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Abstract El Nifio-Southern Oscillation is the major
source of interannual rainfall variability in the Austral-
ian region, with the strongest influence over eastern Aus-
tralia. The strength of this regional ENSO-rainfall telecon-
nection varies in the observational record. Climate model
simulations of the “last millennium” (850-1850 C.E.) can
be used to quantify the natural variability of the relation-
ship between ENSO and Australian rainfall on decadal
and longer time scales, providing a baseline for evaluating
future projections. In this study, historical and last millen-
nium (LM) simulations from six models were obtained
from the Coupled Model Intercomparison Project Phase
5 and Palaeoclimate Modelling Intercomparison Project
Phase 3. All models reproduce the observed negative cor-
relation between September to February (SONDIJF) eastern
Australian rainfall and the NINO3.4 index, with varying
skill. In the LM simulations, all models produce decadal-
scale cooling over eastern Australia in response to volcanic
forcing, as well as a long-term cooling trend. Rainfall vari-
ability over the same region is not strongly driven by exter-
nal forcing, with each model simulating rainfall anoma-
lies of different phase and magnitude. SONDIJF eastern
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Australian rainfall is strongly correlated with ENSO in
the LM simulations for all models, although some models
simulate periods when the teleconnection weakens substan-
tially for several decades. Changes in ENSO variance play
a role in modulating the teleconnection strength, but are not
the only factor. The long-term average spatial pattern of the
ENSO-Australian rainfall teleconnection is similar in the
LM and historical simulations, although the spatial pattern
varies over time in the LM simulations.
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1 Introduction

Australian rainfall is highly variable on a range of time-
scales (e.g. Nicholls et al. 1997), with instrumental records
documenting multi-year droughts and extended periods
of flooding. The surrounding oceans strongly influence
rainfall across the Australian continent, and consequently
droughts and floods are broadly spatially coherent (e.g.
Wang and Hendon 2007; Risbey et al. 2009). This is par-
ticularly true for eastern Australia, a region that contains
the majority of the Australian population and the major
agricultural region of the Murray-Darling Basin (e.g.
Gallant et al. 2012). Communities and ecosystems have
adapted to the frequency and magnitude of present day
rainfall variability, and may be highly sensitive to any
future changes. It is therefore of interest to understand the
longer term variability of eastern Australian rainfall and its
relationship with ENSO, to provide a baseline for compari-
son with future climate projections.
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Climate model simulations of the last millennium, the
period 850 to 1850 C.E. (Common Era, omitted hereaf-
ter), were carried out as part of the Coupled Modelling
Intercomparison Project Phase 5 (CMIPS, Taylor et al.
2012) and Palaeoclimate Modelling Intercomparison Pro-
ject Phase 3 (PMIP3, Braconnot et al. 2012). Model inputs
include the effects of volcanic aerosols, solar variability
and greenhouse gas changes (Schmidt et al. 2012). While
these forcings are relatively weak on multi-decadal and
longer timescales compared with other periods such as the
Last Glacial Maximum or future enhanced greenhouse gas
scenarios (Schmidt et al. 2014), the last millennium pro-
vides an opportunity to examine natural (both forced and
internal) variability over a sufficiently long period to char-
acterise multi-year, decadal and longer variations in rain-
fall. The last millennium is also the period containing the
most accurately dated palaeoclimate records (e.g. tree rings
and coral records) that can be directly calibrated against
instrumental climate records (Neukom and Gergis 2012).

The major influence on present day rainfall variability
across eastern Australia is the El Nifio-Southern Oscilla-
tion (ENSO), while other drivers of rainfall variability
in this region include the Indian Ocean Dipole, Southern
Annular Mode and atmospheric blocking (e.g. Risbey
et al. 2009). The canonical association, or “teleconnec-
tion”, between ENSO and Australian rainfall includes a
strong negative relationship between rainfall in eastern
Australia and sea surface temperatures in the central equa-
torial Pacific. Thus, dry conditions are typically associ-
ated with El Nifio events and wet conditions with La Nifia
events (e.g. Ropelewski and Halpert 1987; Power et al.
1998; Diaz et al. 2001; Risbey et al. 2009). During El
Nifio events, warmer waters are displaced from the west-
ern Pacific to the central and eastern Pacific, and convec-
tive activity and rainfall are also displaced eastward away
from Australia. The South Pacific Convergence Zone shifts
north and east during El Nifio, and south and west during
La Nifia events (e.g. Vincent et al. 2011), which influences
rainfall over the southeast Queensland region in particular
(Cai and van Rensch 2012).

The teleconnection between ENSO and Australian
rainfall is known to vary through time in the instrumental
period (e.g. Nicholls et al. 1997; Kestin et al. 1998; Gal-
lant et al. 2013; Ashcroft et al. 2014). Observed variability
of the ENSO-Australian rainfall relationship is associated
with the Inter-decadal Pacific Oscillation (IPO, Power et al.
1998; Arblaster et al. 2002; Power et al. 2006), with the
positive phase of the IPO being associated with a weakened
relationship between ENSO and Australian rainfall. In addi-
tion, palaeoclimate reconstructions suggest that the longer
term relationship between ENSO and Australian rainfall is
non-stationary (e.g. Hendy et al. 2003; Gergis et al. 2012).
This study makes use of the CMIP5S-PMIP3 suite of last
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millennium coupled model simulations to explore the vari-
ability of Australian rainfall over 1000 years. Historical and
last millennium simulations are used to assess the hypoth-
esis that ENSO-eastern Australian rainfall teleconnections
have remained stable on multi-century time scales. We
compare previous studies with results from the CMIP5-
PMIP3 coupled models, examining both the temporal and
spatial stationarity of the ENSO-rainfall teleconnection.

The structure of the paper is as follows. In Sect. 2, the
Data and Methods are described. In Sect. 3, the ability of
the models to simulate present day ENSO-rainfall relation-
ships is evaluated. In Sect. 4, ENSO-eastern Australian
rainfall teleconnections are examined in the last millen-
nium simulations. Finally, Discussion and Conclusions are
given in Sect. 5.

2 Data and methods
2.1 Data and models

The results from six coupled climate models that carried
out simulations of both the historical period (“HIST”,
1850-2000 or later) and last millennium (“LM”, 850-1850)
were analysed. The models are: BCC-CSM1.1, CCSM4,
CSIRO-MK3L-1-2, GISS-E2-R, IPSL-CM5A-LR, and
MPI-ESM-P (see Table 5.A.1 in Appendix of Masson-Del-
motte et al. 2013 for further information and references).
All model output was converted to a 1.5° x 1.5° grid prior
to further processing.

Model rainfall and temperature output was compared
with observational climate data over the instrumental
period. The Australian Water Availability Project (AWAP)
rainfall data set (Jones et al. 2009) at 0.25° resolution was
used to calculate average rainfall over eastern Australia,
defined here as the land areas bounded by 10°S—45°S,
140°E-155°E. For spatial information over the broader
Pacific domain, the Global Precipitation Climatology
Project (GPCP) Version 2 global gridded rainfall data set
(Adler et al. 2003) was used. NINO3.4 region (5°S-5°N,
170°W—-120°W) sea surface temperature (SST) values were
calculated using the Extended Reconstructed Sea Surface
Temperature (ERSST) data set (Smith and Reynolds 2004).

2.2 Methods

For the historical (HIST) simulations, results were ana-
lysed for the years 1900-2000, which is the common
period of overlap between the model simulations and
instrumental Australian climate data (a shorter period is
used for global observed rainfall data, which is available
from 1979 onwards). For the last millennium (LM) simu-
lations, all years (850-1850) are used unless otherwise
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stated. Seasonal averages are calculated over the austral
Spring and Summer months of September to February
(SONDIJF), as this is when ENSO conditions are gener-
ally at their peak maturity (e.g. Rasmusson and Carpen-
ter 1982) and there is a strong correlation between east-
ern Australian rainfall and ENSO (e.g. Power et al. 1998).
While the strongest observed correlations are between
September to November rainfall and December to Febru-
ary ENSO indices, the longer SONDIJF averaging period is
used in this study to allow for some variation in timing of
the peak ENSO-eastern Australian rainfall teleconnection
in the models.

Running correlations and variances were calculated
using a 30-year sliding window for both HIST and LM
simulations. Where running correlations and variance
are plotted, the values are plotted against the central year
(15th year of 30-year window). Where stated, data were
detrended by removing the least squares linear trend in
order to focus on interannual to decadal variability. The sta-
tistical significance of correlations was calculated by first
reducing the degrees of freedom of the data to account for
auto-correlation (Bretherton et al. 1999).

3 Eastern Australian rainfall and ENSO
in historical simulations

3.1 Rainfall variability

The SONDIJF average rainfall was calculated over east-
ern Australia (land grid points in the domain 10°S—45°S,
140°E~155°E) for the observed AWAP data set and the
six climate models over the period 1900-2000, shown in
Fig. 1. The observed rainfall (Fig. 1g) varies considerably
from year to year and on multi-decadal time scales. For
example, particularly wet conditions occurred during La
Nifa events, including the 1916-1918 and the 1970-1972
and 1973-1976 events, while particularly dry conditions
are evident at the beginning of the record (the “Federation”
Drought of 1895-1902) and in the early 1980s associated
with the strong El Nifio of 1982—-1983. The model HIST
simulations (Fig. la—f) also capture considerable interan-
nual and decadal variability of rainfall, with varying mag-
nitudes, although all models have weaker variability than
the observations. The standard deviation of model rainfall
variability (see Fig. 1; Table 1) varies by a factor of two,
from the relatively weak variability of IPSL-CMS5A-LR and
GISS-E2-R to the stronger variability of BCC-CSM1.1 and
CCSM4, which are closest to the observed variability. Note
that there are differences in the sign and duration of rain-
fall anomalies simulated by each model, reflecting the role
of internal climate variability, including ENSO, in driving
these anomalies.

3.2 ENSO-rainfall teleconnections

As discussed in Sect. 1, a major driver of interannual rain-
fall variability over eastern Australia is ENSO. Before
examining the long-term relationship between Australian
rainfall and ENSO in palaeoclimate simulations of the last
1000 years, we examine the ability of the models to capture
the observed relationship over the 1900-2000 instrumental
period. First we consider the spatial pattern of the ENSO-
eastern Australian rainfall relationship (Fig. 2) and then
evaluate the nonlinear nature of the relationship (Fig. 3).
Finally, we consider how the relationship varies in time
over the instrumental period (Fig. 4).

The observed spatial correlation between ENSO and
rainfall was calculated from the NINO3.4 SST and GPCP
gridded rainfall data averaged over SONDIJF for the years
1979-2008 (Fig. 2g). The observed teleconnection pattern
is compared with the pattern simulated by the six coupled
climate models over the period 1900-2000 (Fig. 2a—f). The
observed correlation pattern includes negative anomalies in
the region of the Indonesian and Australian monsoon, and a
band of anomalies stretching to the southwest, correspond-
ing to the movement of the SPCZ in response to ENSO.
The models broadly reproduce this pattern, although the
SPCZ anomaly tends to be too zonal, as in many CMIP5
models (Brown et al. 2013), and the models tend to simu-
late the boundary between negative and positive anomalies
in the equatorial western Pacific too far to the west, also a
common coupled model bias (e.g. Grose et al. 2014). Over
eastern Australia, all models capture the negative correla-
tion between the NINO3.4 index and rainfall, although the
magnitude and spatial pattern of the correlations varies con-
siderably. The match between the observed and simulated
spatial pattern of rainfall response to ENSO is quantified
using the pattern correlations over the domain 15°N-50°S,
100°E-160°W (see Table 1). The models with the highest
pattern correlation are BCC-CSM1.1, CCSM4 and GISS-
E2-R, while IPSL-CMS5A-LR has the lowest pattern corre-
lation, due to incorrect negative correlations over Tasmania
and to the north of Australia over New Guinea.

The temporal correlation between SONDIJF eastern
Australian rainfall and NINO3.4 indices was also cal-
culated (see Table 1). The observed correlation between
eastern Australian rainfall and NINO3.4 is —0.55 for the
years 1900-2000. Although all models simulate a weaker
correlation than observations, the model correlations are
close to the observed relationship, with the exception of
CSIRO-MK3L, which has a correlation of less than half this
strength (r = —0.22).

The non-linear nature of the relationship between ENSO
and Australian rainfall has been identified in instrumen-
tal records (e.g. Power et al. 1999). Typically, La Nifia
events lead to larger positive rainfall anomalies than the

@ Springer



82

J. R. Brown et al.
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Fig.1 September to February average eastern Australian rainfall

anomalies (mm/day) for 1900-2000 for models a BCC-CSM1.1,
b CCSM4, ¢ CSIRO-MK3L, d GISS-E2-R, e IPSL-CM5A-LR,

corresponding negative rainfall anomalies associated
with El Nifio events. This relationship is seen in observa-
tions (Fig. 3g), with the slope of the regression between
SONDJF NINO3.4 and eastern Australian rainfall being
twice as steep for years with NINO3.4 < 0 (“La Nifia
years”) than years with NINO3.4 > 0 (“El Nifio years”).
Three of the six models are able to reproduce this nonlin-
earity: CCSM4, CSIRO-Mk3L and GISS-E2-R, based on
having a NINO3.4-rainfall slope that is more than 50 %
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and f MPI-ESM-P, and g AWAP observations. Rainfall is aver-
aged over land only in the eastern Australian domain (10°S—45°S,
140°E~155°E). The standard deviation of rainfall is given at fop right

larger for La Nifia years than for El Nifio years (Fig. 3b—
d). BCC-CSM1.1 and MPI-ESM-P incorrectly have larger
rainfall anomalies during El Nifio events.

The temporal stability of the observed and modelled
ENSO-eastern Australian rainfall teleconnection in the his-
torical period was examined using 30-year running correla-
tions of SONDIJF rainfall and NINO3.4 (Fig. 4). The fig-
ure also shows the 30-year running variance of NINO3.4
for the same period. In the instrumental record (Fig. 4g),
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Table 1 Observed and model variability of eastern Australian (EA)
rainfall and ENSO: rainfall standard deviation, NINO3.4 standard
deviation, temporal correlation between EA rainfall and NINO3.4 and

pattern correlation between observed and simulated rainfall response
to ENSO (i.e. grid point correlation of rainfall and NINO3.4)

Name EA rainfall SD (mm/day) NINO3.4 SD (°C) Temporal correlation: EA rainfall and  Pattern correlation: ENSO rainfall
NINO3.4 response

Observations* 0.52 0.92 —0.55 -

BCC-CSM1-1 0.49 0.77 —0.41 0.78

CCSM4 0.49 1.23 —0.46 0.75

CSIRO-MKk3-L 0.41 0.63 -0.22 0.69

GISS-E2-R 0.34 0.67 -0.37 0.74

IPSL-CMSA-LR 0.23 0.69 —0.49 0.39

MPI-ESM-P 0.46 0.82 —0.50 0.54

All data are SONDIJF averages. All temporal and pattern correlations are significant at the 5 % level
* Note that the observed NINO3.4-rainfall correlation pattern is calculated using GPCP rainfall for the period 1979-2008, while all other

observed rainfall is AWAP data for period 1900-2000

(a) BCC-CSM1.1 r=0.78

(c) CSIRO-MK3L r= 0.69

(b) CCSM4
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(g) Obs: GPCP
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Fig. 2 Correlation between September to February rainfall and
NINO3.4 index for models (a—f) and g GPCP observations. Note
that model correlations were calculated for period 1900-2000, and
observed correlations were calculated for 1979-2008. All time series

were linearly detrended before correlations were calculated. The
spatial pattern correlation coefficient between each model and the
observed correlation patterns over the domain shown (15°N-50°S,
100°E-160°W) is given at top right
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Fig. 3 Model (a—f) and observed g September to February eastern
Australian rainfall (mm/day) versus NINO3.4 index (°C) for 1900—
2000. All data are linearly detrended. Lines of best fit are calculate

there is a period of reduced strength of correlations centred
around 1940. This reduced ENSO—-eastern Australian rain-
fall correlation corresponds to a period of weaker ENSO
variance and fewer ENSO events, as identified in previous
studies (e.g. Kestin et al. 1998).

The models simulate substantial variations in the
strength of the ENSO-rainfall correlation, includ-
ing a weakening trend (CCSM4), a strengthening trend
(GISS-E2-R, TPSL-CMS5SA-LR) and periods of telecon-
nection breakdown similar to or greater than the weaken-
ing observed in the 1940s (CSIRO-Mk3L and MPI-ESM-
P). Trends are significant at the 5 % confidence level. In
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for all points with NINO3.4 > 0 and NINO3.4 < 0. The slopes of the
regression lines, Spearman rank correlation coefficients and p values
are also shown

observations and all models except CCSM4, teleconnection
strength is significantly inversely correlated with ENSO
variance. The relationship between teleconnection strength
and ENSO variance is stronger for IPSL-CM5A-LR and
MPI-ESM-P than for observations.

3.3 Summary of model performance

The ability of the six CMIP5-PMIP3 models to simulate
the variability of eastern Australian rainfall and the telecon-
nection with ENSO for the historical period is summa-
rised in Table 1. While some models appear to have ENSO



ENSO teleconnections with Australian rainfall in coupled model simulations of the last... 85

(a) BCC-CISM1.1 . | = -0.73 (b) CCSML} . .  r=-0.24
P T Er il Y T ik
(@) 7 r @) = R - =
g 087 e i -3 fg_ 2
c 0.4 - =" - c E A4 e E
8 E F 8 1.0 A M S E
g 003 S 054 3
3 0.4 W - % 0.0 3 E
S ] E 5054 ,\_M_/"“*‘N"f\ =
S 08 LS E g
. , , , , © .10 ——————
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000
(¢)  CcSIRO-MK3L r= -0.20 (d) GISS-E2-R - 077
S R 1 1 [ P A I 1 1 ]
Ng 3 F :\(‘:_), ] F
g 0.8 = - = g 0.8 = = -
5 043 N B S -5 04 TS B -
g 0.0 ] M \W a Y 0.0 . r
oef 04 3 3 od 04 3 M -
S 08 - 5 08 3 -
[ [ [ [ [ [ [ [
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000
(®)  ipsLcmsA-LR f= -0.83 ®) MPI-ESM-P f= -0.88
-~ 12 4——1 1l | 1l L — 12 4——1 1 | M L
S o8 3 S 08 el :
8 7 E 8 7 N - \ -
3 1 P NN , i 3 ] \e T A, i
5 047 T E§ 047 ) 3
g 00 - 8 00 5 :
06- -0.4 W 2 06 0.4 M -
S 08 - § 08 7 -
I I I I I I I I
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000
(9) OBS r= -0.66
-~ 12 v | | | I R L
o ] . e~ o
o 08 N e 3
5 049 -
S 0.0 :
% 0.4 e e
S 08 3 2
[ [ [ [
1900 1920 1940 1960 1980 2000

Fig. 4 30-year running correlations of September to February east-
ern Australian rainfall and NINO3.4 index for 1900-2000 (blue solid
line) and 30-year running variance (°C?) of SONDJF NINO3.4 index
(red dashed line) for models (a—f) and AWAP observations (g). All

characteristics that more closely match observations, it
is important to note that the observational record may be
insufficient to capture the full range of ENSO behaviour
(e.g. Wittenberg 2009). We therefore use all six models to
investigate the climate of the last millennium. However, as
the focus of this study is eastern Australian rainfall vari-
ability, we have limited confidence in IPSL-CMS5A-LR
due to its low rainfall variability and poor simulation of
the regional rainfall response to ENSO. CSIRO-MKk3L has
a particularly low correlation between eastern Australian
rainfall and ENSO, but is able to simulate other aspects of
ENSO and regional rainfall variability reasonably well.

time series were linearly detrended before calculating running corre-
lations. Correlations between the two time series are given at the top
right. Note (b) has different y-axis scale

We also note that King et al. (2014) evaluated the ability
of CMIP5 models to simulate the ENSO—eastern Austral-
ian rainfall relationship, and found that BCC-CSM1-1 and
GISS-E2-R failed to capture aspects of the asymmetric or
nonlinear relationship. An evaluation of the ENSO-rainfall
relationship over the south-east Australian region also found
that these two models (as well as other CMIP5 models not
included in this study) did not capture the observed rain-
fall variability (Lewis and Karoly 2015), whereas CCSM4,
MPI-ESM-P and IPSL-CMS5A-LR were able to simulate the
relationship. CSIRO-Mk3L was not included in the studies
of King et al. (2014) or Lewis and Karoly (2015).
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Fig. 5 30-year running average
eastern Australian SONDJF
anomalies of a temperature (°C)
and b precipitation (mm/day)
for LM simulations (850-1850).
The multi-model (MM) mean

is also shown (thick black line).
Data is averaged over land only
in the eastern Australian domain
(10°S—45°S, 140°E-155°E).
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4 Rainfall variability in last millennium
simulations

4.1 Variability of eastern Australian climate

To assess the possible role of external forcing of ENSO—
rainfall teleconnections, the SONDIJF average surface
temperature and rainfall over eastern Australia were
calculated for each year of the LM simulations. The
30-year running average values are shown in Fig. 5 for
all six CMIP5-PMIP3 models as well as the multi-model
mean value. The temperature time series (Fig. 5a) show
some common features for all models, including cooling
events associated with major volcanic eruptions around
1258, 1452 and 1815 (see Landrum et al. 2013), while
some events are only simulated by one model, e.g. MPI-
ESM-P has a large regional cooling event around 1700.
There is also a modest cooling trend over the entire LM
simulation which is shared by all models (0.3-0.5 °C per
1000 years, significant at the 5 % level in all cases), con-
sistent with the larger scale Southern Hemisphere trend
in LM simulations (e.g. Fernandez-Donado et al. 2013;
Landrum et al. 2013). A similar long-term cooling trend
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is found in regional temperature reconstructions of the
past one to two millennia, thought to be associated with
changes in solar irradiance, volcanic activity, land use
and orbitally-driven insolation (PAGES 2k Consortium
2013).

In contrast with temperature, there is less coherent vari-
ability between models in the eastern Australian SONDJF
rainfall record in the LM simulations (Fig. 5b). There are
multi-decadal rainfall increases during the cooler periods
following the largest volcanic eruptions in the majority of
models. The increases result in significant positive anoma-
lies in the multi-model mean following the major volcanic
eruptions around 1258, 1452 and 1815 (the 10-year mean
following each eruption is above the 95th percentile of val-
ues calculated from sampling running 10-year blocks of
the record). There is no long-term trend in regional rainfall
evident over the LM simulations. Apart from the volcanic
signals, each model simulates rainfall variability on multi-
decadal timescales that is out of phase with other models,
with correlations between models that are not significant at
the 5 % confidence level once autocorrelation is taken into
account. This implies that most of the simulated rainfall
variability in this region is due to the internal dynamics of
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Fig. 6 Annual SONDIJF NINO3.4 index (°C) and 30-year running average (multiplied by 4 for visual comparison) for LM simulations. All time
series are linearly detrended. The dates of major volcanic eruptions at 1258, 1452 and 1815 are shown as vertical dashed lines for reference

the climate system, which includes ENSO as well as other
modes of variability.

4.2 Variability of ENSO

Next, we consider the temporal variability of ENSO in
the LM model simulations. Changes in ENSO period and
other spectral characteristics are the subject of a companion
study (Hope, P, B.J. Henley, J. Gergis, J. R. Brown and H.
Ye, Time-varying spectral characteristics of ENSO indices
over the last millennium—in preparation). The SONDJF
NINO3.4 index was calculated for each model for all years
from 850 to 1850, with both the annual values and 30-year
running mean values shown in Fig. 6. The models all simu-
late variability of NINO3.4 SSTs on interannual and multi-
decadal timescales. In particular, all of the models simulate
significant cool NINO3.4 SST anomalies following one or
more of the major volcanic eruptions. (Significance is esti-
mated here as for the rainfall anomalies in Fig. 5, i.e. the
10-year mean following each eruption is below the 5th per-
centile of values calculated from sampling running 10-year

blocks of the record). While this cooling may represent
tropics-wide SST cooling rather than an ENSO-like SST
anomaly, comparison with a modified Southern Oscilla-
tion Index (calculated using eastern and western equatorial
Pacific boxes following the approach of Power and Koci-
uba 2011, see Supplementary Figure 1) indicates that these
periods were also characterised by La Nifia-like changes
in the large-scale sea level pressure field. Previous stud-
ies have found that volcanic events modify the likelihood
of ENSO events in the following years, although the pre-
cise timing and mechanisms remain the subject of debate
(e.g. Adams et al. 2003; Mann et al. 2005; Emile-Geay
et al. 2008; McGregor and Timmermann 2011). Ault et al.
(2013) identified volcanic forcing as the major source of
low-frequency variability in NINO3.4 SSTs in the CMIP5-
PMIP3 model last millennium simulations.

To identify changes in the amplitude of ENSO, the run-
ning variance of the SONDJF NINO3.4 index was cal-
culated in a 30-year sliding window for each of the LM
simulations, shown as the normalised anomaly (variance is
divided by its standard deviation for each model) for easier
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comparison between models (Fig. 7). Unlike the regional
temperature record (Fig. 5a), there are no common multi-
decadal periods of high or low ENSO variance for all mod-
els. The multi-model mean (thick black line in Fig. 7) indi-
cates significantly increased variance around 1250 and after
1800 (the anomaly is designated significant if the 10-year
mean is above the 95th percentile of values calculated from
running 10-year blocks of the record), but all models do not
agree on the sign of the anomaly.

Previous studies using proxy-based reconstructions have
identified modulations of ENSO variance on decadal and
longer timescales. For example, McGregor et al. (2010)
found low variance from around 1650-1720, while Li et al.
(2011) and Li et al. (2013) found low ENSO variance at
the beginning of the Little Ice Age, around 1300-1550, and
increased variance in the period 1550-1880. The lack of
coherent periods of high and low variance between the six
CMIP5-PMIP3 models suggests that the variability is not
externally forced. This is consistent with a previous Monte-
Carlo analysis showing the range of reconstructed ENSO
variance prior to 1900 may arise stochastically (Li et al.
2013). The conclusion that ENSO variability over the last
millennium was primarily driven by internal dynamics was
also reached in other proxy-based studies (e.g. McGregor
et al. 2010), and model studies (Landrum et al. 2013).

4.3 Variability of ENSO-rainfall teleconnections

We have identified temporal variability in the strength of
the relationship between ENSO and Australian rainfall in
the historical climate (Sect. 3). Variability of ENSO-rain-
fall teleconnections in past climate has also been identified
in previous studies (e.g. McGregor et al. 2013). In par-
ticular, Gallant et al. (2013) identified non-stationarity of
teleconnections between ENSO and Australian rainfall in
instrumental records, model simulations and palaeoclimate
reconstructions on near-centennial timescales. We therefore
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investigate the temporal and spatial variability of the rela-
tionship between ENSO and eastern Australian rainfall in
the CMIP5-PMIP3 LM simulations.

The temporal variability of the strength of the ENSO-
eastern Australian rainfall teleconnection in the LM simu-
lations was examined using the 30-year running correlation
between SONDIJF eastern Australian rainfall and NINO3.4
index (Fig. 8). The running variance of ENSO is also shown
in Fig. 8 for comparison, to determine whether changes in
teleconnection strength follow changes in ENSO strength.
All models simulate variation in the strength of the ENSO—
eastern Australian rainfall teleconnection in the LM simula-
tions, including periods of near-zero or even positive corre-
lations. Such variations would potentially reduce the ability
of palaeoclimate proxy records from eastern Australia to
capture information about ENSO behaviour, at least dur-
ing periods of weakened teleconnection, in agreement with
Gallant et al. (2013).

In all cases, the ENSO-eastern Australian rainfall corre-
lation is significantly inversely correlated with ENSO vari-
ance (correlation coefficients are given in Fig. 8, p < 0.01
in all cases). This is consistent with the relationships identi-
fied in the HIST simulations (Fig. 4). Our results are also in
qualitative agreement with Li et al. (2013), who found that
ENSO teleconnections over the Pacific region in a range
of proxy records for the past seven centuries were strong
when ENSO variance was high and weak when ENSO vari-
ance was low. In most cases, correlations between ENSO
variance and the strength of the ENSO-rainfall running
correlation are substantially weaker for the LM simulations
than for the HIST simulations (Fig. 4), with the exception
of CCSM4 and CSIRO-MKk3L models, which have a low
correlation in both simulations. The relatively weak cor-
relations between ENSO variance and ENSO-rainfall tel-
econnection strength in the LM simulations indicate that
internal variability is responsible for most of the variation
in teleconnection strength.
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Fig. 8 30-year running correlations of September to February east-
ern Australian rainfall and NINO3.4 index (blue solid line) and
30-year running variance (°C?) of SONDJF NINO3.4 index (red
dashed line) for LM simulations (850-1850). All time series were lin-

The stability of the spatial pattern of the ENSO-rainfall
teleconnection in the Australian region was also examined.
Firstly, the 1000-year average spatial correlation between
NINO3.4 and SONDIJF rainfall was calculated for the
LM simulations (Supplementary Figure 2). The long-term
average LM spatial patterns are largely unchanged from
the HIST simulations (Fig. 2), with pattern correlations
between HIST and LM spatial patterns of r > 0.9 in all
cases. This implies that the mean large-scale teleconnec-
tion pattern is stable over the LM simulations, and also that
there is no strong anthropogenic influence on the average
teleconnection pattern for the HIST simulations.

Despite the stability of the long-term average telecon-
nection patterns, there may be non-stationarity of the tel-
econnection pattern on decadal and longer time scales
within the LM simulations. We investigate teleconnection
stationarity by comparing the spatial correlation pattern in
the HIST simulations with the spatial correlation pattern
calculated for 30-year segments of the LM simulations for
each model. A similar approach was applied by Coats et al.
(2013) in a study of ENSO teleconnections over North
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early detrended before calculating running correlations. Correlations
between the two time series are given at the top right. Note (b) has
different y-axis scale

America. The temporal correlation between NINO3.4
and SONDJF rainfall at each grid point was calculated
for moving 30-year windows of the LM simulation from
850 to 1850. The running pattern correlation (“R_PC”)
between the average HIST and time-varying LM spatial
teleconnection patterns was then calculated (in the domain
15°N-50°S, 100°E-160°W), and the resulting time series
of correlation coefficients are shown in Fig. 9.

The average running pattern correlation coefficients
between model HIST and LM NINO3.4-rainfall cor-
relation patterns range from R_PC = 0.92 (CCSM4) to
R_PC = 0.81 (CSIRO-MKk3L), with periods of reduced
correlation strength occurring for all models, implying
non-stationarity of the ENSO-rainfall teleconnection over
the Australian region. The extent of teleconnection non-
stationarity can be measured from the standard devia-
tion of R_PC, which is greatest for CSIRO-Mk3L and
IPSL-CMS5A-R and smallest for CCSM4 (see Fig. 9). In
a study of teleconnection stationarity over North America
using CMIP5-PMIP3 models, Coats et al. (2013) found
non-stationarity was smaller in models with larger ENSO
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Fig. 9 Running spatial pattern correlation (R_PC) between SONDIJF
NINO3.4-rainfall correlation pattern for HIST simulations and
SONDIJF NINO3.4-rainfall correlation pattern for 30-year seg-
ments of LM simulations. Model HIST correlation patterns are

amplitude. In this study, we also find that the model with
the largest ENSO amplitude (CCSM4) displays the small-
est non-stationarity (smallest R_PC standard deviation) of
teleconnections in the Australian region, while the models
with greater teleconnection non-stationarity had a smaller
ENSO amplitude (CSIRO-Mk3L and IPSL-CMS5A-R).

In the CMIP5-PMIP3 LM simulations, we find that
variability occurred in both the strength of the ENSO—east-
ern Australian rainfall teleconnection and the spatial pat-
tern of the ENSO-rainfall teleconnection over the wider
Australian region. While the running temporal correlation
of ENSO with eastern Australian rainfall weakens to near-
zero values for multi-decadal periods in all models (Fig. 8),
the regional spatial teleconnection pattern is more robust,
with the running pattern correlation (R_PC) between HIST
and LM ENSO-rainfall teleconnection patterns remaining
in the range 0.7-0.9 throughout the 1000 year simulations
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shown in Fig. 2. Spatial correlations are calculated over the domain
15°N-50°S, 100°E-160°W. The average and standard deviation of
R_PC for each model is given at top right

in most cases (Fig. 9). This result is in agreement with
McGregor et al. (2013), who found that ENSO variance
and rainfall variance in the Pacific region could have
zero or even negative correlations at particular locations,
whereas comparison of multiple locations produced a more
robust relationship between ENSO variability and rainfall
variability.

5 Discussion and conclusions

The variability of eastern Australian rainfall was examined
in simulations of the historical period and the last millen-
nium (850-1850) from a set of six CMIP5-PMIP3 cou-
pled climate models. The ability of the models to capture
the main characteristics of modern ENSO and Austral-
ian-region rainfall teleconnections was variable, with the
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IPSL-CMS5A-LR model simulating low rainfall variability
and a poor ENSO teleconnection. The BCC-CSM1-1 and
GISS-E2-R models also failed to capture aspects of the
observed ENSO and rainfall climatology, while the CSIRO-
MKk3L model had an overly weak correlation between east-
ern Australian rainfall and ENSO. CCSM4 had an overly
strong ENSO variance, while MPI-ESM-P had the most
plausible simulation of the modern eastern Australian rain-
fall-ENSO relationship. However, we utilise all six models
in recognition that the observed ENSO characteristics of
the instrumental period may not capture all plausible states
of ENSO.

In the last millennium simulations, the models simu-
lated some common features of regional eastern Austral-
ian temperature, including decadal-scale cooling following
major volcanic eruptions and a long-term cooling trend. An
increase in eastern Australian rainfall was also simulated
by the majority of models during the period following the
major volcanic eruptions, with a significant anomaly in the
multi-model mean. However, the lack of significant corre-
lations between model eastern Australian rainfall indicates
that rainfall variability in this region is primarily driven by
internal processes in each climate model, including ENSO,
rather than by external forcing.

The NINO3.4 SST anomaly in the LM simulations
also displays common cooling associated with major vol-
canic events in all models. The signal is also seen in the
corresponding equatorial Southern Oscillation Index (an
atmospheric pressure index of ENSO), so does not sim-
ply reflect regional SST cooling but also a reorganisation
of the climate in an ENSO-like manner (e.g. Adams et al.
2003; Mann et al. 2005; Emile-Geay et al. 2008). Further
examination of the response to volcanic forcing is beyond
the scope of this study, but we note that our results are
consistent with other studies examining CMIP5-PMIP3
last millennium simulations, which found a strong model
response to volcanic forcing in the NINO3.4 region on
decadal to centennial timescales (Ault et al. 2013; Lan-
drum et al. 2013). In addition, the NINO3.4 index dis-
plays variability on decadal and longer time scales that
differs between models, suggesting a large role for inter-
nal variability. This is consistent with other studies (e.g.
Wittenberg 2009; Wittenberg et al. 2014) that report large
internal variability of ENSO in long unforced control
simulations. Note, however, that models may still under-
estimate the natural decadal to multi-decadal variability
of ENSO (Emile-Geay et al. 2013) and of rainfall (Ault
et al. 2012).

The teleconnection between ENSO and eastern Austral-
ian rainfall varies in strength in all models in the LM simu-
lations, in a similar manner to the variability found in the
HIST simulations. Periods of very weak running correla-
tion occur in all models, indicating temporary breakdowns

in the ENSO-eastern Australian rainfall relationship. Inter-
estingly, these do not appear to be associated with peri-
ods of reduced ENSO variance in most cases, although all
models simulate a significant negative correlation between
ENSO variance and running ENSO-rainfall correlation
(teleconnection) strength. The large-scale climate state
during these periods of teleconnection breakdown was
investigated using composites (not shown), but no consist-
ent change in mean state was identified. Instead, we sug-
gest that periods of weak eastern Australian rainfall-ENSO
teleconnection may reflect a range of other influences on
eastern Australian rainfall, both tropical and high latitude,
on a range of time scales (e.g. Risbey et al. 2009). Further
analysis is required to investigate these influences in more
detail.

The regional spatial pattern of the ENSO-rainfall tele-
connection was found to be stable on average over the LM
simulations, with close agreement between the long-term
average LM and HIST patterns. However, there was some
variability of the teleconnection spatial pattern on decadal
timescales, indicated by variation in the running pattern
correlation for 30-year segments of the LM simulations. If
this variability is correctly represented by the models, then
it implies that non-stationarity of ENSO-rainfall telecon-
nections may present challenges for quantitative recon-
struction of ENSO behaviour using rainfall-sensitive proxy
records from the Australian region.

In conclusion, the relationship between eastern Austral-
ian rainfall and ENSO is found to be non-stationary in a
set of six climate model simulations of the last millennium,
in agreement with previous studies (e.g. Hendy et al. 2003;
Gergis et al. 2012; Gallant et al. 2013). The time-variability
of the teleconnection strength is greater than the time-var-
iability of the teleconnection spatial pattern, in agreement
with other studies (e.g. McGregor et al. 2013). Comparison
of the CMIP5-PMIP3 model results with proxy reconstruc-
tions of Australian rainfall and ENSO over the last millen-
nium would provide further insights into the non-stationar-
ity of the ENSO-rainfall teleconnection.
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