. (a),(c),(e).(g) The average number of
dry/wet events is measured as the number of months in which the detrended monthly SPI value exceeded
specified thresholds (SPI < 1.5 for severe dry events; SPI > 1.5 for severe wet events). The blue and magenta
lines indicate the results from historical and RCP4.5 simulations, respectively.

frequency of dry events. A shortage of water resources in this region would pose a great
threat to agriculture and human health and would likely trigger regional conflicts. With
the strengthening of negative anomalous precipitation and a predicted increase in the fre-
quency of extreme La Nifia events, the Colorado River basin may be subjected to a greater
frequency of dry events, which in turn may affect water supply in the southwestern United
States (e.g., in California). The changes of ENSO teleconnections and the increasing fre-
quency of ENSO-related extreme events suggest that it is essential to take projected changes
in ENSO characteristics and teleconnections into consideration when improving seasonal or
long-term drought and flood predictions. In contrast to concurrent climate extremes, such
as simultaneous droughts and heat waves (AghaKouchak et al. 2014), successive extreme
events caused by shifts in the ENSO cycle would result in an inverse hazard map and se-
vere compound effects, increasing the temporal imbalance of water availability and posing
new challenges for the management of freshwater resources and engineering facilities.
New multihazard-resilient criteria for infrastructure design will be needed to cope with the
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projected changes in the ENSO cycle, and consequently with the changes in ENSO-driven
extreme events (Yeh et al. 2018).

The projected changes in ENSO influences may be related to several potential factors. First,
changes in the properties and features of ENSO events, such as an increase in high-magnitude
ENSO events, can affect anomalies in dry/wet patterns and extreme weather events over global
land. The combination of changes in the features of ENSO events with an overall warming
climatic state may perturb large circulation patterns, with subsequent effects on weather
events over land. Power et al. (2013) suggested that anomalous convection will be greater in
the twenty-first century than the twentieth century because of background warming in the
equatorial Pacific; with changes in ENSO variance and structural changes in ENSO sea surface
temperature anomalies, the nonlinear contribution of background warming to intensified
precipitation may be enhanced or dampened. On the other hand, precipitation anomalies
would be expected to increase under a warming climate even if there were no changes in
ENSO properties: a warmer atmosphere tends to hold more moisture, resulting in a greater
frequency of extreme rainfall events with higher rainfall intensity (Trenberth 2011). Although
we detrended the time series, used a traditional composite method, and considered whether
there was robust agreement from multiple models in our study of ENSO-related effects on
variability in global land precipitation, precipitation anomalies may also be modified by other
thermodynamic and dynamic processes. Some studies have pointed out that an increase in
the frequency of dry events and an increase in the intensity of the most extreme events can
result in increases in the interannual variability of the annual hydroclimate. For instance,
Polade et al. (2014, 2017) and Swain et al. (2018) predicted that, owing to the combined effects
of dynamically strengthened onshore vapor transport and the thermodynamic enhancement
of vapor transport, the frequency of dry days and extreme events will increase over the south-
western United States, especially in California, leading to increased sampling variability of
the annual hydroclimate (Polade et al. 2017; Swain et al. 2018).

However, changes in ENSO itself and in the related remote influences on precipitation
variability over global land are controversial and accompanied by a large degree of uncer-
tainty. Although the ability of CMIP5 models to simulate ENSO has improved compared with
previous versions (Bellenger et al. 2014), there are still substantial intermodel differences in
the changes in the projected spatial structure and amplitude of ENSO (Watanabe et al. 2012)
and future ENSO-driven teleconnections, especially in the changes to projected precipitation
anomalies during future El Nifio phases. On the other hand, quantifying the teleconnection
influence of ENSO on climate is subject to uncertainty owing to aliasing of unrelated climate
variability, even with nearly a century of observations, which inevitably poses challenges
for the evaluation of ENSO teleconnections in models and the projection of future changes in
these teleconnections (Deser et al. 2017, 2018). Further studies to identify model biases in how
they respond to ENSO simulated from historical climate forcing and apparent model biases
that arise from limited sampling of internal variability unrelated to ENSO are essential and
should use longer observational records and large model ensembles.
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