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Abstract Precipitation changes over the Indo-Pacific
during El Nifio events are studied using an Atmospheric
General Circulation Model forced with sea-surface tem-
perature (SST) anomalies and changes in atmospheric CO,
concentrations. Linear increases in the amplitude of the El
Nifo SST anomaly pattern trigger nonlinear changes in
precipitation amounts, resulting in shifts in the location and
orientation of the Intertropical Convergence Zone (ITCZ)
and the South Pacific Convergence Zone (SPCZ). In par-
ticular, the maximum precipitation anomaly along the
ITCZ and SPCZ shifts eastwards, the ITCZ shifts south
towards the equator, and the SPCZ becomes more zonal.
Precipitation in the equatorial Pacific also increases non-
linearly. The effect of increasing CO, levels and warming
SSTs is also investigated. Global warming generally
enhances the tropical Pacific precipitation response to El
Nifio. The precipitation response to El Nifio is found to be
dominated by changes in the atmospheric mean circulation
dynamics, whereas the response to global warming is a
balance between dynamic and thermodynamic changes.
While the dependence of projected climate change impacts
on seasonal variability is well-established, this study
reveals that the impact of global warming on Pacific pre-
cipitation also depends strongly on the magnitude of the El
Nifio event. The magnitude and structure of the precipita-
tion changes are also sensitive to the spatial structure of the
global warming SST pattern.
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1 Introduction

The El Niio Southern Oscillation (ENSO) is the main
driver of internal climate variability in the Pacific (Phi-
lander 1990; Australian Bureau of Meteorology and
CSIRO 2011). El Nifio (EN) events are typically charac-
terised by a warming of the equatorial central-eastern
Pacific sea-surface temperatures (SSTs) whereas La Nifia
(LN) events are, roughly speaking, the reverse of this (e.g.
Bradley et al. 1987; Ropelewski and Halpert 1989). Two
major precipitation features in the tropical Pacific which
are affected by ENSO variability are the Intertropical
Convergence Zone (ITCZ; e.g. Waliser and Gautier 1993;
Chiang et al. 2000; Miinnich and Neelin 2005) and South
Pacific Convergence Zone (SPCZ; e.g. Streten 1973;
Trenberth 1976; Meehl 1987; Vincent 1994; Folland et al.
2002; Vincent et al. 2011; Widlansky et al. 2011; Brown
et al. 2011; Australian Bureau of Meteorology and CSIRO
2011), shown in Fig. la. The ITCZ is a band that stretches
across the Pacific, just north of the equator. The SPCZ
intensifies annually between November—April and extends
south east from the western central Pacific to approxi-
mately 30°S,240°E. During El Nifio years, there is gen-
erally increased precipitation over the central-eastern
Pacific, and decreased precipitation along the south west of
the SPCZ. Figure 1b shows the precipitation anomalies
associated with El Nifio years between 1979 and 2009.
Figure Ic, d show, respectively, the precipitation bias from
our Atmospheric General Circulation Model’s (AGCM)
simulated climatology and the composite El Nifio
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Fig. 1 Top panels GPCP observations of precipitation (November
1979-April 2009) showing a the mean November—April positions of
the ITCZ and SPCZ for all years and b anomalies associated with El

anomalies from the AGCM. These are discussed in detail in
Sect. 2.

There is little consensus from models on how ENSO
variability is going to change in future climate (Meehl
et al. 2007; Vecchi and Wittenberg 2010; Collins et al.
2010; Australian Bureau of Meteorology and CSIRO
2011). Some models show an increase in SST variability,
some a decrease and some show little if any change (Meehl
et al. 2007). In contrast, a more recent study into the
ENSO-driven precipitation minus evaporation (P — E)
changes between the twentieth and twentyfirst centuries in
CMIP3 models suggests that ENSO-driven P — E vari-
ability is projected to increase (Seager et al. 2012). Under
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Nifio years. Bottom panels ¢ Biases in the ACCESS AGCM simulated
precipitation climatology, and d the simulated precipitation anomalies
for El Nifio years. Units are mm/day

El Nifio conditions, P — E across the equatorial Pacific is
projected to increase, while precipitation in the south west
Pacific is projected to decrease (Seager et al. 2012). This
highlights the possibility that there might be robust changes
in ENSO-driven precipitation changes even if there are not
in SST or mean sea level pressure (Cai et al. 2012). More
specifically, studies of the impact of global warming on the
SPCZ in the CMIP3 models find that during El Nifio years,
the slope of the SPCZ decreases, and it shifts towards the
equator (Brown et al. 2012a). However, it is noted that
most models simulate an SPCZ that is too zonal and
so projections of the SPCZ are somewhat uncertain
(Brown et al. 2012a). Widlansky et al. (2013) identified
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two competing mechanisms which contribute to the
uncertainty in SPCZ projections in CMIP3 and CMIP5
models: the “wet gets wetter” (thermodynamic) and
“warmest gets wetter (dynamic) responses. Using a
hierarchy of models to remove SST biases common in
coupled models, the authors estimate a drying of the SPCZ
for moderate tropical warming (1 — 2 °C), and a wetter
SPCZ for stronger tropical warming (>3 °C).

Previous research has shown that El Nifio and La Nifha
are in fact not simply equal and opposite, but can trigger
nonlinear global responses in e.g. precipitation, sea level
pressure (SLP), and winds (Mullan 1996; Hoerling et al.
1997, 2001; Monahan and Dai 2004; Power et al. 2006).
For example, the SLP response to ENSO is more linear in
the tropics, but nonlinear in the extratropics (Lau and
Boyle 1987; Mullan 1996; Hoerling et al. 1997). In Aus-
tralia, the precipitation response during La Nifia is stronger
than during El Nifo, although this relationship is affected
by multidecadal variability (Power et al. 2006; Cai et al.
2010). Additionally, El Nifio events tend to decay more rap-
idly than La Nifia events, possibly due to an imbalance in
surface wind anomalies over the western Pacific (Okumura
and Deser 2010), asymmetric wind-stress responses to chan-
ges in the SST (Ohba and Ueda 2009), a combination of
asymmetric SST anomalies and anomalous heating in the
western Pacific (Wu et al. 2010), or asymmetries in the
meridional wind movements (McGregor et al. 2012, 2013).

It has also been noted that nonlinearities in the responses
to ENSO variability are more apparent in strong El Nifio
events, when the SST anomalies are >2 standard deviations
of the interannual variability (Hoerling et al. 2001). Pre-
viously, Hoerling et al. (2001) (hereafter HKXO01) inves-
tigated the nonlinearity between El Nifio and La Nifa by
performing idealized Atmospheric General Circulation
Model (AGCM) experiments. They forced their model with
tropical Pacific SSTs from 1963 to 1989 projected onto the
first EOF of SSTs from 1948 to 1999. “Warm” (El Nifo)
and “cold” (La Nifa) events were identified, and separate
composites were created for “weak” (0.5-1.0 standardized
departures of the first EOF index) and “strong” (2-3
standardized departures of the first EOF index) anomalies.
They found that the changes in tropical precipitation
between weak and strong El Nifio composites were larger
and more widespread than for the La Nifia composites.
Observations show that very strong El Nifio events (e.g.
82/83 and 97/98) trigger a different precipitation response
to that of moderate El Nifo events (Vincent et al. 2011). In
particular, the SPCZ obtains a zonal orientation, and mer-
ges with the ITCZ. Recent research suggests that the fre-
quency of zonal SPCZ events might increase under global
warming (Cai et al. 2012).

Some of the non-linear response of precipitation to SST
anomalies linked to ENSO can arise because atmospheric

convection can sometimes be linked to the position of local
maxima in SST, rather than to SST anomalies directly
(Hoerling et al. 1997). Thus a non-uniform SST anomaly
can shift the position of maximum SST, sometimes causing
a shift in the position of deep convection in the overlying
atmosphere. This is known to occur during El Nifio events
(Hoerling et al. 1997).

In this paper, we focus on the precipitation response to
El Nino events. Instead of classifying individual observed
El Nifio events, we create a composite of SST anomalies
from all El Nifio events from November 1979 to April
2009, and systematically increase this anomaly without
changing its spatial structure. El Nifio events are sometimes
classified into, for example, “warm pool/central Pacific”
(WP/CP) and “cold tongue/eastern Pacific” (CT/EP)
events (e.g. Kug et al. 2009; Yeh et al. 2009) which have
quite distinct SST anomalies. Observations show that since
the late 1990s, there has been a tendency towards WP/CP
SST anomalies (Kug et al. 2009; Yeh et al. 2009), however
there is still uncertainty as to whether this is due to global
warming or natural multidecadal variability (Newman
et al. 2011; McPhaden et al. 2011). Therefore as the El
Nifio SST anomaly used here is based on a composite of El
Nifio events, it includes both classes of events. This allows
us to study how increasing only the amplitude, not the
structure, of El Nifio SST anomaly affects the precipitation
response.

It is possible that this nonlinear behaviour will change
under global warming. To test this hypothesis we extend
the work of HKXO01 by forcing the AGCM using SST
changes linked to both El Nifio and global warming, as
well as changes to atmospheric concentrations of green-
house and other gases. The global warming SST pattern is
estimated using the Multi-Model Ensemble Mean
(MMEM) SST warming projected by CMIP3 models under
the Special Report on Emissions Scenarios (SRES) A2
scenario (Meehl et al. 2007) and by increasing atmospheric
CO, concentrations. We exploit the absence of a consensus
on changes to the spatial structure of El Nifio SST anom-
alies under global warming and assume that no changes
occur. We use a single composite El Nifio pattern based on
observations, but multiply this pattern by numbers ranging
from O (no El Niflo) through to 4.0 (a very large El Niflo
event). The AGCM response is determined in the presence
or absence of the changes associated with global warming.
We focus on the response of precipitation over the Indo-
Pacific Ocean during El Nifio and neutral years only. We
find that there are indeed important robust differences in
the nonlinear precipitation response during El Nifio in the
twentyfirst century, even if the spatial structure of El Nifio
SST anomalies do not change.

This paper is structured as follows. The AGCM is
described in Sect. 2. The SST-forced experiments are
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detailed in Sect. 3. In Sect. 4, we describe the effects of
increasing the magnitude of the El Nifio anomalies on
tropical precipitation, focusing on the nonlinearity that
arises in the Indo-Pacific region. We then describe the
impact of adding the global warming signal to the El Nifio
anomaly in Sect. 5. In Sect. 6, we highlight the nonlinear
precipitation response in several key regions, including the
ITCZ and SPCZ. We summarise our key findings and
discuss our results in Sect. 7.

2 Atmospheric model description

For these experiments, we use the Australian Community
Climate and Earth-System Simulator (ACCESS) AGCM.
The AGCM has a non-hydrostatic dynamical core and is
based on a version of the UK Met Office Unified Model
(Davies et al. 2005; Martin et al. 2010). The model uses
Semi-Lagrangian advection dynamics with semi-implicit
time integration (Staniforth et al. 2003; Davies et al. 2005).
The AGCM was configured to have the HadGEM2 (revi-
sion 1.0) climate configuration (Martin et al. 2010, 2011)
that incorporates sophisticated parameterisations of unre-
solved physical processes, including those for the boundary
layer, convection, clouds, radiation, aerosols, land surface,
gravity-wave drag, and hydrological cycle. The AGCM is a
grid-point model with a height-based, terrain-following
vertical coordinate. We use the N96 horizontal resolution,
equivalent to 1.25° x 1.875° in latitude and longitude, and
38 vertical levels, with the model top placed at ~39 km.

The physical processes in the HadGEM?2 family of
models are described in detail in Martin et al. (2011).
There have been many model improvements over the
previous version, HddGEM1 (Martin et al. 2006), leading
to substantial performance improvements for the Had-
GEM2 models. Most importantly, changes were made to
the convection scheme to improve simulations of the dia-
batic heating profile in the tropics, and to the land surface
scheme to reduce the warm bias over Northern Hemisphere
continents Martin et al. (2011). The model uses the general
2-stream Edwards—Slingo radiative transfer scheme to
parameterise the longwave and shortwave radiation pro-
cesses (Edwards and Slingo 1996). The boundary layer
processes are parameterised using a non-local mixing
scheme for unstable layers (Lock et al. 2000) and a local
Richardson number scheme for stable layers (Smith 1990,
1993).

The model uses the Gregory—Rowntree mass flux con-
vection scheme with an adaptive detrainment parameteri-
zation for deep and mid convection (Gregory and Rowntree
1990; Gregory et al. 1999). It uses the CAPE closure
scheme to calculate the cloud base mass flux (Fritsch and
Chappell 1980). Cloud formation is modelled using a
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symmetric triangular probability distribution of total
moisture and a temperature variable (Smith 1990), using
the parametrization for the critical relative humidity func-
tion of Cusack et al. (1999) that determines the width of
the probability distribution. The large-scale precipitation is
modelled using an improved version of the mixed phase
microphysics scheme of Wilson and Ballard (1999).

The MOSES-II land surface scheme is used, which
calculates the surface energy balance for nine different
surface types (Essery et al. 2001) and has four soil mois-
ture levels. Aerosols are held constant and natural forcing
(from solar variability and volcanic eruptions) is ignored.

Note that there are some important differences between
this developmental version of the ACCESS AGCM and the
final version (HadGEM2 revision rl.1) used for CMIP5
simulations (Bi et al. 2012). These differences, detailed in
Martin et al. (2011), include the absence in the develop-
mental version of time-varying natural forcings arising
from the solar output variability and volcanic eruptions.
However, the natural forcings were not required for the
experiments described in this paper.

Figure 1c shows the climatological precipitation from
the model and can be compared directly to the observations
(Fig. 1a) to provide an indication of how well the model
performs. The model reproduces the structure of the ITCZ
and SPCZ reasonably well: the model ITCZ is accurately
positioned between 0° and 10°N, and the SPCZ is diago-
nally oriented. However, the model uniformly overesti-
mates the precipitation in these bands by ~ 5-6 mm/day
compared with the observations. The wet regions of wes-
tern South America and central Africa are reproduced,
though precipitation over the Indonesian archipelago,
Papua New Guinea, and north Australia is generally
underestimated. To evaluate how well the model repro-
duces the precipitation response to EN, Fig. 1d shows the
precipitation anomalies for oo = 1. This can be compared to
Fig. 1b, which shows observed precipitation for all EN
years within the observation period. The locations of the
wet and dry regions over the equatorial Pacific are well-
reproduced, although the model overestimates the wet
anomaly over the central Pacific by ~ 4-5 mm/day. The
general overestimation of precipitation over the ITCZ and
SPCZ in AMIP experiments is a common feature in many
models (Widlansky et al. 2013). Nevertheless the location
of all major precipitation features and anomalies are
reproduced well, and the model precipitation is deemed
sufficiently accurate to use for the experiments conducted.

3 SST experiments

We force the model with annually-repeating monthly-mean
climatological SSTs and sea ice derived from the Hurrell
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Table 1 List of El Nifio years between 1979 and 2009 used to create
the composite for the AGCM experiments

El Nifio years 1979-2009

1982
1987
1991
1992
1993
1994
1997
2002
2006

et al. (2008) dataset.' Only years for which GPCP precip-
itation data was available are used (i.e. 1979-2009; Adler
et al. 2003; Huffman et al. 2009). For each experiment, the
model is run for 20 years and the first 5 years are dis-
carded. We perform two sets of experiments, varying one
component of the model each time, as detailed below.

Each set comprises five members, which we label 0—4.
Member O represents the ‘control’ run, using just clima-
tological SSTs (with or without an additional global
warming SST pattern). We then create a global composite
of the El Nifio SST anomalies (monthly means from
November to April) from November 1979 to April 2009
and add multiples of this to the SST climatology for the
next four members ([1-4]). For the sake of clarity, the El
Nifio anomaly multiplication factor is called o, an integer
that ranges between O and 4 in these experiments. The El
Nifio SST composite (which we will refer to as SSTAgy)
was calculated using the averages of the years in Table 1.
In these years the Southern Oscillation Index (SOI) aver-
aged over the period June—December was less than —5 (for
reference, the average 1979-2009 SOI is —2.0). This
simple objective method was used previously to identify El
Nifo years (Power et al. 2006; Power and Smith 2007).
The SSTAgn (November—April) is plotted in Fig. 2. It
shows a warm anomaly across the eastern equatorial
Pacific bounded on the north- and south west by a cold
anomaly. Figure 2 shows a spatial structure similar to that
of the first SST EOF in the experiments of HKXO01 (cf.
their Fig. 1b).

To put SSTAgy into context, the average November—
April NINO3 indices (monthly SST anomalies averaged
between 210°E-270°E, 5°S-5°N) for 1 < o < 4 are 1.22,
2.13, 3.03, and 3.93 respectively (approximately 0.9, 1.6,
2.3, and 3.0 times the standard deviation of the monthly
1979-2009 NINO3 indices respectively). The 1982/1983
El Nifio event had an average November—April NINO3

! Available from http://www-pcmdi.linl.gov/projects/amip/ AMIP2
EXPDSN/BCS/amipobs_dwnld.php.

index of 2.72, peaking at 3.19 in March 1983, whereas the
1997/1998 El Nifio event had an average November—April
NINO3 index of 2.96, peaking at 3.24 in March 1998. We
note, however, that the o = 3,4 cases are not directly
comparable to the 1982/1983 and 1997/1998 events, as the
spatial structure of the SST anomalies during those years
differ from the composite SSTAgy pattern.

The first set of experiments (labelled 20C_[OEN—4EN])
represents the present climate. Its first member (20C_OEN)
is the control run, in which we use only climatological
SSTs and the average of observed 1958-2008 Mauna Loa
CO, levels (346 ppm). The CO, levels are kept constant
throughout the runs. The second set (labelled 21C_[OEN—
4EN]) has the same input, except we add an additional
global warming SST pattern (ASSTgw) to the SSTs and
increase the CO, level, also kept constant throughout the
runs, to 730 ppm, which approximates the average pro-
jection for the late twentyfirst century according to the
SRES A2 scenario (Meehl et al. 2007). The A2 scenario
assumes slow technological change and a large global
population increase, and gives the largest CO, increase out
of all the SRES scenarios included in CMIP3. The
ASSTgw pattern is taken to be the CMIP3 MMEM change
in SST between the periods 1980-1999 and 2080-2099.
Figure 3 shows the November—April average of ASSTgw
(with no added El Nifio anomaly). The largest warming
(>2.8 K) occurs over the equatorial eastern Pacific, near the
east coast of central Africa, and over the tropical Atlantic.
The least warming (<1.4 K) occurs in the south east of the
domain. This warming pattern is reasonably robust, and has
been found to be similar to the projections from the CMIP5
MMEM (Knutti et al. 2012).

All of the experiments conducted are summarised in
Table 2.

4 Model response to increasing El Nifio anomalies
in the twentieth century/present climate

4.1 Precipitation response to El Nifio

We begin our analysis by first investigating the effect of
increasing the magnitude of the El Nifio anomaly applied,
with a background 20C SST climatology (i.e. the 20C runs
described in Table 2). In Fig. 4, the panels show the
15-year November—April average precipitation in the tro-
pics 35°S-35°N for 0 < o < 4. The top panel (o = 0)
corresponds to the 20C_OEN run, and the panels below this
correspond to the 20C_[1EN—4EN] runs.

Moving down the panels of Fig. 4, as o is increased, two
features stand out. Firstly, the precipitation increases dra-
matically near the equator between 160°E and 260°E,
essentially along the ITCZ and equatorward side of the
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Fig. 2 SSTAgn: Shading shows the composite of observed El Nifio SST anomalies (November—April) from 1979 to 2009, with respect to the

1979-2009 climatology (shown as contours). Units are degrees Celsius
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Fig. 3 ASSTgw: Shading shows the CMIP3 MMEM difference in SST between 1980-1999 and 2080-2099 (Nov—Apr), showing the only
change in SST under the SRES A2 scenario. The twentieth century SST climatology is shown as contours. Units are degrees Celsius

SPCZ. The top panel shows that under weak (o0 = 1) El
Nifo conditions, there is increased precipitation in the
region 150°E-200°E, 10°S—5°N. This wet region is strad-
dled by a dry band to the north and south west. Secondly,
the precipitation pattern changes: the wetting/drying
intensifies, the ITCZ shifts southwards and the centre of
maximum precipitation, where the ITCZ and SPCZ merge,
shifts eastwards from ~ 150°E to ~ 165°E (i.e. by
~1 km). A linear response would merely give a single
pattern of change that becomes more intense as the mag-
nitude of the imposed El Nifio SST anomaly increases.
Hence the eastward shift of the maximum precipitation
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anomaly and the southward shift of the ITCZ are part of a
nonlinear response.

We briefly compare Fig. 4 with Figs 13a and 14a of
HKXO01, which show December—March tropical precipita-
tion anomalies for weak and strong El Nifio composites (as
defined in Sect. 1) respectively. In the weak El Nifio case
(Fig 13a, HKXO01 and top panel, Fig. 4) both results show
the increase in precipitation centred on 0°N, 180°E and the
small decrease along the north-east part of South America.
However the HKXO01 results do not simulate the dry band
between 5°N and 10°N. HKXO1 also show increased
precipitation over the north-west of South America
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Table 2 Summary of ACCESS experiments described in this paper

Name EN anomaly pattern Added CO, levels
multiplier o ASSTgw (ppm)
20C_OEN 0 N 346
(control)
20C_1EN 1 N 346
20C_2EN 2 N 346
20C_3EN 3 N 346
20C_4EN 4 N 346
21C_OEN 0 Y 730
21C_IEN 1 Y 730
21C_2EN 2 Y 730
21C_3EN 3 Y 730
21C_4EN 4 Y 730

From left to right, the columns show (i) the names of the runs, (ii) the
multiplication factor o applied to the El Nifio anomaly added to the
climatological SSTs, (iii) whether the CMIP3 MMEM GW pattern
was added to the SSTs, and (iv) which background CO, level was
used

(i.e. around Peru), which is consistent with observations
(see Fig. 1b), whereas we see no significant change in this
region. In the strong El Nifio case (Fig 14a, HKXO01 and
bottom panel, Fig. 4), the large increase in equatorial
precipitation is seen in both results, as well as dry anom-
alies to the south west of the SPCZ and over the north-east
of South America. However again, the HKXO01 results do
not simulate the dry band between 5 and 10°N. The
HKXO1 results show increased precipitation over parts of
Peru (again, consistent with observations), whereas our
results show drying over the entire northern part of South
America and along the equatorial Atlantic.

Note that even though we have applied anomalies of up
to o = 4, the model does not replicate the completely zonal
SPCZ observed in the 82/83 and 97/98 events. In the bot-
tom panel of Fig. 4, even though the SPCZ has shifted its
orientation zonally, it still clearly has a diagonal compo-
nent. This indicates that applying an SST anomaly with the
spatial structure of SSTAgy, even at large amplitudes,
cannot fully reproduce zonal SPCZ events.

The top panel of Fig. 4 shows that for o = 0, there are
two branches of SST,,,«x in the central Pacific: just to the
north of the maximum precipitation band of the SPCZ, and
directly along the ITCZ. As o increases, both branches
become more zonal until they merge along the equator
between 150°E and 240°E. In all cases, the northern branch
of SST,,.x lies directly over the ITCZ. However although
the southern branch of SST,,,« lies close to the SPCZ, it is
not positioned directly over areas of maximum precipita-
tion. Thus even if the change in the orientation of the SPCZ
is partially driven by SST.x, the exact location of pre-
cipitation patterns and their response to varying o. must also

be affected by other mechanisms, such as the changing SST
gradient between the SPCZ and equatorial cool tongue (Cai
et al. 2012; Widlansky et al. 2013).

4.2 Role of circulation dynamics and thermodynamics
in the response

In this section we calculate the moisture budget for each
model run. To investigate the relative importance of
dynamic (atmospheric circulation) and thermodynamic
(atmospheric moisture) changes to the model responses, we
calculate the breakdown of their respective contributions to
the precipitation response.

We use a simplified version of the method employed by
Seager et al. (2010) to approximate the moisture budget
equation. Equations (4)—(7) of Seager et al. (2010) define
the change in precipitation between two states to be

P ~ 5TH + SMCD + 5COV + §E, (1)

where E is the evaporation, dTH is the thermodynamic
component, OMCD is the component due to mean
circulation dynamics, and dCOV is a co-varying term
comprising transient eddy and surface terms. dTH and
SMCD are defined to be

5TH = ~1/(pg) | V- (wlog)dp. )
0
IMCD = ~1/(pg) [ ¥ - ((Bunlan)a, (3)
0

where p is the density of water, g is the acceleration due
to gravity, p, is the surface pressure, u is the horizontal
wind vector, ¢ is the specific humidity, and the subscript
0 denotes the values from the control run. We obtain
P, E, u, and g from model output, so are able to calculate
the terms OF, OTH and dSMCD directly. dCOV is not
calculated directly but is defined to be the difference
between OP and the sum of the other terms. Note that
each of these terms can be broken down further into
advective and divergent terms (Seager et al. 2010),
however for the purposes of this study, we are only
interested in their total amounts. In this calculation, we
use the 15-year average of the November—April monthly
means.

The top row of Fig. 5 shows the contribution of each of
these terms to 0P over the tropical Pacific for oo = 1. From
left to right, the columns show oP, SMCD, oTH, OE, and
dCOV. These quantities are the anomalies for oo = 1 calcu-
lated with respect to the oo = 0 case.

It is clear that much of &P is dominated by the SMCD
term, however, the other terms do contribute, to a lesser
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Fig. 6 Differences between the 20C and 21C climatological runs,
where the global warming SST pattern ASSTgw is added and the CO,
is increased to 730 ppm. The panels show 15-year average Nov—Apr

4.3 Nonlinear response to strengthening El Nifio

In Fig. 5, the second to fourth rows highlight the nonlinear
response of the moisture budget terms in the Indo-Pacific
region 120°E-280°E, 35°S—35°N to the increasing El Nifio
anomalies. From left to right, the columns show the non-
linearities in 6P, OSMCD, O6TH, JE, and dCOV. We
define the nonlinearity to be the difference between the
2 < o < 4 response and what the changes would be if the
o = 1 response was simply multiplied by o, e.g.

§P,(NL) = 6P, — (o x OPy), (4)

where 6P, denotes the precipitation change with respect to
the climatology for a given value of o, and 6P, is the
precipitation change for oo = 1. From top to bottom, rows
24 in Fig. 5 correspond to o = 2, 3, and 4.

The structure and position of the nonlinearities are
similar (though not identical) to that of the oo = 1 linear
response (top row). Focusing on dP,(NL), the most notable
changes as o increases are the dramatically increased pre-
cipitation over the central-eastern equatorial Pacific, and
the nonlinear drying over the south western part of the
SPCZ. 8P,(NL) increases between 180° and 260°E and
between 5°S and 5°N. This shows that the precipitation in
this area increases more than expected from linearly
extrapolating the oo = 1 pattern. Surrounding this region to
the north and south west, 0P,(NL) < 0. This nonlinear
drying spans much of the ITCZ from 150°E-260°E and
0°N-10°N, and covers the south west of the SPCZ,
extending to approximately 20°S. Note that having
OP(NL) < 0 does not necessarily mean that the overall
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changes in total precipitation P, and its breakdown into dynamic
(MCD), thermodynamic (TH), evaporative (E), and covariant (COV)
terms for oo = 0, where o is the El Nifio anomaly pattern multiplier

precipitation decreases, but that the precipitation increases
less than expected from a linear trend. For example, from
Fig. 4, it is clear that the central eastern ITCZ gets wetter
as o increases. However, Fig. 5 shows that the precipitation
does not increase as much as it would if it followed a linear
trend. Conversely, there are areas (such as the south west of
the SPCZ) which experience a larger decrease in precipi-
tation than expected from a linear trend.

As o increases, so does the contribution from each term,
with little change in spatial structure in 8TH, JE, and
dCOV. However, the eastward expansion of the equatorial
drying and maximum precipitation anomaly seen in dP is
also apparent in SMCD, implying that this particular non-
linearity is driven primarily by changes in the winds. This
is consistent with convergence on the equator and along the
SPCZ moving eastwards and intensifying as o increases.

One interesting feature is that for o > 2, dPy(NL) is
positive around 180°E, 5°N, indicating that this area dries
less than predicted by a linear trend. In other words, the
precipitation in the equatorial dry band does not decrease
uniformly as o increases.

The structure, position, and intensity of SMCD,(NL) are
extremely simliar to dP,(NL) over the SPCZ and ITCZ.
There is some nonlinear wetting over the north-east SPCZ
due to the dTH,(NL) and OE,(NL) terms, though their
contribution to the overall precipitation response is rela-
tively small. The covariant term 6COV,(NL) displays a
band of strong nonlinear drying along the equator, bounded
to the north and south by bands of nonlinear wetting,
enhancing the effects of SMCD,(NL). It also contributes to
the nonlinear drying over the south west SPCZ.
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Fig. 7 In landscape mode, left—
right 15-year average Nov—Apr
changes in El Nifo-driven
anomalies in precipitation (3P),
and its dynamic (SMCD),
thermodynamic (6TH),
evaporative (OF), and covariant
(8COV) terms, between the 20C
and 21C runs, e.g. OP(21C) —
dP(20C). Top-bottom (i) o. = 1,
(il) o = 2, (iii) o = 3, and (iv)
o = 4, where o is the El Nifio
anomaly pattern multiplier
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Fig. 9 Precipitation profiles
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5 Impact of global warming

We now examine the model’s response to global warming
(run 21C). As detailed in Sect. 3, we add ASSTgw, the
CMIP3 MMEM GW SST anomaly pattern, to the SSTs and
increase the CO, levels from 346 to 730 ppm. The same
five experiments are re-run, comprising a control run with
climatological SSTs plus ASSTgw, and four runs with EN
SST anomalies added, scaled by the factor o ranging
between 1 < o < 4.

5.1 Precipitation response to global warming

We first discuss the precipitation response to ASSTgw.
Figure 6 shows how the the precipitation and the moisture
budget terms change in the 21C_OEN run, e.g. Pysic —
Pysoc. One general feature apparent is that there is sig-
nificantly more precipitation in the equatorial Pacific,

180 200 220 240 260
Longitude (degrees east)

except in the eastern Pacific where there is drying between
0°N and 10°N and between 210°E and 270°E in the 21C
runs. The west ITCZ and west SPCZ become wetter
compared with run 20C_OEN, whereas the east ITCZ and
east SPCZ become drier.

5.2 Role of circulation dynamics and thermodynamics
in the response

From left to right, the second to fifth panels in Fig. 6 show
how the terms MCD, TH, E, and COV change in the 21C
run. The dynamic term SMCD is the largest contributor to
the drying along the north ITCZ and south east SPCZ,
however, the thermodynamic term 6TH also contributes
significantly to the wetting along the equator and SPCZ.
The covariant term plays a smaller role, but boosts the
drying north of the ITCZ and in the south eastern tip of the
SPCZ. The contribution from the evaporation term OF is
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negligible. A similar analysis was performed by Brown
et al. (2012b), who decomposed the CMIPS MMEM
change between 20C and 21C DJF climatological precipi-
tation into dynamic, thermodynamic, and covariant com-
ponents using the regime-sorting method of Emori and
Brown (2005).

The balance between dynamic and thermodynamic
responses is highly model dependent, as noted by Wid-
lansky et al. (2013). Summing the contributions from the
two responses from a multi-model ensemble yielded

Fig. 10 Observed 1979-2009

a £20% uncertainty for projections of moderate 1-2 °C
tropical SST warming, and a £30% uncertainty for stron-
ger 2-3 °C warming (Widlansky et al. 2013). It should be
noted therefore that our results are subject to our particular
model biases. However, the dynamic and thermodynamic
response to global warming from the o = 0 case (Fig. 6)
closely matches that of the CMIPS MMEM (Brown et al.
2012b).

Although the impact of ASSTgw varies with a, it has
several robust effects. Most importantly, it increases the
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overall precipitation over the equatorial Pacific. It also
causes the ITCZ to shift south towards the equator, and
diminishes the south eastern tip of the SPCZ. These shifts
are consistent with projections from CMIP3 coupled
models (e.g. Australian Bureau of Meteorology and CSIRO
2011; Brown et al. 2012a).

5.3 Changes in response to El Nifio due to global
warming

How does the response to El Nifio change under GW in our
simulations? This question is addressed in Fig. 7, which
compares the El Nifio-driven (o0 > 1) anomalies in the 20C
and 21C runs. From left to right, the panels show the dif-
ferences in 21C and 20C anomalies for P, MCD, TH, E,
and COV, e.g. 6P(21C) — d6P(20C). From top to bottom,
the rows correspond to o =1, 2, 3, and 4. Note that
O0P,(21C) is the precipitation anomaly measured with
respect to the 21C climatology (o = 0), and dP,(20C) is
the anomaly measured with respect to the 20C climatology.

Focusing first on the precipitation response in the left-
most column, for o = 1 (top panel), there is increased
precipitation in the region where the ITCZ and SPCZ
merge, in the region 5°S-5°N, 180°E-195°. For o =2
(second panel from top), the precipitation increase along
the eastern band of the SPCZ is enhanced, whereas two
other regions experience drying. Firstly, there is enhanced
drying on the equator, to the west of the ITCZ/SPCZ.
Secondly, there is some drying over the eastern part of the
ITCZ. For oo = 3 and 4 (third from top and bottom panels),
the enhanced wetting/drying patterns continue, but with the
increased precipitation concentrated along the equator
rather than over the SPCZ. For o = 4, the area with the
largest precipitation increase along the equator shifts from
~ 180°E in the 20C eastward to ~ 240°E in the 21C. The
drying over the south western band of the SPCZ is also
significantly increased. Note that the structure of the El
Nifio precipitation response also changes in the following
ways: (i) the positive anomaly along the ITCZ shifts
eastwards and equatorwards, and (ii) the negative anomaly
along the western equatorial Pacific shifts eastwards,
causing the western edge of the ITCZ to contract.

The changes in 0P as o increases are dominated by
changes in the dynamic component 6MCD, as shown in
Sect. 4. The next most important term is dCOV, which
diminishes the effect of SMCD in the west ITCZ and the
south west SPCZ, but adds to SMCD in the east ITCZ. The
changes in 6TH and JOF are small compared to the other
two terms.

In summary, Fig. 7 illustrates how the magnitude of the
precipitation response to El Nifio events under global
warming is generally enhanced: regions which are prone to
wetting will experience more intense wetting, and vice

versa, in agreement with the coupled model study of Sea-
ger et al. (2012). Additionally, it suggests that the changes
in the structure of the precipitation response with increas-
ing EN strength, namely the equatorward shift of the ITCZ
and the drying along the western edges of the ITCZ and
SPCZ are also enhanced by global warming. Similar results
were noted by Cai et al. (2012), who found that zonal
SPCZ events are projected to increase under global
warming.

5.4 Additional experiments

We also performed two sets of additional experiments to
investigate the impact of increasing the CO, levels and
adding ASSTgw individually. Firstly, in order to determine
the effect of varying the CO, levels only, we ran a set of
experiments identical to the 21C runs, but using 20C CO,
values. We found that the amount and extent of the pre-
cipitation changes were small compared to the large-scale
El Nifio and global warming-driven changes. Thus the
impact of global warming on Pacific precipitation is pri-
marily determined by the SST changes associated with
global warming.

Secondly, to determine the effect of the ASSTgw
structure on the precipitation response, we also performed a
set of experiments where we added uniform SST warming
at each gridpoint in the tropical Pacific, i.e. ASSTgw
averaged over 120°E-300°E, 25°S-25°N. Elsewhere,
ASSTgw was applied unchanged. We used 21C CO, levels
so the results could be compared directly to the 21C run.
Figure 8 shows the difference between the precipitation
response in the averaged ASSTgw run and the 21C run for
all values of o. We found that while warmer SSTs gener-
ally increase the mean precipitation over the tropical
Pacific, the detailed structure of the precipitation response
is extremely sensitive to that of ASSTgw. When the spa-
tially averaged ASSTgw is applied, there is less wetting
over the central-eastern equatorial Pacific, and more wet-
ting between 5° and 10°N and along the north-eastern part
of the SPCZ. This is in agreement with previous studies of
the precipitation response to different global warming SST
patterns which show that the structure of ASSTgw strongly
influences tropical precipitation patterns (Xie et al. 2010).
This is an important point to note, as studies suggest
greater inter-model confidence in the SST warming pattern
compared to changes in precipitation (e.g. Xie et al. 2010).

6 Changes in the ITCZ and SPCZ
In Sects. 4 and 5 we described how the magnitude and

structure of the tropical precipitation responds nonlinearly
to increasing El Nifio SST anomalies and how this changes
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Fig. 11 Top panels precipitation averages for each individual model
run for the “West ITCZ’ (left panel) and ITCZ/SPCZ ‘Intersection’
(right panel) regions, as a function of o, the El Niflo SST anomaly
pattern multiplier. Black diamonds correspond to the 20C run, red
diamonds correspond to the 21C run. The dashed contours show the
linear trend obtained by extrapolating the mean o = 1 precipitation

under global warming. In this section we provide more
information on three major nonlinear changes: (i) the ITCZ
shifts equatorwards and the SPCZ becomes more zonal,
(ii) the maximum precipitation anomaly in the SPCZ and
ITCZ shifts eastwards, and (iii) the total precipitation in the
ITCZ and SPCZ increase nonlinearly. (i) The first nonlinearity
is the equatorwards shift of the ITCZ and increased zonality
of the SPCZ. We highlight this by plotting the precipitation
profile along the 219.4°E longitude, between 25°S and
25°N. This longitude is chosen as it intersects both the
ITCZ and SPCZ. Figure 9a shows the precipitation profiles
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change, and the solid lines show the best-fit polynomial to the
diamonds. The nonlinear response to El Nifio is highlighted by the
departure of the diamonds from the dashed line. Bottom panel map
showing the locations of the “West ITCZ’ and ‘Intersection’ boxes.
Shaded contours show the climatological Nov—Apr precipitation

for 0 < o < 4, where o is the El Nifio SST anomaly pat-
tern multiplier as before, in different colours. The solid
lines show the precipitation profiles for the 20C runs, and
the dashed contours show the profiles for the 21C runs. The
difference between the two experiments is hatched.

In all the runs, the SPCZ and ITCZ are clearly distin-
guishable and are marked in Fig. 9a. The SPCZ is located
south of the equator, whereas the ITCZ occurs to the north.
In the climatological (a0 = 0) runs (black curves), the ITCZ
peaks around 8°N in both the 20C and 21C runs, although
there is more precipitation in the 20C runs. As o increases,
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the ITCZ peak moves gradually equatorwards and the 21C
precipitation becomes larger than the 20C by o = 3. For
o = 4, the ITCZ peaks at the equator in both cases,
although in 21C it lies more towards the south of the
equator than in 20C. The equatorward movement of the
SPCZ as o increases is also apparent. For oo = 0, the SPCZ
peaks at around 22°S in 20C and 23°S in 21C. The SPCZ
peak shifts north as o increases; for o = 4, the SPCZ peaks
at around 15°S in the 20C and 8°S in the 21C, although
there is no distinct peak in the 21C case.

(i1)) The second nonlinearity is the eastwards shift of
both the ITCZ and SPCZ. Figure 9b shows the precipi-
tation profile along the equator, between 140°E and
300°E. As per Fig. 9a, the solid lines denote the 20C
runs, the dashed contours denote the 21C runs, and the
difference between the two experiments is hatched. For
o = 0, the precipitation peaks at approximately 150°E in
the 20C and 155° in the 21C cases, where the ITCZ and
SPCZ intersect. The peak moves eastwards as o increa-
ses, reaching approximately 205°E in 20C and 210°
in 21C.

(iii) The total precipitation in both 20C and 21C runs
increases nonlinearly as a function of o. However, the areas
in which wetting and drying occur vary between the 20C
and 21C cases. For example, in the 21C runs, there is more
precipitation to the east of the region where the ITCZ and
SPCZ intersect, but less precipitation to the west of this
region.

Although our experiments are highly idealised and do
not account for structural changes in SSTAgy, we note that
similar nonlinearities are observed in GPCP and CMAP
data. Figure 10 shows the precipitation profiles along
(a) 218.95°E, and (b) 1.25°N, the closest data points
matching those in Fig. 9. The black lines show the
1979-2009 Nov—Apr climatological precipitation profiles,
the red lines denote strong El Nifio years (1982/1983 and
1997/1998), and the blue lines denote weak/moderate El
Nifio years (all other years; see Table 1). In Fig. 10a, the
precipitation profile for weak El Nifio years closely
resembles the climatological profile, with a clear distinc-
tion between the ITCZ and SPCZ. During strong El Nifio
years, the ITCZ and SPCZ merge. In Fig. 10b, during weak
El Nifio years, the maximum precipitation over the western
equatorial Pacific shifts eastwards by approximately 20°
compared to climatology, whereas during strong El Nifio
years, the precipitation shifts eastwards dramatically by
~70°.

To further highlight the nonlinear precipitation changes
in some regions, we choose two regions which clearly
show nonlinear decreases/increases in precipitation. The
first region, ‘West ITCZ’, spans 4°N-8°N, 150°E-205°E.
The second region, ‘Intersection’, spans 7°S—0°, 185°E—
210°E as it is where the ITCZ and SPCZ intersect for

o > 1. In Fig. 11, the top two panels show the precipitation
averages in these two regions as a function of o (black
diamonds correspond to the 20C runs, and red diamonds
correspond to the 21C runs), and the bottom panel shows
the location of the regions in relation to the climatological
precipitation patterns. The solid lines show the best-fit
second order polynomial to the data, and dashed contours
show the linear trend obtained by extrapolating the mean o
= 1 precipitation change. The ‘West ITCZ’ region (top left
panel) experiences an overall drying as o increases. How-
ever for oo > 2 the drying is less severe than expected from
the linear trend. The addition of the global warming SST
pattern ASSTgw does not significantly affect the response
in this region as it is slightly north of the equator, where
most of the global warming-driven precipitation increase
occurs. On the other hand, the ‘Intersection’ region (top
right panel) experiences a dramatic (> 25 mm/day) pre-
cipitation increase in response to increasing o from 0 to 4.
The 21C runs consistently produce more precipitation in all
cases, though the increase is more pronounced for o > 2.
The response is nonlinear in both the 20C and 21C runs,
with the linear response underestimating precipitation
increases for o0 > 2.

7 Summary and discussion

We performed sensitivity experiments using the atmo-
spheric component of ACCESS to investigate (i) the effect
of systematically increasing the magnitude of the El Nifio
SST anomaly on tropical precipitation, and (ii) the effect of
global warming on the precipitation response to El Nifio
events.

As SSTAgy is increased, the total November—April
precipitation in the ITCZ and SPCZ increases. The equa-
torial region where the ITCZ and SPCZ converge experi-
ences a large nonlinear increase in precipitation, with the
precipitation rate more than doubling during strong El Nifio
events, compared to the climatology. However, bands
extending equatorially across the Pacific and along the
south western flank of the SPCZ experience severe drying,
resulting in the ITCZ shifting equatorwards, the SPCZ
becoming more zonal, and the maximum precipitation
anomaly along the ITCZ shifting eastwards by up to ~ 10°
longitude.

The results of these experiments demonstrate two key
points: first, that the November—April precipitation across
the Pacific responds nonlinearly to increasingly strong El
Niflo events. Second, the response to El Nifio is enhanced
in the presence of ASSTgw and an elevated CO, level. In
the 21C runs, precipitation increases along the central and
eastern equatorial Pacific but declines in the western
Pacific between 0°N and 10°N.
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We have shown that, in our model, global warming
intensifies the nonlinear precipitation response to increasing
El Nifio SST anomalies in the tropical Pacific. However, the
impact of ASSTgw on the precipitation changes varies as a
function of El Nifio magnitude. For example, ASSTgw tends
to increase the precipitation along the equatorial Pacific, but
its impact is greater during large El Nifio events. During large
El Nifio events, the centre of the global warming-driven
precipitation increase also shifts eastwards. Global warming
also increases precipitation in the climatological position of
the SPCZ, but reduces precipitation in the south eastern tip of
the SPCZ for all a. However, as noted in Sect. 5.4, these
results are highly dependent on the spatial pattern of
ASSTgw, as well as being model-dependent.

Breaking down the precipitation response into dynamic,
thermodynamic, evaporative, and covariant terms, we find
that the response to increasing SSTAgy is dominated by
changes in the atmospheric circulation. Along the ITCZ,
changes in the covariance term, which includes a transient
eddy term, daily surface fluxes (and errors in our method),
also enhance the response to increasing o. The thermody-
namic and evaporative terms do not contribute significantly
to the precipitation response. The precipitation response to
global warming is also strongly influenced by changes to
the atmospheric circulation, although there is also a com-
parable contribution to the precipitation increase from the
thermodynamic component.

We also showed that the spatial structure in ASSTgw
strongly influences both precipitation and nonlinearity of
the precipitation response to El Niflo, as well as that of
SSTAgN. Experiments performed using a spatially uniform
ASSTgw pattern in the Pacific yield significantly different
results from those using the full ASSTgw pattern; in par-
ticular the precipitation along the central-eastern Pacific
decreases and the precipitation along the north-eastern
ITCZ increases. The importance of changes in the back-
ground SST on the precipitation response to ENSO was
also noted by Cai et al. (2012), who found an increase in
the frequency of zonal SPCZ events in some CMIP3
models, even though the amplitude of El Nifio events in the
models remained unchanged.

Studies of 21C projections under the SRES A2 scenario
from the CMIP3 models show that precipitation in both the
ITCZ and SPCZ is projected to increase (Brown et al.
2012a; Australian Bureau of Meteorology and CSIRO
2011). Brown et al. (2012a) analysed the projected changes
in the SPCZ. The authors found that 11 out of 16 chosen
CMIP3 models predict an increase in mean DJF precipi-
tation in the SPCZ and a contraction of the eastern edge of
the SPCZ, although the multi-model mean shows no shift
in orientation. Under El Nifio conditions, the multi-model
mean SPCZ is projected to become more zonal in the 21C
(Brown et al. 2012a). This is consistent with our results.

@ Springer

Note however that a direct comparison of the SPCZ
behaviour from our SST-forced AGCM experiments to that
of the coupled CMIP3 models is difficult, as the CMIP3
models produce an SPCZ that is too zonal (Brown et al.
2012a), whereas our AGCM experiments produce an SPCZ
which more closely matches the observations. More
recently, Widlansky et al. (2013) performed experiments
using a combination of SST-forced and coupled climate
models to provide a clearer projection of SPCZ behaviour
under future greenhouse warming. The authors found that
the balance between dynamic and thermodynamic respon-
ses to warming SSTs is model dependent, however the
MMEM indicates that the SPCZ dries under moderate
tropical SST warming (1-2 °C) and becomes wetter under
stronger tropical warming (>3 °C).

In this study we have exploited the fact that there is no
consensus yet on whether the spatial pattern associated
with El Nifio or the magnitude of events will change under
global warming. We adopted the working ‘null’ hypothesis
that no changes to the structure of the magnitude of El Nifio
SST anomalies under global warming will occur. Thus we
have obtained estimates of the precipitation response to El
Niflo in the twentyfirst century, assuming the spatial
structure and magnitude of El Nifio SST anomalies do not
change under global warming.

We also used a single SST anomaly pattern for El Nifio
(SSTAEgn). Allowance was made to increase the magnitude
of the anomalies by multiplying this pattern by a number
a=1,2,3,4. SSTAgy used here is based on a composite
of El Nifio events between 1979 and 2009, and includes
both CT and WP events. Hence the results presented here
do not address issues related to differences in SST anom-
alies between such classes. Additionally, by using annu-
ally-repeating SSTs and analysing the average November—
April precipitation, we do not consider the time evolution
of the El Nifio events. Lengaigne (2009) showed that the
strong El Nifio events of 1982/1983 and 1997/1998 evolved
differently compared to weak EI Nifio events, in particular
the warm SST anomalies over the eastern equatorial Pacific
persisted several months longer. Nor have we addressed the
impact of global warming on precipitation during La Nifia
events.

Finally note that our results indicate that the nonlinearity
of the precipitation response to increasing o alone increases
the zonality of the SPCZ. However it does not fully
reproduce the near-zonal SPCZ evident during the large El
Nifio years of 1982/1983 and 1997/1998 (Vincent et al.
2011; Cai et al. 2012). We expect to address this issue, as
well as the impact of the spatial structure of ASSTgw, more
fully in future work.
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