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Abstract Previous studies with single models have sug-
gested that El Nifo teleconnections over North America
could be different in a future warmer climate due to factors
involving changes of El Nifio event amplitude and/or changes
in the midlatitude base state circulation. Here we analyze a
six-member multi-model ensemble, three models with
increasing future El Nifio amplitude, and three models with
decreasing future El Nifio amplitude, to determine charac-
teristics and possible changes to El Nifio teleconnections
during northern winter over the North Pacific and North
America in a future warmer climate. Compared to observed
El Nifio events, all the models qualitatively produce general
features of the observed teleconnection pattern over the
North Pacific and North America, with an anomalously
deepened Aleutian Low, aridge over western North America,
and anomalous low pressure over the southeastern United
States. However, associated with systematic errors in the
location of sea surface temperature and convective heating
anomalies in the central and western equatorial Pacific (the
models’ anomaly patterns are shifted to the west), the
anomalous low pressure center in the North Pacific is weaker
and shifted somewhat south compared to the observations.
For future El Nifio events, two different stabilization exper-
iments are analyzed, one with CO, held constant at year 2100
concentrations in the SRES A1B scenario (roughly doubled
present-day CO,), and another with CO, concentrations held
constant at 4XCO,. Consistent with the earlier single model
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results, the future El Nifio teleconnections are changed in the
models, with a weakened as well as an eastward- and
northward-shifted anomalous low in the North Pacific. This is
associated with weakened anomalous warming over northern
North America, strengthened cooling over southern North
America, and precipitation increases in the Pacific Northwest
in future events compared to present-day El Nifio event
teleconnections. These changes are consistent with the al-
tered base state upper tropospheric circulation with a wave-5
pattern noted in previous studies that is shown here to be
consistent across all the models whether there are projected
future increases or decreases in El Nifio amplitude. The fu-
ture teleconnection changes are most consistent with this
anomalous wave-5 pattern in the models with future in-
creases of El Nifo amplitude, but less so for the models with
future decreases of El Nifio amplitude.

1 Introduction

It has been noted that the teleconnections over the North
Pacific and North America associated with El Nifio events
(during northern winter when such teleconnections are
strongest, associated with tropical convective heating
anomalies, e.g., Branstator and Haupt 1998) could be dif-
ferent in a future warmer climate (Meehl et al. 1993, 2006).
Meehl et al. (2006) indicated that the differences in tele-
connections could be due to several factors, including
changes in the amplitude of the El Nifio events themselves,
and an altered base state midlatitude atmospheric circula-
tion due to the increase of greenhouse gases (GHGs) that
would change the nature of the teleconnections. Those
studies were performed with single models, and it remains
unclear if these results could be generalized to a greater
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number of models. Thus, the purpose of the present paper
is to see to what extent the earlier results can be general-
ized to a greater number of models, and to re-visit, with
these models, the relative roles of changes of El Nifio
amplitude and altered base state circulation.

It has been shown that there is a significant model-
dependence to future changes of El Nifio amplitude, with
some models showing larger magnitude events, some
showing smaller amplitude events, and some showing little
change (Collins 2000; Merryfield 2006; Guilyardi 2005;
van Oldenborgh et al. 2005; Meehl et al. 2007a). However,
sampling is a significant issue in these studies since there is
considerable low frequency modulation of El Nifio ampli-
tude and frequency on multi-decadal timescales in obser-
vations and models (e.g., Knutson and Manabe 1998;
Meehl et al. 2006), and detecting changes of El Nifio in a
changing base state is a genuine challenge (Timmermann
1999). There are also differences in how the models sim-
ulate El Nifio events in present-day climate (e.g., Achut-
arao and Sperber 2006; Capotondi et al. 2006; Guilyardi
et al. 2004; Guilyardi 2005; Joseph and Nigam 2006).
Therefore, physical arguments have been invoked in the
studies cited above to try and explain possible future
changes of El Nifio from a process point of view. It has also
been shown that differences in base state climate in the
tropical Pacific can affect El Nifio teleconnections to other
regions such as Australia (Arblaster et al. 2002).

We first review the models in the World Climate Re-
search Programme (WCRP) Coupled Model Intercompar-
ison Project phase 3 (CMIP3) multi-model database and
analyze results from the experiments with roughly doubled
present-day CO,, and quadrupled present-day CO,. Then a
subset of models are chosen, some projecting future de-
creases of El Nifio amplitude, and some projecting future
increases, to address the possible role of changes in El Nifio
amplitude in the manifestation of the teleconnections. Next
we will examine the mean base state changes in the
northern midlatitudes regarding their possible role in how
El Nifio teleconnections could be altered in the future.

Section 2 includes a description of the choice of models
and the experiments analyzed. Section 3 looks at how these
particular models simulate present-day El Nifio events,
while Sect. 4 examines the El Nifio events in the increased
GHG simulations in relation to teleconnections over the
North Pacific and North America. Section 5 looks at pos-
sible effects of the mean base state changes in the models to
El Nifio teleconnections, and Sect. 6 presents conclusions.

2 Choice of models and experiments

There are 23 global coupled climate models (or atmosphere—
ocean general circulation models, AOGCMs) in the WCRP
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CMIP3 multi-model dataset archived at the Program for
Climate Model Diagnosis and Intercomparison (PCMDI;
see http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php, as well
as Meehl et al. 2007b, for a description). There were a
variety of coordinated experiments for future climate change
performed by these models, but some groups did not com-
plete the full set. For our analyses here, we want to look at El
Nifio teleconnections in stabilized experiments with two
different future forcings, one with roughly doubled CO, and
another with quadrupled CO,. For the former, we choose the
AI1B experiment, an intermediate magnitude forcing sce-
nario where GHGs increase from year 2000 to 2100 until
CO, is roughly double present-day values, and then con-
centrations of GHGs are held constant and the models are
run for an additional 100 years with those stabilized con-
centrations (e.g., Meehl et al. 2005). Though concentrations
are stabilized, the climate system is still slowly changing due
to climate change commitment. Therefore, we compare the
climate changes in the stabilized A1B experiment to the
commitment experiment where concentrations were held
constant at year 2000 values and the models were then run an
additional 100 years, and we compare the 100 years of year
2000 stabilization to the 100 years of A1B stabilization.

For the higher forcing, an idealized forcing experiment
was performed where the models branched from a control
experiment, and then CO, was increased at 1% per year.
When CO, reached four times present-day amounts, con-
centrations were held constant and the models were run an
additional 100 years. For these experiments, we compare
the 100 years of stabilized 4XCO, with 100 years from the
control run.

Results shown here for all experiments use non-detr-
ended model data, though detrending does not change the
results appreciably.

In examining the models in the CMIP3 dataset, it
became apparent that all models did not run both of these
experiments (Fig. 1). For the stabilized A1B experiment,
16 out of the 23 models submitted output, and for the
stabilized 4XCO, experiment, 13 out of the 23 models
were present in the database. Since we wanted the same set
of models for the two experiments, we proceeded to further
examine the 13 in common between the two to determine
the nature of their changes of El Nifo amplitude. We
calculate variances of 1-5 year bandpass filtered Nifio 3.4
[averaged sea surface temperatures (SSTs) in the area SN-
5S, 170W-120W] for each experiment as the indicator of
El Nifno amplitude. Figure 1 shows that three of the models
have consistent projected increases of El Nifio amplitude in
the future warmer climate in the two experiments
(GFDL_cm?2.0, MPI_echam5, and MRI_cgcm?2.3.2), and
three have consistent decreases in both experiments
[CCCMA _cgem3(T47), MIUB_echog, and NCAR_ccsm3].
Therefore, based on this compilation, we chose these six
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models to analyze possible future changes in teleconnec-
tions. As can be seen in Fig. 1, the rest of the models either
have at least one of the four experiments missing, or have
contradictory El Nifio amplitude change.

As noted above, we define El Niflo events in each
experiment as a Nino3.4 December—January—February
(DJF) anomaly (time series band pass filtered at 1-5 years)
that exceeds one standard deviation for that model exper-
iment for the DJF season when El Nifio amplitude is
greatest and thus the teleconnections to the Northern
Hemisphere are largest (e.g., Meehl 1987; Yasunari 1991).
Figure 2 shows the phase locking to the seasonal cycle
whereby there is relatively greater Nifio3.4 variability in
the DJF season for the observations and the models. The
year of the El Nifio (year 0) is then the first calendar year
the El Nifio occurs (e.g., van Loon et al. 2003). For the
increased amplitude models for the stabilized A1B exper-
iment, the number of events ranges from 16 to 19, and for
4XCO, from 16 to 22 in the respective 100 year periods

analyzed (Table 1). For the decreased amplitude models,
for A1B there are between 10 and 14 events, and for
4XCO, the range is 3—10. Therefore, El Nifio events are
less frequent in this particular set of models that have de-
creased amplitude events compared to the models with
increased amplitude events. The drop in the number of
events for the decreased amplitude models is caused not
only by the weakening of the Nifio3.4 amplitude during
northern winter, but in a flattening of phase locking to the
seasonal cycle (i.e., reduced Nifio3.4 amplitude in northern
winter and little change in northern summer). This is
especially pronounced for the 4XCO, experiment for
CCSM3 and ECHO-G. For the models with increased El
Nifio amplitude, the largest increases in Nifo3.4 variability
generally occur during the northern winter season, thus
increasing the phase locking to the seasonal cycle (Fig. 2).
Also note in Fig. 2 that the models with future decreased El
Nifo amplitude generally simulate the seasonal timing and
magnitude of the monthly Nifo3.4 variability better than
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Fig. 2 Standard deviation of
Nifio3.4 SST by month, solid
lines indicate reference
conditions (either 20th century
stabilization or control run as
noted at fop of panels), and
dashed lines indicate future
conditions (either stabilized
A1B or 4XCO, as noted at top
of panels) for a and b models
with decreased future El Nifio
amplitude; ¢ and d models with
increased future El Nifo
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Table 1 Number of El Nifio events from the six selected models

Model 20th Century  Stabilized CO, 4XCO,
stabilization =~ AlB control

Decrease models

CGCM3.1(T47) 13 10 16 10

ECHO-G 19 14 24

CCSM3 21 14 18 3

Increase models

GFDL-CM2.0 16 16 16 18

ECHAMS5/MPI-OM 19 21 20 20

MRI-CGCM2.32 16 24 22 21

the models with future increased El Nifio amplitude. The
latter group have larger Nifio3.4 magnitude in all months,
and tend to shift the minimum monthly values to later in
the year compared to observations. However, all models
are consistent with observations in showing enhanced
Nifi03.4 variability during the northern winter months.

Below we compute composites across all available
ensemble members for the models in order to assess the
statistical significance of the changes. To check that
models with more El Nifio events do not influence the
multi-model composites more than models with less
events, we also computed single model averages before
calculating the ensemble means so that each model is
weighted equally. This does not appreciably change the
results.
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3 El Nino in the models and teleconnections

To determine the nature of the El Nifio teleconnections in
the models compared to the observations, Fig. 3 shows
composite El Nifio event anomalies of surface air temper-
ature which, over ocean, is comparable to sea surface
temperature (SST, Fig. 3a), precipitation (Fig. 3d), and sea
level pressure (SLP, Fig. 3g) from the NCEP/NCAR rea-
nalyses for the DJF season of El Nifio years 0 of 1957,
1963, 1965, 1968, 1972, 1976, 1982, 1986, 1991, 1997 and
2002. For SST (Fig. 3a), the typical El Nifio pattern of
positive SST anomalies in the central and eastern equato-
rial Pacific is evident, with values over +1°C. Over North
America, there are positive temperature anomalies of
roughly +1°C over Canada and Alaska, and negative
anomalies of around —1°C over the southern tier of states in
the United States. For observed precipitation anomalies for
the year O DJF El Nifio season, there are positive anomalies
in the central and eastern tropical Pacific of about
3 mm day”', negative anomalies to the northwest and
southwest (Fig. 3d), positive anomalies over the west coast
of the United States extending to the southeast United
States, and negative anomalies over Canada and Alaska.
These anomalies are associated with the SLP anomaly
pattern in Fig. 3g, characterized by the familiar Southern
Oscillation pattern of negative SLP anomalies over the
eastern tropical Pacific, and positive anomalies over the
western tropical Pacific. In the North Pacific there is an
anomalously deepened Aleutian Low with maximum val-
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Fig. 3 a Surface temperature anomalies (°C) for a composite of
observed El Nifio events, years 0 DJF minus long term mean, for the
NCEP/NCAR reanalyses for events listed in the text; b same as a
except for six-member multi-model composite of El Nifio events from
the 20th century stabilization reference experiment; ¢ same as b

ues well over 4 hPa, and negative anomalies over the
Southeast United States of over 0.5 hPa (Fig. 3g).

Comparing a six-member multi-model ensemble with
the observations for the 20th century stabilization and
present-day control experiments, the patterns in Fig. 3 are
all qualitatively similar to the observations with specific
regional differences. For example, in both model reference
experiments, the positive SST anomalies in the equatorial
Pacific extend too far west, reaching into the western
Pacific warm pool (Fig. 3b, c¢). This systematic error in the
El Nifio SST anomaly pattern is then associated with po-
sitive precipitation anomalies that also extend too far west,
reaching all the way to Papua New Guinea (Fig. 3e, f)
where in observations the positive precipitation anomalies
extend only to just east of the Solomon Islands (Fig. 3d).
These errors are shown as differences for model composite
El Nifio events minus observed El Nifio events (Fig. 4),
with the shading indicating model errors significant at the
10% level.

25 3

except for the present day control experiment; d same as a except for
precipitation (mm day~'); e same as b except for precipitation; f same
as ¢ except for precipitation; g same as a except for SLP (hPa);
h same as b except for SLP; i same as ¢ except for SLP

The corresponding negative precipitation anomalies are
squeezed to the north and south of the western Pacific
warm pool in the models (Fig. 3e, f). Over North America,
the positive temperature anomalies are pushed farther north
into Canada and Alaska in the models compared to the
observations (Fig. 3a—c), with values colder by about 0.5°C
over southern Canada in the models (Fig. 4a, b). The
negative temperature anomalies over the southeast United
States are weaker by about 0.5°C compared to the obser-
vations (Fig. 4a, b). There are larger negative precipitation
anomalies in the model simulations over the Pacific
Northwest (Fig. 3e, f compared to Fig. 3d) with values
further reduced by -0.3 mm day™' in the models
(Fig. 4c, d).

The negative SLP anomalies associated with the positive
SST anomalies in the equatorial Pacific are more narrowly
confined to the equatorial eastern Pacific in the models
(Fig. 3h, 1) compared to the observations (Fig. 3g), while
the anomalous negative SLP anomalies in the North Pacific
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are shifted somewhat to the south and east as indicated by
the positive values of about 2 hPa over the Aleutians, and
negative values over the southwest United States (Fig. 4-
e, f). This is associated with the westward-shifted precip-
itation anomalies in Fig. 3e, f, indicated by the positive
values of roughly 3 mm day™' west of the dateline in
Fig. 4c, d. An indication of the consequences of such a
westward shift in the positive precipitation anomalies in the
equatorial Pacific that produce a consequent westward shift
in the positive convective heating anomaly in a somewhat
different context are shown by Meehl et al. (2006). For a
westward-shifted positive convective heating anomaly,
there is a component of the anomalously deepened Aleu-
tian Low that shifts south and east. Also, even though the
multi-model ensemble mean SST anomalies in the equa-
torial central Pacific are somewhat stronger than the ob-
served composite in Fig. 3a vs. Fig. 3b, ¢ (indicating the
models with stronger-than-observed El Nifio variability
dominate the multi-model ensemble average as noted
above), the North Pacific teleconnections are somewhat
weaker. However, the teleconnections are actually stronger
in the Southern Hemisphere (comparing Fig. 3g to
Fig. 3h, i). The latter are characterized by negative SLP

@ Springer

1207 6OV

anomalies from roughly 40S to 60S, and positive anomalies
south of 60S in both the observations and models. There-
fore, the models capture the essential elements of the El
Nifo pattern and teleconnections to midlatitudes with some
regional differences.

4 Changes in El Niio teleconnections

Examination of the SLP anomaly teleconnection patterns
for the models that have increased and decreased El Nifio
amplitudes all show roughly comparable qualitative pat-
terns to those from the model reference states and the
observations depicted in Fig. 3 (not shown). However, there
are subtle but important regional changes, and to identify
how the teleconnections change in the model simulations,
Fig. 5 shows the SLP differences, stabilized A1B minus
20th century stabilization and stabilized 4XCO, minus
control, for the decreased El Nifio amplitude models
(Fig. 5a, b, respectively), increased El Nifio amplitude
models (Fig. 5c, d, respectively), and the six-member
multi-model ensemble (Fig. Se, f, respectively). First
looking at the six-member ensemble for both stabilized
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A1B and 4XCO, (Fig. 5e, f), an eastward and southward
shift, and weakening of the anomalously deepened Aleutian
Low is indicated by significant negative SLP anomalies
over Canada and Alaska and positive anomalies north of
Hawaii. There are larger areas of significant negative
anomalies greater than —1.5 hPa over most of North
America for 4XCO, compared to smaller differences of
over —0.5 hPa for stabilized A1B (Fig. 5f). This eastward
and southward shift of the anomalous low pressure in the
North Pacific for future El Nifio events in these six models
was similar to what was noted for two models analyzed by
Meehl et al. (2006). Since the models with increased El
Nifo amplitude have a larger response, much of this pattern
seen in the multi-model ensemble is driven by changes in
those three models, such that there are very similar patterns
and amplitudes in Fig. 5c, d compared to Fig. 5e, f.

For the models with decreased El Nifio amplitude, there
are smaller amplitude changes as noted above, but for the
composite as calculated here there is less of an eastward
shift of the anomalously deepened Aleutian Low but still a
weakening indicated by significant positive SLP anomalies

Fig. 5 a Differences of El Nifio

Stabilized A1B minus 20thC Stabilization

north of Hawaii for the A1B experiment (Fig. 5a). For the
4XCO, El Niifio events for the models with decreased El
Niflo amplitude, there is an eastward shift but less of a
weakening signified by only negative values northeast of
Hawaii (Fig. 5b). Therefore, for the SLP teleconnection
pattern, there is a general weakening and eastward shift of
the anomalously deepened Aleutian Low in future El Nifio
events, with this shift stronger with greater CO, forcing
(larger changes in the 4XCO, experiment compared to the
A1B) in the models with future increases of El Nifio
amplitude. This response is weaker in the models with
decreased El Nifio amplitude. Therefore, the nature of the
changes of future El Nifio teleconnections with regards to
SLP anomalies depends not only on the size of the GHG
forcing, but whether models project a future increase or
decrease of El Nifio amplitude.

For the temperature changes associated with these
changes in SLP teleconnections for the multi-model
ensemble, the greater negative SLP anomaly over North
America is associated with greater easterly surface flow
and significantly more negative surface temperature
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event teleconnections for SLP
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a except for 4XCO, minus
present-day control events;

¢ same as a except for the three
models with projected increases

60N

45N

Decrease

30N

15N

of El Nifio amplitude; d same as 150w 120w

b except for the three models

90w 150W 120W 90w

with projected increases of El P
Nifio amplitude; e same as

a except for the six-member
multi-model ensemble; f same
as b except for the six-member
multi-model ensemble. Solid
contours are positive
differences, dashed are
negative. Shading indicates
differences in El Nifio 15N

BON

45N

Increase

30N

teleconnections significant at
the 10% level

75N

BON

45N

All

30N

15N

150% 120

30w 150% 120% aow 60

@ Springer



786 G. A. Meehl and H. Teng: Multi-model changes in El Nifio teleconnections over North America

anomalies over northern Canada and Alaska. There are
maximum values of nearly —1°C over Alaska for the A1B
experiment (Fig. 6e) and nearly —1.5°C over northern
Canada for 4XCO, El Nifio events (Fig. 6f). This means
that the positive temperature anomalies for composite
present-day EIl Nifio events in Fig. 3b ¢ are reduced in
future events. There are also correspondingly more sig-
nificant negative surface temperature anomalies over the
southeast United States in the A1B experiments which
make the negative temperature anomalies in present-day
events (Fig. 3b, ¢c) even colder in association with the
anomalous northwesterly surface flow indicated by the
changes in SLP anomalies in Fig. Se, f. The values are
cooler by about —0.2°C for A1B (Fig. 6e), and over —0.4°C
in the southwest and southeast in the 4XCO, experiment
(Fig. 6f). Thus, like the SLP, the greater the GHG forcing,
the larger the changes in teleconnections with regards to
temperature.

And also like the SLP plots, the temperature changes
in the six model composites are driven mainly by the
changes in the models with increased El Nifio amplitude
(note similarity of patterns in Fig. 6¢c, d compared to
Fig 6e, f). Correspondingly, the changes in the models
with decreased El Nifio amplitude are somewhat different,
consistent with the changes in SLP teleconnections in
Fig. 5a, b. They show temperature decreases over north-
western Canada extending down to the Pacific Northwest
for the stabilized A1B experiment (Fig. 6a), while the
temperature decreases occur mainly in northern Canada in
the 4XCO, experiment, with increases over the western
United States (Fig. 6b).

For precipitation changes in Fig. 7, the six-member
multi-model ensemble shows changes again consistent with
the SLP changes in teleconnections in Fig. 5, with the
greater anomalous onshore flow in the Pacific Northwest
producing greater rainfall there during future El Nifio
events, relatively speaking, compared to present-day events
where there are decreases in precipitation (Fig. 3e, f). As
with SLP, these six-member multi-model ensemble dif-
ferences are most evident in the models with increasing El
Nifo amplitude, with the significant increases of precipi-
tation during future El Nifio events in relation to the
present-day events of over +0.5 mm day™' in the Pacific
Northwest (Fig. 7c, d), and some relatively smaller
amplitude decreases of precipitation in areas of the south-
west and southeast United States For the decreased El Nifio
amplitude models, for greater forcing and the eastward
shift of the north Pacific SLP anomalies, there is also a
significant increase of precipitation during El Nifio events
in the Pacific Northwest for 4XCO, with values
approaching +1 mm day™" (Fig. 7b), while there are some
significant increases in precipitation in the A1B experiment
in the southwest (Fig. 7a).
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5 Changes in base state circulation in the northern
midlatitudes

As noted in previous studies (e.g., Selten et al. 2004; Meehl
et al. 2006), a characteristic in some models of the change
in base state upper tropospheric circulation in the northern
midlatitudes during winter with increased GHGs is a wave-
5 pattern. This is seen for the five-member (ECHO-G did
not supply upper level winds) multi-model ensemble in
Fig. 8e, f for both the low and high forcing experiments,
respectively, as well as for a larger multi-model ensemble
of available model simulations (Fig. 8g, h; stippling indi-
cates 80% of models have the same sign of response).
There are negative 300 hPa streamfunction anomalies for
the mean climate change near the Mideast, eastern China,
North Pacific, southeast North America and eastern
Atlantic. The anomaly values are larger for the greater
forcing in the 4XCO, experiment in Fig. 8f compared to
the A1B experiment in Fig. 8e. As could be expected from
the results in the previous section, there are strong corre-
spondences between the patterns in Fig. 8c, d for the
models with increased El Nifo amplitude and the five-
member multi-model ensemble in Fig. 8e, f. However, this
pattern is also evident in the models with decreased El
Nifno amplitude in Fig. 8a, b. This is reflected as a funda-
mental change in the base state midlatitude circulation
(using 100 year averages for each) seen in the larger multi-
model ensemble (Fig. 8g, h). Therefore, all models are
showing a similar change in midlatitude upper troposphere
Northern Hemisphere base state circulation whether they
have future increases or decreases of El Nifio amplitude.
For the increased El Nifio amplitude models, the eastward
and southward shift of the negative SLP anomalies in the
North Pacific (Fig. 5c, d) can be related to the positive
streamfunction anomalies northwest of Hawaii and the
negative anomalies in the Gulf of Alaska (Fig. 8c, d).
However, since a similar 300 hPa streamfunction pattern
emerges for the base state change for the models with
decreased El Nifio amplitude (Fig. 8a, b), and the character
of the SLP and other teleconnection changes is somewhat
different from the models with increased El Nifio ampli-
tude discussed in the previous section (e.g., Fig. 5a, b), the
implication is that changes in future El Nifio amplitude
could make a contribution to the nature of the changes of
El Nifo teleconnections over North America. However, the
models with increased El Nifio amplitude show stronger
and more consistent responses corresponding to the base
state circulation change over the North Pacific and North
America, pointing to the importance of changes to the base
state circulation for the manifestation of future El Nifio
teleconnections.

As noted above, a similar and very consistent change in
base state across the models (denoted by stippling where at
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Fig. 6 a Differences of El Nifio
event teleconnections for
surface temperature (°C),
stabilized A1B minus 20th
century stabilization experiment
for the three-member composite
for models with projections of
decreased El Nifio amplitude; b
same as a except for 4XCO,
minus present-day control
events; ¢ same as a except for
the three models with projected
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models with projected increases Pl
of El Nifio amplitude; e same as
a except for the six-member
multi-model ensemble; f same
as b except for the six-member
multi-model ensemble. Solid
contours are positive
differences, dashed are
negative. Shading indicates
differences in El Nifio 15N 4

BON 1

45N 1

Increase

30N 1

teleconnections significant at
the 10% level

1500 120

75N 4

BON {22022

45N 1

All

30N 1
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least 80% of the models agree in the sign of the change) is
shown for a 15-member multi-model ensemble in Fig. 8g
for all models that contributed upper level winds from the
20th century stabilization and stabilized A1B experiments
to the WCRP CMIP3 archive, as well as a 12-member
multi-model ensemble in Fig. 8h for all models that con-
tributed upper level winds from the control and 4XCO,
experiments.

The mechanism of this change in El Nifio teleconnection
over North America is related to the change in future
midlatitude base state circulation as shown by Meehl et al.
(2006). By combining convective heating anomalies in
different locations in the equatorial Pacific, with one rep-
licating the midlatitude base state change for increased
CO,, and another representing an El Nifio convective
heating anomaly, the southward and eastward shift of the
anomalously deepened Aleutian Low shown here in
Figs. 3 and 4 was reproduced, and directly attributed to the
change in midlatitude base state. Thus, the present results
combined with those of Meehl et al. (2006) indicate that a

T —‘E‘ \l T T T 5 T
oW 60W 150w 120W 0w 60W

change of El Nifio teleconnections over North America is
directly related to the change of northern midlatitude base
state circulation in a warmer climate.

6 Conclusions

Six models, three with projected future increases of El
Nifio amplitude, and three with projected decreases of El
Nifio amplitude, are analyzed with two different levels of
future GHG forcing in stabilized experiments, one with
relatively low forcing for about doubled present-day CO,
(stabilized A1B), and the other with relatively greater
forcing (stabilized 4XCO,). The six-member multi-model
ensemble shows good qualitative correspondence with
observed El Niflo anomaly patterns in terms of surface
temperature, precipitation and SLP. El Nifio events in the
models and observations show warm surface temperature
anomalies in the central and eastern Pacific equatorial
Pacific, an anomalously deepened Aleutian Low, warmer
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Fig. 7 a Differences of El Nifio
event teleconnections for

Stabilized A1B minus 20thC Stabilization

4XC02 minus CO02 control
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precipitation (mm day™"), 75N 4
stabilized A1B minus 20th
century stabilization experiment QL BON
for the three-member composite g
for models with projections of E IS
decreased El Nifio amplitude; 3] ;
b same as a except for 4XCO, 8 o s
minus present-day control
events; ¢ same as a except for
the three models with projected 1681
increases of El Nifio amplitude;
d same as b except for the three
models with projected increases nait
of El Nifio amplitude; e same as
a except for the six-member 0
multi-model ensemble; f same g 60N 1
as b except for the six-member o
multi-model ensemble. Solid 8 43N 1
contours are positive g
differences, dashed are — 30N
negative. Shading indicates
differences in El Nifio 15N
teleconnections significant at . ;
the 10% level L 150w
75N 1
BON
—
Q 45N 1
30N .
16N 1

<
= GC’-,
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surface temperatures over northern North America, colder
temperatures over southern North America, less precipita-
tion over northern North America, and greater precipitation
over southern North America.

For future El Nifio events, the models with both increased
and decreased El Nifio amplitude simulate qualitatively
similar teleconnection patterns, but with important regional
differences. In general, there are greater changes of tele-
connection patterns with greater forcing, and stronger and
more consistent changes of teleconnections in the models
with increased El Nifio amplitude. In these models, the
future El Nifio teleconnection patterns are characterized by
a weakened as well as a southward- and eastward-shifted
anomalous Aleutian Low, with consequent relative
decreases of temperature over northern North America (i.e.,
reduced anomalous warming during future El Nifio events),
as well as relative decreases of temperature over the
southeastern United States (i.e., greater anomalous cooling
during El Nifio events). These patterns are somewhat
different for the models with future reductions of El Nifio

@ Springer

90w 60w L50W 120 a0w 0w

amplitude because the changes of the anomalous Aleutian
Low are not quite the same, with weakening in the A1B
experiment, and an eastward shift in the 4XCO, experiment.

The changes in mean base state climate in the upper
troposphere in the Northern Hemisphere midlatitudes with
increases of GHGs, characterized by an anomalous wave-5
pattern as noted in previous studies, is present in the six
models analyzed here, as well as in a larger number of
available models. This base state climate change is con-
sistent with the changes of El Nifio teleconnections in the
models with increased El Nifio amplitude, but less so in the
models with decreased El Nifio amplitude. Therefore, it is
likely that changes in base state as well as changes in future
El Nifio amplitude both are important for the changes in
future El Nifio teleconnections.

Analyses with greater numbers of models, such as
illustrated in this study, provide better guidance concerning
the issue of changes of El Nifio teleconnections. Systematic
errors of the El Nifio simulations in the various models
could contribute to whether the future events have greater
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Fig. 8 a Differences of base state upper tropospheric circulation,
300 hPa streamfunction, stabilized A1B minus 20th century stabil-
ization experiment for the two-member composite for models with
projections of decreased El Nifio amplitude (ECHO-G did not supply
upper level winds); b same as a except for 4XCO, minus CO, control
events; ¢ same as a except for the three models with projected
increases of El Nifio amplitude; d same as b except for the three
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models with projected increases of El Nifio amplitude; e same as a
except for the five-member multi-model ensemble; f same as b except
for the five-member multi-model ensemble; g same as e except for a
15-member multi-model ensemble; h same as f except for a
12-member multi-model ensemble. In g and h stippling indicates
more than 80% of the ensemble members agree on the sign of change
in EI Nifio teleconnections
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or smaller amplitude. However the very consistent change
in midlatitude circulation has the largest effect on future El
Nifo teleconnections over North America. Systematic er-
rors in the tropics appear to affect this pattern less than the
manifestation of individual El Nifio events in the respective
models. Thus, the changed midlatitude base state with
increasing CO, has the most consistent influence on the
changes of El Nifio teleconnections over North America,
and also is the least model dependent.
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