
Vol.:(0123456789)1 3

Climate Dynamics (2019) 52:2303–2318 
https://doi.org/10.1007/s00382-018-4253-9

An asymmetric rainfall response to ENSO in East Asia

Ching Ho Justin Ng1   · Gabriel A. Vecchi1,2,3 · Ángel G. Muñoz1,4 · Hiroyuki Murakami1,5

Received: 17 November 2017 / Accepted: 7 May 2018 / Published online: 12 May 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
This study explores the impact of El Niño and La Niña events on precipitation and circulation in East Asia. The results 
are based on statistical analysis of various observational datasets and Geophysical Fluid Dynamics Laboratory’s (GFDL’s) 
global climate model experiments. Multiple observational datasets and certain models show that in the southeastern coast of 
China, precipitation exhibits a nonlinear response to Central Pacific sea surface temperature anomalies during boreal deep 
fall/early winter. Higher mean rainfall is observed during both El Niño and La Niña events compared to the ENSO-Neutral 
phase, by an amount of approximately 0.4–0.5 mm/day on average per oC change. We argue that, in October to December, 
while the precipitation increases during El Niño are the result of anomalous onshore moisture fluxes, those during La Niña 
are driven by the persistence of terrestrial moisture anomalies resulting from earlier excess rainfall in this region. This is 
consistent with the nonlinear extreme rainfall behavior in coastal southeastern China, which increases during both ENSO 
phases and becomes more severe during El Niño than La Niña events.

1  Introduction

The El Niño-Southern Oscillation (ENSO) phenomenon, 
involving interannual variability in sea-surface temperatures 
(SST) in the equatorial Central/East Pacific and associated 
atmospheric changes, has significant influences on the global 
climate system (Ropelewski and Halpert 1987; Kane 1997), 
and has been shown to influence the probability of drought 
and flood events in many locations (Barlow et al. 2001; 
Tong et al. 2006). There have been a broad range of stud-
ies on the climatic impacts of ENSO (e.g., see Zebiak et al. 
2015). Understanding the mechanisms connecting ENSO to 

rainfall variability in East Asia is of scientific interest, and 
the potential impact of this understanding on improved sea-
sonal forecasts for precipitation and its extremes underlines 
its societal significance. With these broad motivations, this 
study analyzes the influence of ENSO on seasonal rainfall 
and rainfall extremes, with particular focus on the East Asian 
subcontinent.

Many studies about ENSO teleconnections and their 
impacts on climate have been based on the assumption of 
linearity: that to a first approximation the impacts during 
El Niño largely mirror those during La Niña. This linear 
assumption has proved to be sufficient in explaining many 
aspects of ENSO and its teleconnections (Lau and Nath 
2001; Alexander et al. 2002). However, differences in pat-
terns, amplitudes and predictability between the El Niño 
and La Niña phases, which are often referred to as the asym-
metry/nonlinearity of ENSO, have also been shown to exist 
in specific regions and seasons (Hoerling et al. 1997; Lar-
kin and Harrison 2002; Jin et al. 2003; Choi et al. 2013; 
Dommenget et al. 2013). Hoerling et al. (1997) and Zhang 
et al. (2014) showed that surface temperature increases dur-
ing both El Niño and La Niña in parts of North America. 
Larkin and Harrison (2002) described differences in atmos-
pheric and oceanic patterns between El Niño composites and 
those of La Niña × (− 1), such that these two phases are not 
simply opposite to each other. An and Jin (2004) described 
the asymmetry of El Niño events being stronger than La 
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Niña as an intrinsic nonlinear characteristic of ENSO, while 
Ohba and Ueda (2009) described nonlinear wind response 
from forcing an atmospheric model with antisymmetrical 
SST anomalies. Vecchi and Harrison (2006), Vecchi (2006) 
and Lengaigne and Vecchi (2010) emphasized the impor-
tance of the nonlinear equatorial zonal wind and convection 
response to SST in extreme El Niño events, and proposed 
mechanisms leading to this nonlinearity. Hong et al. (2010) 
described a larger amplitude of warming in the Indian Ocean 
during El Niño than that of cooling during La Niña, and 
suggested mechanisms leading to this. More recently, Dom-
menget et al. (2013) and Choi et al. (2015) further described 
nonlinearity of the zonal wind response to ENSO in Central 
Pacific. The asymmetry in atmospheric circulation responses 
to ENSO is also used in Cai et al. (2015) to understand a 
robust response of ENSO precipitation to atmospheric global 
warming, and in Li et al. (2016) to describe asymmetry in 
Northeast Asia vegetation cover.

In this study, we aim to gain an understanding of the 
precipitation response to ENSO in East Asia during the 
fall/winter season, which is generally the most mature 
period of El Niño (Rasmusson and Carpenter 1982), by 
analyzing precipitation behavior from several observa-
tional datasets and numerical models. We begin by assess-
ing the assumption of linearity for ENSO climatic impacts, 
and performed a linear regression for the rainfall-SST rela-
tionship to examine any linear response to ENSO, with 
respect to the Neutral-climatological rainfall as shown 
in Fig. 1; details about datasets and methodology used 
are documented in Sect. 2. This linear regression (Fig. 2) 
shows that in boreal deep fall/early winter, a clear linear 
signal is seen in the maritime continent and Central China, 
consistent with Larkin and Harrison (2005). The linear 

signal is however absent, for example, along the south-
eastern coast of China (hereafter SEC) and particularly in 
the OND season.

The result that the relationship is not linear in many 
regions is worth further investigation. In particular, we 
may intuitively expect that ENSO would impact precipita-
tion in SEC because of its proximity to the Pacific and the 
existence of El Niño teleconnections in this region (Zhang 
et al. 1999; Wang et al. 2000; Zhang and Sumi 2002; Wu 
et al. 2003). Past literature has reported positive rainfall 
anomalies in southern China during fall/winter El Niño 
events, resulting from an anomalous anticyclone to the 
north of the maritime continent which drives anomalous 
onshore southwesterly moisture fluxes in the SEC. How-
ever, the nonlinear nature of the SEC rainfall response to 
ENSO has not been previously described. Since the regres-
sion suggests that a linear relationship does not hold in 
SEC, would there exist a ‘nonlinear’ signal, in the sense 
that rainfall increases or decreases during both El Niño 
and La Niña? To examine the possible ‘nonlinearity’ in 
SEC, we performed a ‘quasi-linear’ model fit to the data 
(see Sect. 2.3). This analysis demonstrates that a nonlinear 
response of rainfall to ENSO is indeed observed in SEC 
during deep fall/early winter, particularly the OND season.

This paper is structured as follows. Section 2 introduces 
the datasets and models studied, in addition to the meth-
odology to examine ‘nonlinearity’. This is followed by a 
description of the nonlinear rainfall response in Sects. 3, 
and 4 discusses the possible mechanisms for this response. 
Section 5 presents the implications of this nonlinearity 
on extreme rainfall, while the final section provides some 
concluding remarks.

Fig. 1   Observed climatological rainfall, during the ENSO-Neutral phase, from APHRODITE in East Asia in the fall/winter season. The red box 
represents the general location of ‘the southeastern coast of China (SEC)’ discussed in the text
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2 � Data and methodology

The response of rainfall to ENSO is analyzed using a suite 
of observational datasets along with coupled global climate 
model simulations. A quasi-linear regression of SST and 
rainfall is used to determine the extent of nonlinearity in 
the rainfall-ENSO relationship. This section describes the 
observational datasets and numerical models studied, and 
the methodology to quantify the ‘nonlinearity’ of rainfall 
response.

2.1 � Rainfall observational datasets

We begin our analysis of rainfall response to ENSO with 
the Japan-initiated data assimilation project named Asian 
Precipitation—Highly-Resolved Observational Data Inte-
gration Towards Evaluation (APHRODITE, Yatagai et al. 
2009, 2012). APRHODITE is a recently published land-
based observational network comprised of rain gauge data 
from various Asian countries and regions. We studied the 
APHRODITE Monsoon Asia Version 11.01 data product 
(APHRO_MA_V1101), for the 50-year period between 1958 
and 2007. Daily high-resolution rainfall values are provided, 
in addition to the ‘rstn’ index which describes the density of 
observation stations within each grid cell. This study focuses 
on the East Asian region bounded within 50°N–10°S, 
100°E–140°E (Fig. 1), with resolution of 0.5° × 0.5°.

Throughout this study, Version 4 of the Extended Recon-
structed Sea Surface Temperature dataset (ERSSTv4, Smith 
et al. 2008) is used for the Niño-3.4 Index (averaged SST 
within 5°N–5°S, 120°W–170°W). El Niño and La Niña 
events are defined with a threshold of ± 0.5  °C for the 

3-month running mean of ERSSTv4 SST anomalies in the 
Niño-3.4 region, also known as the Oceanic Niño Index, 
based on centered 30-year base periods (see website: http://
www.cpc.ncep.noaa.gov/produ​cts/analy​sis_monit​oring​/
ensos​tuff/ensoy​ears.shtml​).

To place the results using APHRODITE in a broader 
context, we also analyzed a number of other precipitation 
datasets:

•	 NOAA PREC/L (Precipitation Reconstruction Over 
Land): Monthly precipitation values for land, 1950–2011, 
resolution 0.5° × 0.5° (Chen et al. 2002), created by grid-
ding data from over 17,000 gauge observations in the 
Global Historical Climatology Network (GHCN) and the 
Climate Anomaly Monitoring System (CAMS) datasets 
using the optimal interpolation scheme;

•	 GPCP (Global Precipitation Climatology Project), Ver-
sion 2.2: Monthly values for land and ocean, 1979–2014, 
resolution 2.5° × 2.5° (Adler et al. 2003), a merged anal-
ysis product incorporating precipitation estimates from 
surface rain gauge observations, satellite microwave and 
infrared data;

•	 CMAP (CPC Merged Analysis of Precipitation): 
Monthly values for land and ocean, 1979–2014, resolu-
tion 2.5° × 2.5° (XXie and Arkin 1997), also created by 
merging gauge observations with satellite estimations, in 
addition to the NCEP-NCAR reanalysis;

•	 University of Delaware Air Temperature and Precipi-
tation Dataset, Version 4.01: Monthly values for land, 
1950–2014, resolution 0.5° × 0.5° (Willmott and Matsu-
ura 2001), gridded from land gauge observations using 
the Shepard interpolation algorithm.

Fig. 2   Linearity of rainfall response to ENSO, given by the rate of 
increase of APHRODITE seasonal-mean rainfall against Niño-3.4 
Index (mm/day/oC). This is defined by the slope of linear (median of 

pairwise slopes) regression of seasonal-mean rainfall against Niño-
3.4 Index. Only locations whose anomalies are statistically significant 
at the one-sided 99% level are plotted

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
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2.2 � Numerical models

To assist in interpreting the ENSO response of precipita-
tion in observational datasets, a suite of model simulations 
from GFDL’s coupled global climate models are studied: 
The Climate Model Version 2.1 (CM2.1, Delworth et al. 
2006), the Forecast-Oriented Low Ocean Resolution Ver-
sion of Climate Model Version 2.5 (CM2.5-FLOR, here-
after FLOR), and the Low Atmosphere and Ocean Resolu-
tion Version of Climate Model Version 2.5 (CM2.5-LOAR, 
hereafter LOAR). FLOR consists of the atmosphere and land 
components of CM2.5 (Delworth et al. 2012) coupled with 
the ocean and sea ice components of the lower-resolution 
CM2.1. The atmosphere and land components of FLOR 
have a horizontal resolution of 0.5° × 0.5° (approximately 
50 km × 50 km), while the ocean and sea ice components 
have a horizontal resolution of 1° × 1° (telescoping to 1/3° 
meridional spacing near the Equator). LOAR shares the 
same model components and physical parameterizations 
as FLOR, except that the atmosphere and land components 
have a lower horizontal resolution of 2° × 2° (C48 grid, as 
opposed to C180 in FLOR). More details on the FLOR 
model setup can be found in Vecchi et al. (2014), and those 
for LOAR in van der Wiel et al. (2016).

We analyzed a series of nudged-SST simulations with 
the models, which artificially require the models to closely 
follow observed sea-surface temperatures by restoring model 
SSTs to the interannually varying monthly-mean observed 
value ( SSTObs ) from the Met Office Hadley Centre Sea Ice 
and SST dataset (HadISST1.1, Rayner et al. 2003), such that 
the model SST satisfies �tSST = ŜST +

(
SSTObs − SST

)
∕� , 

where �tSST  represents the partial time-derivative of the 
SST field, ŜST  represents the SST tendency as computed 
in the coupled model, and � is the restoring timescale. 
Ten ensemble members are used for CM2.1 (study period: 
1971–2010), all of which perform monthly SST nudging 
with 5-day restoring timescales (Fanrong Zeng, personal 
communication). Five ensemble members are used for 
LOAR (study period: 1980–2009), all of which perform 
monthly SST nudging with 5-day restoring timescales 
(Muñoz et al. 2017). Nudged-SST simulations of FLOR 
(study period: 1971–2010) have six ensemble members with 
5-day or 10-day restoring timescales (Murakami et al. 2015). 
Following Murakami et al. (2015), since the difference in 
rainfall simulation between these restoring timescales is 
small (not shown), we treat both types equally to give six 
ensemble simulations for FLOR. Throughout this paper, we 
will consider ensemble-mean results for the simulations.

In models, El Niño and La Niña events are defined in the 
same way as for observations. Since model SSTs are nudged 
to observations, ENSO events occur in the same years as in 
observations.

2.3 � Diagnosis of nonlinearity

Beginning with the assumption of linearity to examine the 
rainfall response to ENSO, for each running 3-month season, 
we performed a linear regression of the seasonal-mean APH-
RODITE precipitation (for each grid cell in East Asia) to the 
average Niño-3.4 Index in that season, for a total of 50 years 
between 1958 and 2007. In particular, following Lanzante 
(1996), we performed a median of pairwise slopes fit, which 
is shown to be reasonably efficient for a sample size of 50. 
The results of this regression have been shown in Fig. 2, and 
will be discussed in more detail in the next section.

As briefly mentioned in the introduction, the inadequacy 
of a linear model in our region of interest implies the need 
to consider nonlinear impacts of ENSO on climate. For this 
purpose, we fit a ‘quasi-linear’ function for seasonal-mean 
APHRODITE rainfall ( y ) against the mean Niño-3.4 Index 
in that season, up to de-averaging with the 50-year mean 
Index (i.e. x ∶= x − x̄ , where x is the seasonal Niño-3.4 
Index, and .̄ represents the 50-year mean), for the 50 years 
between 1958 and 2007. The ‘quasi-linear’ function takes 
the form y = a|x| + bx + c , where y is precipitation, x is 
the Niño-3.4 Index, and coefficients a, b, c are to be deter-
mined. This is a single n-linear function, and it enables us 
to calculate a non-dimensional ‘linearity ratio’ defined as 
L = log(|b|∕|a|) , which provides a measure of the nonlin-
earity of the rainfall response. To see this, consider the case 
where L becomes increasingly positive, for which |b| ≫ |a| , 
and hence y behaves like the linear function bx + c , giving 
a close-to-linear relationship (rainfall increase in one phase 
and decreases in the other). In contrast, when L becomes 
increasingly negative, then |b| ≪ |a| , giving y ∼ a|x| + c 
and the relationship is substantially v-shaped. L close to 
zero indicates a one-sided response, i.e. there is no rainfall 
response to ENSO during either the El Niño or La Niña 
phase.

While the ratio L is useful to describe the character and 
linearity of the rainfall-SST relationship, it does not pro-
vide information about the phasing of the response within 
each category. For a linear relationship, a positive value of 
L describes both positively linear ( y ∼ bx, b > 0 ) and nega-
tively linear ( y ∼ bx, b < 0 ) relationships. When L is nega-
tive, the relationship can be positively ( y ∼ a|x|, a > 0 ) or 
negatively ( y ∼ a|x|, a < 0 ) v-shaped, so that rainfall either 
increases or decreases in both phases. When L is close to 
zero, the one-sided rainfall response can be positive or nega-
tive in either phase.

The magnitude of the rainfall response in each category 
is implied by the values of coefficients a, b . In the limit-
ing case where there is no relationship between rainfall and 
ENSO ( y = constant ), L is not well defined and can take any 
value as the coefficients a, b tend to zero.
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3 � Results

Our analysis of observational datasets reveals that a relation-
ship between rainfall and ENSO exists in various places in 
the Eastern Hemisphere, but it is not ubiquitously linear as 
we might expect from the perception that El Niño is opposite 
to La Niña. Along the southeastern coast of China, higher 
rainfall is observed in both El Niño and La Niña than ENSO-
Neutral during the OND season.

3.1 � Signal‑to‑noise ratio

While the linear regression or the quasi-linear function 
described in Sect. 2.3 can be used to correlate rainfall to 
Niño-3.4 SST for each grid cell in East Asia, it makes sense 
to only focus on regions with a clear enough signal. For 
this purpose, we define the signal-to-noise (STN) ratio, as 
the variance of the (linear or quasi-linear) model-predicted 
rainfall over the 50-year period, divided by the variance of 
the residual (model-prediction minus observation) over the 
same period. A bootstrap test (Efron and Tibshirani 1985, 
with 1000 bootstrap samples) is performed for the signal-to-
noise ratio in each grid cell, and hereafter we will focus our 
attention on locations with statistically significant anomalies 
at the one-sided 99% significance level.

3.2 � Seasonal variability of relationship

We initiated our study of the rainfall response to ENSO 
based on a linear assumption and performed a linear 

regression for the rainfall-SST relationship. Figure 2 shows 
that during the fall season, this linear relationship exists (sta-
tistically significant at the 99% level) in various regions of 
East Asia but is not ubiquitous.

Certain regions including the southeastern coast of China, 
for which ENSO teleconnections are suggested in the litera-
ture (see, for example, Zhang et al. 1999), do not exhibit a 
linear signal, particularly for the OND season. (While a lin-
ear signal emerges in the SEC region as winter progresses, 
we will show later that the responses are in fact closer to 
one-sided, noting that these responses may be captured by 
both linear and non-linear regressions; during OND, how-
ever, the linear signal completely vanishes.) Regions with an 
absence of a linear signal invite most attention, and the focus 
of this paper will be on examining the rainfall response to 
ENSO in the densely-populated SEC region.

While the linear regression shows otherwise, we intui-
tively expected a rainfall-SST relationship to exist in SEC, 
as mentioned in the introduction. Since a linear signal is not 
captured in the regression, this might imply the possibil-
ity of a nonlinear rainfall response to ENSO, where rainfall 
increases not only during the warm but also the cold phase.

To examine any nonlinearity in the rainfall response, 
we applied a quasi-linear fit to the rainfall-ENSO rela-
tionship, as described in Sect. 2.3 to compute the linear-
ity ratio L for each grid cell and season (Fig. 3). When 
the linear assumption is forfeited, a clear (nonlinear) sig-
nal becomes evident along SEC during the OND season 
(which becomes closer to one-sided as winter progresses), 
and hence our focus on deep fall/early winter for SEC in 
this study. The nonlinear rainfall-ENSO in APHRODITE 

Fig. 3   Nonlinearity of rainfall response to ENSO, given by the lin-
earity ratio L for APHRODITE seasonal-mean rainfall. Negative 
(positive) values of L indicate nonlinear (linear) rainfall responses to 
ENSO. Only locations whose anomalies are statistically significant at 

the one-sided 99% level are plotted. Note the SEC region with shad-
ing over orange color (nonlinear response) in the OND season, which 
will be the focus of this paper. This region also exhibits a one-sided 
(purple) relationship in the later seasons
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is statistically significant at the 99% level in this region, 
and the quasi-linear model substantially improves signal-
to-noise ratio over the linear model (Fig. 4). For grid cells 
along the coast in the APHRODITE system with L ≤ −0.2 , 
the STN ratio often exceeds 50% during the OND season. 
It is worth noting that the SEC region is also one with 
moderately high observing station density used to build 
the APHRODITE dataset. The rainfall response to ENSO 
in the OND season is positively v-shaped: on average, 

rainfall is higher during both El Niño and La Niña than 
ENSO-Neutral by approximately 0.4–0.5 mm/day per oC 
change in Niño-3.4 SST (Fig. 5). As winter progresses, 
the fitted quasi-linear function becomes one-sided, with 
rainfall increasing during El Niño and a small anomaly 
during La Niña, as seen by coefficients a, b both positive 
in the quasi-linear fit (not shown). The one-sided rainfall 
response in DJF is consistent with Guo et al. (2017).

Fig. 4   Nonlinearity of rainfall response to ENSO, depicted by 
the proportional change of signal-to-noise ratio using quasi-lin-
ear model (Fig.  3) over linear model (median of pairwise slopes) 
(Fig.  2) in APHRODITE. Proportional change is defined as (Quasi-

linear STN − Linear STN)/(Quasi-linear STN + Linear STN), and is 
bounded between − 1 and 1. Using quasi-linear model improves the 
signal-to-noise ratio in the SEC region

Fig. 5   Response to rainfall to ENSO, with OND-mean APHRO-
DITE rainfall plotted against de-averaged Niño-3.4 Index, for (left) 
averaged locations in the SEC region (here defined as 23°N–27°N, 

111°E–118°E), and (right) at 5.5°N, 120°E (Southern Philippines), 
plotted for comparison. The fitted quasi-linear function is given by 
the red line in each plot
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3.3 � Other datasets

The NOAA PREC/L rainfall dataset and the U. of Delaware 
Air Temperature & Precipitation Dataset show a nonlinear 
response in the SEC region during OND similar to that in 
APHRODITE (Fig. 6). The nonlinearity is less evident in the 
lower-resolution CMAP and GPCP datasets. Examination of 
the quasi-linear function coefficients shows that the relation-
ship is positively v-shaped, as in APHRODITE, so that rain-
fall is higher in both El Niño and La Niña phases. In NOAA 
PREC/L, rainfall also increases at a rate of approximately 
0.4 mm/day per oC change in Niño-3.4 SST. Notably, CMAP 
and GPCP date back to only 1979 while APHRODITE data 
between 1958 and 2007 was studied; in fact, if instead we 
focused on APRHODITE data between 1979 and 2007, a 
similar nonlinear response can also be observed (not shown).

3.4 � Numerical models

We look to a suite of numerical model experiments as a way 
to understand the sources of the rainfall-ENSO nonlinearity 
in the SEC, taking advantage of a hierarchy of models in 
which some models show the nonlinearity and others do not. 
The most comprehensive model, FLOR, captures a nonlinear 
relationship of rainfall to ENSO during the OND season in 
its nudged-SST simulations, with a positively v-shaped sig-
nal in the SEC region (Fig. 7). Similar to APHRODITE, the 
response becomes closer to one-sided as winter progresses 
(Fig. 8). The rainfall-ENSO relationship in this model is 
statistically significant at the one-sided 99% level ( p < 0.01 ). 
In LOAR and CM2.1, however, the SEC ENSO precipitation 

signal remains noisy throughout all seasons. While the num-
ber of ensemble members of CM2.1 (ten) outnumber that in 
FLOR (six) and LOAR (five), similar results are obtained 
when five members from CM2.1 are considered; in particu-
lar, we note the incapability of CM2.1 to simulate realistic 
rainfall behavior, with its rainfall response to ENSO remain-
ing statistically insignificant even when the ensemble-mean 
from ten members is evaluated.

The global coverage of the FLOR model with relatively 
high resolution enables us to extend our quasi-linear model 
methodology to regions outside of East Asia (Fig.  9). 
(Indeed, some of the observational datasets described in 
Sect. 2.1 also have global coverages, but GPCP and CMAP 
have lower resolutions, while the higher-resolution datasets 
are geographically limited to land surfaces.) Figure 9 shows 
that the nonlinearity of the rainfall response to ENSO is 
not limited to the SEC region, but also exists in the tropical 
Eastern Pacific and Central Australia. In particular, the non-
linear (one-sided) response in Eastern Pacific is consistent 
with Vecchi (2006) and Lengaigne and Vecchi (2010), in 
which they suggested the (one-sided) nonlinearity in Eastern 
Pacific is contributed by the onset of deep convection in this 
region during extreme El Niño events. On the other hand, the 
rainfall nonlinearity in Central Pacific has been described in 
Zhang et al. (2014), and suggested to be a driver of a series 
of ENSO asymmetries, including the nonlinear equatorial 
zonal wind response to ENSO (Dommenget et al. 2013; 
Choi et al. 2013, 2015). Given the statistical significance of 
nonlinear anomalies in the SEC region and the comparative 
scarcity of rainfall accounts in East Asia, we have focused 
on the densely-populated SEC region in this study, and will 

Fig. 6   Nonlinearity of OND-mean rainfall response to ENSO, in (left 
to right) NOAA PREC/L, U. of Delaware Air Temperature and Pre-
cipitation Dataset, CMAP and GPCP, as given by the linearity ratio 

L. Only locations whose anomalies are statistically significant at the 
one-sided 99% level are plotted
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discuss about possible mechanisms leading to this nonlin-
earity, together with its implications on extreme rainfall, in 
the next sections.

4 � Mechanisms behind the nonlinearity

We have so far presented the diagnosis of the existence of 
a nonlinear rainfall response to ENSO in the southeastern 
coast of China, in which the mean and extreme rainfall 
increases during both El Niño and La Niña during the OND 
season. This nonlinearity is captured in multiple observa-
tional datasets and FLOR nudged-SST simulations, but not 
in LOAR and CM2.1. In this final section, we now briefly 

discuss possible mechanisms to explain the nonlinear rainfall 
response in the SEC region.

The increased rainfall during El Niño has been previously 
explained by Zhang et al. (1999) and Wang et al. (2000), in 
which they suggested that an anomalous high pressure to 
the north of the maritime continent results in anomalous 
onshore southwesterlies in southern China during fall/win-
ter seasons, and hence enhanced rainfall in this region. In 
this study, evidence from the FLOR model regarding the 
large-scale circulation anomalies (Fig. 10) is found to be 
consistent with existing literature. In particular, the anoma-
lous onshore southwesterlies captured in FLOR during El 
Niño result in anomalous moisture fluxes (P–E) into the SEC 
region (Fig. 11a), and remains so for the entire fall/winter 
season. In LOAR and CM2.1, however, this anomalous high 

Fig. 7   Rainfall response to ENSO in numerical models. In FLOR 
(left), OND-mean rainfall is higher during both El Niño and La 
Niña phases than ENSO-Neutral in the SEC region (23°N–27°N, 

111°E–118°E). The fitted quasi-linear function is given by the red 
line. The rainfall response signal in this region is noisier in LOAR 
(middle) and CM2.1 (right) than in FLOR

Fig. 8   Nonlinearity of rainfall response to ENSO in FLOR nudged-SST simulations, given by the value of linearity ratio L. Only locations 
whose anomalies are statistically significant at the one-sided 99% level are plotted
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is displaced westward during the OND season, so that the 
anomalous southwesterlies have a smaller onshore compo-
nent (Fig. 10), giving a smaller El Niño rainfall anomaly 

(and a noisier signal). After OND, anomalous flow has a 
higher onshore component so the rainfall anomaly becomes 
more positive (Fig. 11b, c), as is FLOR.

Fig. 9   As in Fig. 8, for OND-mean rainfall, plotted between 60°N–60°S

Fig. 10   Composites of 850  hPa moisture flux anomalies during El 
Niño, in (left to right) FLOR, LOAR, CM2.1 and MERRA. Specific 
humidity and wind variables from MERRA are taken from the 3-h 
Assimilated Meteorological Fields simulation with 1.25° × 1.25° 
horizontal resolution, for 1979–2014. During the OND season, FLOR 
exhibits an anomalous anticyclonic circulation near the maritime 

continent, which is displaced westward in LOAR and CM2.1. The 
moisture flux anomalies in MERRA (1979–2014) are also shown for 
comparison purposes; while we have discussed the moisture budget 
in the models, we have not done so for reanalysis products, since the 
evaporative flux exhibits a negligible response to El Niño in MERRA 
(not shown)



2312	 C. H. J. Ng et al.

1 3

An analysis of the moisture budget through the relative 
contributions of precipitation, evaporation (local source of 
moisture), and their residual (non-local source, moisture 
fluxes), suggests that the weaker onshore southwesterly 
winds during El Niño, in the OND season, gives a smaller 
moisture flux convergence over the SEC region in LOAR 
(0.148 mm/day) and CM2.1 (− 0.036 mm/day) than FLOR 
(0.200 mm/day). The moisture budget is computed as such 
due to the lack of high-frequency three-dimensional atmos-
pheric moisture and wind model data, and since the conver-
gence of time-averaged, column-integrated moisture flux in 
the atmosphere must be balanced by the excess of precipita-
tion over evaporation (Seager and Vecchi 2010; Baldwin and 
Vecchi 2016). During DJF, the moisture flux convergence 
over SEC is positive in all models (FLOR: 0.463 mm/day, 
LOAR: 0.381 mm/day, CM2.1: 0.107 mm/day).

It is worthwhile to note that the ENSO SST anomaly pat-
tern is similar between the models, since the sea-surface 
temperatures in these simulations are nudged to the same 
HadISST observational target. Since the oceanic controls are 
forced to be very similar, and since both FLOR and LOAR 
are inherited from the same parent model GFDL-CM2.5, 
we hypothesize that the different atmospheric circulation 
responses to ENSO, including the shift in the position of the 

anomalous high pressure during El Niño, is largely due to 
the difference in horizontal resolutions in the atmospheric 
model component. The association between decreased 
model resolution and the shift of atmospheric circulation 
involves detailed investigation into the parameterizations of 
each model component and likely a large suite of additional 
experiments, which we will not explore in full detail in this 
paper.

While OND precipitation increases arise from the simul-
taneous atmospheric conditions during El Niño, we hypoth-
esize that the anomalous rainfall during La Niña is the result 
of temporally nonlocal (lagged) moisture availability, so that 
past net precipitation increases are maintained in soil mois-
ture to become available to the land-atmospheric state over 
the SEC region in OND. In both LOAR and FLOR models, 
precipitation exceeds evaporation (P–E > 0) in the ENSO-
Neutral climatology during the summer season (Fig. 11a, b), 
resulting in excess surface water over the SEC region. Due 
to anomalous onshore southwesterlies during La Niña (not 
shown), excess P–E has a positive anomaly. Additionally, the 
time evolution of precipitation and evaporation suggests that 
mean P–E switches from positive to negative during Neu-
tral and La Niña in the SON/OND season. The combined 
effect is that during the ENSO-Neutral phase, surface water 

Fig. 11   Time evolution of precipitation (blue), evaporation (red), P–E (green) and soil moisture (black) in a FLOR, b LOAR and c CM2.1, aver-
aged over the SEC region (23°N–27°N, 111°E–118°E). Note the different scales for soil moisture across the models
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is in excess during summer, persists into SON/OND and 
then re-evaporates; when La Niña occurs, the positive P–E 
anomaly implies the existence of anomalous excess of sur-
face water from summer, which also persists into the SON/
OND season, providing a source for excess re-evaporation 
and leading to higher precipitation and evaporation rates. 
Indeed, there is anomalous soil moisture in both LOAR and 
FLOR models during La Niña across the SON/OND season, 
so that both models are able to capture this recirculation/
recycling effect. While seasonal-mean values of precipita-
tion and evaporation are being considered here, soil moisture 
is calculated from monthly instantaneous values (at the end 
of each month), and is integrated over the entire soil thick-
ness, since monthly-mean values of top-layer soil moisture 
is unavailable from the models. We have made the additional 
assumption that soil moisture anomalies are due to anoma-
lies in the top layer, while soil layers below are relatively 
static. While there is also anomalous La Niña P–E during 
the summer months in CM2.1, the moisture recycling effect 
is not captured in this model (Fig. 11c), hence not giving the 
nonlinear rainfall response—the implications of which will 
be discussed in later text.

From the moisture budget analysis viewpoint, the anoma-
lous La Niña values of precipitation and evaporation in the 
OND season are 0.254 (0.265) mm/day and 0.265 (0.227) 
mm/day respectively in FLOR (LOAR), while the simultane-
ous moisture flux convergence (diagnosed from P–E) takes 
a small value of − 0.011 (0.039) mm/day in FLOR (LOAR). 
The anomalous La Niña P–E in the preceding season is 
0.522 (0.290) mm/day in FLOR (LOAR), part of which per-
sists to OND and supports the anomalous evaporation rates 
in this season. Since the anomalous precipitation rate is very 
similar to that of evaporation in FLOR and LOAR during La 
Niña in OND, there is no room for non-local moisture fluxes 
to contribute to rainfall. In CM2.1, the anomalous La Niña 
moisture flux convergence over SEC region reads 0.117 mm/
day, and the moisture recycling effect is not captured.

While the recycling effect is evident during La Niña only 
in FLOR and LOAR (but not in CM2.1), this effect does not 
appear dominant during El Niño since there is no anomalous 
P–E during summer, so that rainfall increases only as a result 
of anomalous onshore moisture fluxes, as outlined above. 
Therefore, during the OND season, the moisture recycling 
effect during La Niña and anomalous onshore fluxes during 
El Niño in FLOR (but not LOAR) are responsible for the 
nonlinear (positively v-shaped) rainfall response in FLOR.

As winter progresses, P–E once again becomes positive, 
so that the moisture recycling effect from previous excess 
surface water vanishes. Meanwhile, there exist anomalous 
northeasterly (offshore) fluxes as a result of strengthened 
East Asian Winter Monsoons (Wang et al. 2000) during La 
Niña in FLOR (Fig. 12), giving no anomalous moisture flux 
into the SEC region, as seen by the anomalous P–E being 

close to zero (or slightly negative) in this model. Together 
with anomalous southwesterly flow (increased rainfall) 
during El Niño, the rainfall signal is closer to one-sided in 
FLOR. The rainfall signal is not statistically significant in 
the other two models.

This hypothesis emphasizes the importance to simulating 
and predicting rainfall anomalies in East Asia of enhanced 
horizontal resolution in the atmospheric model, and that an 
improvement of the land model is also critical in capturing 
rainfall contribution from land–atmosphere interactions. 
In particular, the recycling effect during La Niña is cap-
tured in both the FLOR and LOAR models (both of which 
are coupled with the LM3 land model), but is not captured 
in CM2.1, which has a less sophisticated land component 
(LM2). Additionally, the rainfall response signal in LOAR 
and CM2.1 (as given by fitting the quasi-linear function) 
is not statistically significant in the OND season (Fig. 7), 
which we hypothesize to be due to a westward displacement 
of the anomalous high pressure during El Niño. In fact, we 
interpret Fig. 7 as evidence that the improvement in simulat-
ing El Niño rainfall in FLOR than the other two models is 
driven more by an improvement in the response of its circu-
lation to El Niño than that in the climatological mean state. 
Based on this hierarchy of models, we suggest that FLOR 
is able to capture both the El Niño moisture flux effect and 
La Niña recycling effect with its high atmospheric resolu-
tion and more sophisticated land component, respectively. 
LOAR, with its lower atmospheric resolution combined with 
the LM3 land component, only captures the La Niña recy-
cling effect, while the LM2 component of CM2.1 renders its 
incapability to capture the La Niña recycling effect either. 
This hierarchy indicates that the nonlinear impacts of ENSO 
on rainfall are established not only through the atmosphere 
component of the climate system, but also its interaction 
with land hydrology.

5 � Implications on extreme rainfall

The distinct mechanisms for the El Niño and La Niña 
responses bear on extreme rainfall behavior during the 
fall season. The different processes influencing rainfall 
during El Niño and La Niña modify the precipitation dis-
tribution in various ways. During El Niño, extreme rain-
fall becomes stronger, since anomalous moisture fluxes 
have the potential to create extreme rainfall, so that the 
mean rainfall anomaly is also driven by anomalies in 
extreme rainfall; during La Niña, however, precipitation 
increases due to moisture recirculation, which is limited 
by local potential evapotranspiration rates and hence less 
likely to produce extreme precipitation. Thus, our hypoth-
esis of the nonlinear response mechanism would imply 
higher extreme rainfall anomalies during El Niño than 
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La Niña, and hence the difference between extreme and 
mean rainfall anomaly should be higher for El Niño than 
La Niña. As importantly, we do not rule out other pos-
sible reasons leading to the observed behavior of extreme 
rainfall during the ENSO phases.

Our model hierarchy suggests that this behavior of 
extreme rainfall should be captured in the FLOR model 
but not in LOAR or CM2.1. In fact, not only does extreme 
rainfall (defined by the 90th percentile of seasonal rain-
fall) exhibit a nonlinear relationship in the APHRODITE 
observations and the FLOR model (Fig. 13), the extreme 
rainfall anomaly is also higher during El Niño than La 
Niña events (Fig. 14). The difference between these two 
anomalies during the OND season is better represented 
in observations than the FLOR model: while the mean 
rainfall anomaly is similar between La Niña and El Niño 
in FLOR and APRHODITE, the El Niño 90th percentile 
rainfall anomaly is 37.03% (80.86%) higher than the La 
Niña anomaly in FLOR (APHRODITE).

6 � Conclusions

This study performs statistical diagnosis of a nonlinear 
rainfall response to ENSO along the coast of southeast-
ern China, and provides an explanation of this nonlinear-
ity based on the time evolution of macroscopic variables 
including precipitation, evaporation, soil moisture and the 
large-scale circulation. The findings of this study can be 
summarized as follows:

1.	 Higher mean rainfall is observed in the OND season dur-
ing both El Niño and La Niña compared to the ENSO-
Neutral phase, by approximately 0.4–0.5 mm/day on 
average per oC change. An index is developed from 
quasi-linear model fitting to quantify the nonlinearity 
of this rainfall response. The nonlinear signal is statisti-
cally significant at the 99% level, and is confirmed in 
other high-resolution observation datasets.

Fig. 12   As in Fig. 10, but for 850 hPa moisture flux anomalies dur-
ing La Niña. Specific humidity and wind variables from MERRA 
are taken from the 3-h Assimilated Meteorological Fields simulation 
with 1.25° × 1.25° horizontal resolution, for 1979–2014. During the 
fall/winter season, FLOR captures anomalous northeasterly moisture 
fluxes over the SEC region. The moisture flux anomalies are not cap-
tured in LOAR, and have an onshore component in CM2.1 so that the 

mean P–E has a positive anomaly, but is not statistically significant. 
The moisture flux anomalies in MERRA (1979–2014) are also shown 
for comparison purposes; while we have discussed the moisture 
budget in the models, we have not done so for reanalysis products, 
since the evaporative flux exhibits a negligible response to La Niña in 
MERRA (not shown)
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2.	 The nonlinearity in OND rainfall response to ENSO is 
captured in GFDL-FLOR model simulations in which 
sea-surface temperatures are restored to interannually 
varying observations, but not in the similarly nudged 
LOAR simulations, in which the nonlinear signal is 
closer to one-sided and noisier, nor in the CM2.1 model, 
in which no relationship is seen.

3.	 The El Niño results from the FLOR simulations are 
consistent with observational diagnostics in previous 
literature (Zhang et al. 1999; Wang et al. 2000), which 
suggested that the precipitation increases during El Niño 
are the result of anomalous onshore moisture fluxes. 
These moisture fluxes were in turn due to an anomalous 
high pressure to the north of the maritime continent. 
In contrast, LOAR and CM2.1 model the anomalous 
high westward, leading to anomalous fluxes with lower 
onshore components and noisier rainfall signals, and 
there is no significant El Niño rainfall response during 
OND in coastal southeastern China.

4.	 Positive rainfall anomalies during La Niña are driven 
by the persistence of terrestrial moisture availability in 
this region. We have established a diagnostic argument 
that during La Niña, anomalous precipitation minus 
evaporation (P–E) from the previous summer leads to 
anomalous soil moisture persisting to fall (in FLOR and 
LOAR, as seen in Fig. 11), during which precipitation 
and evaporation both increase through excess re-evap-
oration (the moisture recycling effect). Anomalous soil 

moisture is seen in the FLOR and LOAR models with 
more sophisticated land components (LM3), but not in 
CM2.1, which has a more primitive land component 
(LM2). Additionally, analysis of the moisture budget 
indicates that in both the FLOR and LOAR models, the 
relative contribution of moisture flux to precipitation is 
very small, compared to that of local evaporation, in the 
OND season. In other words, since the anomalous La 
Niña precipitation rate is very similar to that of evapo-
ration in FLOR and LOAR, there is no room for non-
local moisture fluxes to contribute to rainfall, and hence 
the moisture recycling effect. Correctly capturing the 
response of OND rainfall anomalies to ENSO requires 
sufficient sophistication in the model’s land component 
to persist soil moisture anomalies across the seasons. 
The importance of land processes to the OND rainfall 
response to ENSO raises the possibility that changes in 
land-use and land-cover, and low-frequency changes in 
background soil moisture, due either to decadal climate 
variability or forced climate change, could affect the 
response of OND rainfall to La Niña over this region.

5.	 The fact that ENSO impacts rainfall nonlinearly through 
both the atmosphere component of the climate system 
and its interaction with land hydrology emphasizes the 
model hierarchy in which FLOR captures the nonlinear 
response through both a high atmospheric resolution and 
a more sophisticated land component, LOAR only cap-
tures the La Niña moisture recycling effect through the 

Fig. 13   Nonlinearity of OND 
extreme (90th percentile) rain-
fall response to ENSO, given by 
the linearity ratio L, in APHRO-
DITE (left) and FLOR (right). 
Only locations whose anomalies 
are statistically significant at the 
one-sided 99% level are plotted
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latter, while CM2.1 captures neither. The increased com-
plexity of both the atmospheric and land components in 
FLOR over CM2.1 may serve to explain the improve-
ment in forecast skill for FLOR seasonal forecast over 
CM2.1 (Jia et al. 2015), particularly over southeastern 
China.

6.	 Extreme rainfall also behaves nonlinearly in coastal 
southeastern China, increasing during both ENSO 
phases. However, this nonlinear relationship is some-
what closer to one-sided, as opposed to the v-shaped 
response of seasonal-mean rainfall, becoming more 

severe during El Niño than La Niña events. This asym-
metry in the amplitude of the extreme rainfall increases 
between El Niño and La Niña reflect the contrasting 
impacts of the increases in anomalous moisture flux 
convergence during El Niño, which integrate evapora-
tion over a large oceanic region, to the moisture recy-
cling during La Niña, which is limited by local potential 
evapotranspiration rates.

Further testing of these hypothesis could be done, for 
example, by examining the processes of land-atmospheric 
interactions in the model components and parameterizations 
therein, and determining the types of land processes in LM3 
that are most responsible for improving the La Niña response 
in FLOR and LOAR relative to CM2.1. Additionally, as 
shown in Figs. 10 and 12, the difference in anomalous cir-
culation between reanalysis products (e.g. MERRA) and the 
GFDL models may also be the topic of further studies. Nev-
ertheless, the main aim of this paper is to explore the robust 
nonlinear rainfall response to ENSO in several observational 
datasets and the FLOR model, which emphasizes the idea 
that while La Niña to first order can be approximated as 
the opposite to El Niño, nonlinearities in ENSO climatic 
impacts should also be taken into account, in an effort to 
improve seasonal predictions of climate. In light of the con-
tinued flooding risks associated with extreme weather and 
increasing population in the Pearl River Delta, it would be 
beneficial for these considerations to be included in future 
studies related to climate and climate change impacts in this 
region.
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