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Abstract This study investigates the global warming
response of the Walker Circulation and the other zonal
circulation cells (represented by the zonal stream function),
in CMIP3 and CMIP5 climate models. The changes in the
mean state are presented as well as the changes in the
modes of variability. The mean zonal circulation weakens
in the multi model ensembles nearly everywhere along the
equator under both the RCP4.5 and SRES A1B scenarios.
Over the Pacific the Walker Circulation also shows a sig-
nificant eastward shift. These changes in the mean circu-
lation are very similar to the leading mode of interannual
variability in the tropical zonal circulation cells, which is
dominated by El Nifio Southern Oscillation variability.
During an El Nifio event the circulation weakens and the
rising branch over the Maritime Continent shifts to the east
in comparison to neutral conditions (vice versa for a La
Niiia event). Two-thirds of the global warming forced trend
of the Walker Circulation can be explained by a long-term
trend in this interannual variability pattern, i.e. a shift
towards more El Nifio-like conditions in the multi-model
mean under global warming. Further, interannual vari-
ability in the zonal circulation exhibits an asymmetry
between El Nifio and La Nifia events. El Nifio anomalies
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are located more to the east compared with La Nifia
anomalies. Consistent with this asymmetry we find a shift
to the east of the dominant mode of variability of zonal
stream function under global warming. All these results
vary among the individual models, but the multi model
ensembles of CMIP3 and CMIPS5 show in nearly all aspects
very similar results, which underline the robustness of
these results. The observed data (ERA Interim reanalysis)
from 1979 to 2012 shows a westward shift and strength-
ening of the Walker Circulation. This is opposite to what
the results in the CMIP models reveal. However, 75 % of
the trend of the Walker Circulation can again be explained
by a shift of the dominant mode of variability, but here
towards more La Niifia-like conditions. Thus in both cli-
mate change projections and observations the long-term
trends of the Walker Circulation seem to follow to a large
part the pre-existing dominant mode of internal variability.

Keywords Global warming - Walker Circulation - Zonal
atmospheric circutlation - ENSO variability - Asymmetry
of ENSO - Changes in the modes of variability

1 Introduction

The equatorial zonal circulation of the atmosphere origi-
nates from the zonal temperature differences along the
equator mainly due to the land-sea distribution and ocean
circulation within the tropics. The main zonal circulation
cells are the Indian Ocean cell, the Pacific Ocean cell (or
Walker Circulation) and the Atlantic Ocean cells (Has-
tenrath 1985). The Walker Circulation is the most promi-
nent and its variability is strongly linked to sea surface
temperature (SST) variations associated with the El Nifio
Southern Oscillation (ENSO) phenomenon (Philander
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1990). Mean state and variability of these zonal circulation
cells have large socio-economical impacts via modulating
the distribution of e.g. precipitation, severe weather and
stream flow (e.g. Power et al. 1999). It is therefore of great
interest to know how the zonal circulation cells might
change—both in mean state and in terms of the variability
they exhibit—in response to a warmer climate, and whether
they have already changed.

Most recent studies focus on the Walker Circulation and
predict that it weakens under global warming (Knutson and
Manabe 1995; Vecchi and Soden 2007; DiNezio et al.
2009; Power and Kociuba 2011). This picture has not
changed in the climate model runs of the 5th Phase of the
Coupled Model Intercomparison Project (CMIP), that were
carried out for the 5th Assessment Report (ARS) of the
Intergovernmental Panel on Climate Change (IPCC):
Figure 1 shows the trend of the strength of the Walker
Circulation based on the sea level pressure (SLP) and SST
gradient over the equatorial Pacific of the individual
CMIP3 models under the A1B scenario and of the indi-
vidual CMIP5 models under the RCP4.5 scenario. The
multi-model mean (MMM) and most individual models
show a consistent reduction in both SST and SLP gradients,
i.e. a weakening of the Walker Circulation. The CMIP5
ensemble weakens more than the CMIP3 ensemble. This
occurs despite a more modest greenhouse gas increase in
the CMIP5 RCP4.5 scenario than in the CMIP3 A1B sce-
nario used here. Note, however, that in both the CMIP3 and
CMIPS5 ensembles are individual models that show no
significant trend, and in some cases even a strengthening of
the Walker Circulation.

Knutson and Manabe (1995) indicate two different
mechanisms which determine the global warming response
of the Walker Circulation and the tropical circulations
more generally. The first mechanism works with spatially
homogeneous warming in the free atmosphere that
increases with height. In this situation the hydrological
cycle is strengthened, and this leads to enhanced upper
level warming, thereby increasing the static stability. This
first mechanism was further investigated by Held and
Soden (2006) and Vecchi and Soden (2007), who con-
cluded that atmospheric warming weakens the tropical
circulations. In contrast an atmospheric cooling strengthens
the tropical circulation, as found in a paleo-climate study
(DiNezio et al. 2011). In the following we will refer to this
mechanism as the homogeneous warming mechanism, as it
does not require any horizontal gradients in the warming
pattern.

The second mechanism requires spatially inhomoge-
neous temperature changes, i.e. changes in zonal temper-
ature gradients. This depends on regional differences in the
strength of evaporative cooling (Knutson and Manabe
1995), the ocean dynamical thermostat cooling

@ Springer

(Clement et al. 1996), cloud cover feedbacks (Meehl and
Washington 1996) and the land-sea warming contrast (Bayr
and Dommenget 2013a), thus mostly on the interaction
between the surface and the atmosphere. For the Walker
Circulation, DiNezio et al. (2009) found that in the CMIP3
ensemble the evaporative cooling and cloud cover feed-
backs reduce the warming over the warm pool region more
effectively than the ocean dynamical thermostat cools the
cold tongue region. This reduces the SST gradient over the
Pacific and weakens the Walker Circulation. In general,
this second mechanism can act in both directions in a
warmer climate: it can weaken or strengthen the zonal
temperature gradients, thus the zonal circulation. In the
following we will refer to this mechanism as the inhomo-
geneous warming mechanism, as it requires changes in the
zonal temperature gradients.

The focus in most recent studies has been on the strength
of the Walker Circulation, thus if it is weakening under
global warming. However, an upward shift of the Walker
Circulation under global warming has also been noted in
Haarsma and Selten (2012). The physical mechanisms
responsible for the upward shift were investigated by Singh
and O’Gorman (2012). They found that increasing tropo-
spheric warming causes both weakening and an upward
shift of the general circulation, consistent with the first
mechanism above. Further, Vecchi and Soden (2007) and
Yu et al. (2012) found in addition to the weakening of the
Walker Circulation an eastward shift under global warm-
ing. Both studies indicate, that the eastward shift is related
to a trend towards more El Nifio-like conditions.

ENSO is a coupled air-sea interaction phenomena with
associated changes in SST gradient, SLP gradient and
surface winds over the Pacific (Philander 1990): El Nifio is
characterised by anomalous warm SST over the East and
Central Pacific, weaker surface winds over the West
Pacific, a weaker SLP gradient over the Pacific and more
convection over the Eastern Pacific. For La Niia the situ-
ation is vice versa, with more convection over the West
Pacific, thus ENSO variability is associated with a zonal
shift of convection. Another important feature of ENSO
variability is its spatial asymmetry (e.g. Hoerling et al.
1997; Rodgers et al. 2004; Yu and Kim 2011; Dommenget
et al. 2013), i.e. that the warming of SST during El Nifio
events occurs further to the east than the SST cooling
during La Nifia events.

The aim of this study is to investigate the eastward shift
of the Walker Circulation under global warming and its
relationship to ENSO variability. Further, we want to
analyse the changes in the modes of variability and find out
if the trends of the zonal circulation cells follow a pre-
existing mode of internal variability. In our analyses we
use the zonal stream function for the representation of the
zonal circulation cells, including the Walker Circulation, as
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defined by Yu and Zwiers (2010) and Yu et al. (2012). This
is a direct measure of the circulation in the free atmo-
sphere, in contrast to surface based SLP indices (e.g.
Vecchi et al. 2006; Power and Kociuba 2011). The use of
the stream function has the advantage that it splits up the
convective flow in the zonal and the meridional part and
measures the zonal circulation over all levels (Schwendike
et al. 2014). Thus it includes both areas where the two
mechanisms mentioned above influence the zonal
circulation.

We address the following questions: (1) What is the
response of the zonal circulation cells to global warming in
the mean state and how does this change project onto var-
iability linked to ENSO? (2) Does the Walker Circulation
shift eastward and if yes, what causes the eastward shift
under global warming? (3) Do the modes of variability of
zonal stream function change? (4) Is the projected response
already evident in reanalysis data for recent decades? The
paper is organised as follows: Sect. 2 gives an overview of
the data and the definition of the zonal stream function used
in this study. The response of the mean state in the CMIP
multi model ensembles is shown in Sect. 3. The eastward
shift is examined in Sect. 4. The asymmetry of the Walker
Circulation in ENSO variability is investigated in Sect. 5 and
the changes in the modes of variability in Sect. 6. The trends
in recent decades evident in reanalysis data are discussed in
Sect. 7. In Sect. 8 we discuss how changes in SLP relate to
changes in the zonal circulation cells. A summary and dis-
cussion are provided in Sect. 9.

0 01 02 03 04 05
strengthening

2 Data and methods

The data analysed in this study are taken from the Cli-
mate Model Intercomparison Project Phases 3 and 5
(CMIP3, Meehl et al. 2007 and CMIPS, Taylor et al.
2012). From CMIP3 we use data from the 20C simulation
and for the 21C under the A1B scenario. From CMIP5 we
use the historical simulations and 21C simulations under
the RCP4.5 scenario. The RCP4.5 scenario has an overall
smaller increase in greenhouse gases than the A1B sce-
nario and only a weak increase in greenhouse gases from
2050 onward. We choose these greenhouse gas emission
scenarios because most of the available models simulated
these scenarios; see legend in Fig. 1 for a list of climate
models. The following variables from 22 CMIP3 models
and 36 CMIP5 models are examined: sea level pressure
(SLP), sea surface temperature (SST), atmospheric tem-
perature (T), tropospheric temperature (Tyopos; mMass
weighted average of atmospheric temperature between
1,000 and 100 hPa), zonal wind (U), meridional wind
(V) and vertical wind (W). Each data set is interpolated
onto a regular 2.5° x 2.5° grid. Separate ensembles are
developed for CMIP3 and CMIPS5 using one ensemble
member for each model. For the trend analysis in Sect. 3
we calculate the multi-model mean (MMM). For all other
analysis we concatenate the data sets of the individual
models to get one long data set for the multi model
ensemble (MME), where detrended anomalies are defined
for each model individually first.
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Fig. 2 a Mean state of zonal stream function along the equator in
CMIP3 MMM over the period from 1950 to 1979 (20C), averaged
from 5°S to 5°N; black bold lines at the bottom indicate the three
continents Africa, Maritime Continent and South America, b same as
a but here for CMIP5 MMM, ¢ shading linear trend of zonal stream
function in CMIP3 MMM in the period from 1950 to 2099, contours:

For comparison with observations and analysing the trends
over recent decades we use ERA Interim reanalysis data
(Simmons et al. 2007) for the period from 1979 to 2012. We
choose ERA Interim because the tropical tropospheric tem-
perature trends in this data set are in a good agreement with
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satellite observations (Bengtsson and Hodges 2009). These
data sets are also interpolated onto a regular 2.5° x 2.5° grid.

As a measure for the zonal circulation along the equator
we use the zonal stream function as defined in Yu and
Zwiers (2010) and Yu et al. (2012):
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with the divergent component of the zonal wind up, the
radius of the earth a, the pressure p and gravity constant
g. The zonal wind is averaged for the meridional band
between 5°N and 5°S and integrated from the top of the
atmosphere to surface. In the figures only the levels below
100 hPa are shown, as the stream function is nearly zero
above that level.

3 Mean state and response

The mean state of the zonal stream function in the CMIP3
and CMIP5 multi-model mean (MMM) for the period 1950
until 1979 agree quite well with each other (see Fig. 2a, b)
and with reanalysis data (not shown), as already investi-
gated previously for CMIP3 (Yu et al. 2012). Positive
values indicate a clockwise circulation and negative values
an anticlockwise circulation. The three main convection
regions (Africa, the Maritime Continent and South Amer-
ica) and the descending regions (West Indian Ocean, the
Pacific cold tongue region and the Atlantic Ocean) together
form the main circulation cells (the Indian Ocean cell, the
Pacific Ocean cell and the Atlantic Ocean cells). The trend
patterns under global warming over the period 1950 until
2099 are very similar in the CMIP3 and CMIP5 (Fig. 2c, d)
and to the results of Yu et al. (2012). Thus, the trend pat-
tern seems to be very robust despite different models,
resolutions, ensemble sizes and emission scenarios in the
different ensembles. The MMMs project more ascending
over the West Indian Ocean and the Pacific and more
descending over Africa, the Maritime Continent and South
America under global warming (see also Fig. 3).

We can build the mass weighted vertical averages of the
stream functions to get a clearer picture: The global warming
trend of the tropical zonal circulations over most of the
Indian and Atlantic Ocean is opposite to the mean state
(Fig. 2e, f, note the reversed sign of the trend for better
comparison), which indicates a weakening of the circulation
in agreement with the arguments of Vecchi and Soden
(2007). If we focus on the Pacific Ocean, the MMM change in
the strength of the circulation (the maximum of the Pacific
cell at 150°W) is weak: in the CMIP3 MMM it slightly
increases, in agreement with the results of Yuetal. (2012).In
the CMIP5 MMM the strength of the circulation slightly
decreases. The striking difference between the mean states in
the period from 1950 to 1979 (20C) and the period from 2070
to 2099 (21C) over the Pacific evident is the eastward shift of
the Pacific cell (compare the blue and green curves in Fig. 2e,
f). This shift can also be seen in the vertical wind at the
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Fig. 3 Mean state of the vertical wind (positive upward) at 500 hPa,
5°S-5°N in 20C (blue line), 21C (green line) in Pa s~ ! and trend over
the period 1950-2099 in Pa s~' (500 year) ™' (red dashed) in CMIP5
MMM

500 hPa level along the equator (Fig. 3): Over the East
Indian Ocean and Maritime Continent the vertical wind
decreases, whereas over the Pacific Ocean it increases. Thus
an eastward shift of the Walker Circulation can be seen in the
zonal stream function as well as in the vertical wind in both
the CMIP3 and CMIP5 MMM change.

The zero line of the stream function over the Maritime
Continent warm pool region determines the western edge of
the Pacific cell and coincides approximately with the
maximum of convection (Fig. 3). This zero line shifts 6° to
the east in the CMIP5 MMM and 8° in the CMIP3 MMM
(Fig. 2e, f). Figure 4 shows the shift in the position of the
western edge of the Pacific cell under global warming on the
x-axis and the average trend in the box over the ascending
branch of the Pacific and Indian Ocean cell on the y-axis
(120°E-180°, 700-300 hPa) for each individual CMIP3 and
CMIP5 model. Most models show a negative trend and an
eastward shift under global warming. These two quantities
appear to have a weak linear relation: models that tend to
weaken most also tend to have a larger eastward shift.

4 East-west shift of the Walker Circulation during El
Niio/La Nifa

The centers of large scale convection and precipitation shift
in the east—west direction during El Nifio/La Nifia events
(e.g. Philander 1990). Whether the east—west shift of the
convection during El Nifio is associated with an east-west
shift in the zonal circulation cells can be analysed using
composites of the stream function for El Nifio and La Nifia
events. As selection criteria for these composites we use
the normalised Nino3.4 index (normalised with its standard
deviation) from detrended SST anomalies. These

@ Springer



2752 T. Bayr et al.
x10"° Response in zonal stream function CMIPS CMIP3
[ - 5 1: ACCESS1-0 1: BCCR-BCM2.0
regession (R"=0.34) © 2. ACCESS1-3 2 : CGCMB3.1(T63)
3 : BCC-CSM1-1 3 : CGCMB3.1(T47)
4t 4 : BCC-CSM1-1-m 4 : CNRM-CM3
5: BNU-ESM 5 : CSIRO-Mk3.0
6 : CanESM2 6 : CSIRO-Mk3.5
7 : CCSM4 7 : GFDL-CM2.0
8 : CESM1-BGC 8 : GFDL-CM2.1
—_ 9 : CMCC-CM 9 : GISS-AOM
T : CMCC-CMS 10 : GISS-EH
4 : CNRM-CM5 11 : GISS-ER
> : CSIRO-Mk3-6-0 12 : IAP-FGOALS-g1.0
=) 112 : FGOALS-g2 13 : INM-CM3.0
- : FIO-ESM 14 : IPSL-CM4
‘0 : GFDL-CM3 15 : MIROC3.2(hires)
2 : GFDL-ESM2G 16 : MIROC3.2(medres)
= 16%}5 : GFDL-ESM2M 17 : MPI-ECHAMS
H : GISS-E2-H 18 : MRI-CGCM2.3.2
5 \ : GISS-E2-H-CC 19 : NCAR-CCSM3
s : GISS-E2-R 20 : NCAR-PCM
= : GISS-E2-R-CC 21 : UKMO-HadCM3
E 4t : HadGEM2-AO 22 : UKMO-HadGEM1
o 13 : HadGEM2-CC
> : HadGEM2-ES
5 Ll : INM-CM4
o : IPSL-CM5A-LR
|3 : IPSL-CM5A-MR
s : IPSL-CM5B-LR
3l : MIROC5
o : MIROC-ESM
£ : MIROC-ESM-CHEM
S : MPI-ESM-LR
X -4t .
o] : MPI-ESM-MR
g : MRI-CGCM3
: NorESM1-M
_5 i i i : NorESM1-ME
—40 -30 20 -10 0 10 20 30 40
westward shift [° longitude] eastward

Fig. 4 Response of zonal stream function under global warming in
the individual models of the CMIP3 and CMIP5 data base, on the
x-axis the shift of the western edge (zero line of stream function) of

composites contain all months with normalised Nifio3.4
index > 1 for El Nifio and normalised Nifio3.4 index < —1
for La Niia.

The Walker Circulation in ERA Interim reanalysis data
reveals an east—west shift in ENSO variability (Fig. 5a, b):
The zonal circulation cells over the Indo-Pacific are con-
siderably weaker during El Nifio than during La Nifia.
Additionally, the western edge of the Walker Circulation
shifts to the east of its mean state position during El Nifio
(176°E) and to the west during La Nifia (140°E). Figure 5c
shows the difference between the El Nifio and La Nifa
composites. An interesting point is that ENSO affects not
only the Pacific cell, but also has a significant impact on the
circulation cell over the Indian Ocean.

Figure 5d—f shows the same composites as in Fig. Sa—c
but for the CMIP5 MME over the period 1950-1979. Each
model’s standardised Nino3.4 index is used to select El
Nifo and La Nifia events in each model. The western edge
of the Pacific cell is at 141°E averaged across all years,
133°E during La Nifa years, and at 165°E in El Nifio years.
This corresponds to a 32° difference between El Nifio and
La Nifia years and is a very similar to the magnitude of the
east—west shift evident in the reanalysis data. However, all
three states are located roughly 10° further west in the
models than they are in the reanalysis. The amplitude of the
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Pacific cell, on the y-axis the trend of zonal stream function averaged
over the box 120°E-180°, 700-300 hPa

modelled ENSO variability (Fig. 5f) over the West Pacific
is 30 % lower than it is in the reanalysis data.

It is interesting to note that the trend pattern from
Fig. 2c, d has some similarities to the ENSO amplitude
pattern in Fig. 5f. The pattern correlation coefficient is 0.61
in CMIP3 and 0.73 in CMIP5. This suggests that large parts
of the trend under global warming might be linked to more
El Nifio-like conditions, as already seen in the trend of the
box index of SST in Fig. 1. However, there is no linear
relationship between the eastward shift during El Nifio and
the eastward shift under global warming in the individual
models, i.e. models with a stronger eastward shift linked to
ENSO variability do not show a stronger eastward shift
under global warming (not shown).

From the similarity of the Walker Circulation response
to ENSO and to global warming the question arises if they
have the same mechanism. Figure 6a shows the vertical
profile of the ENSO pattern (El Nifio minus La Nifia
composite as in Fig. 5f) in the CMIP5 MME of atmo-
spheric temperature along the equator. The strongest
warming appears over the Pacific with a maximum at the
surface and at 300 hPa. According to the two mechanisms
mentioned in the introduction, we can decompose this
pattern into a horizontal homogeneous and inhomogeneous
part. Homogeneous warming, that increases with height,
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acts to weaken the tropical circulations and an inhomoge-
neous warming may cause more ascending where it is
relatively warm and more descending where it is relatively
cold.

First, it is evident in Fig. 6b that ENSO is also associ-
ated with a homogeneous warming that increases with
height. Figure 6¢ indicates that variability in the zonal
stream function associated with ENSO (contours) fits quite
well to the inhomogeneous warming (shading). This is
evident because additional ascending occurs where the
atmospheric warming is stronger and additional descending
where the atmosphere warms less. In ENSO the homoge-
neous part is of the same order as the inhomogeneous
(Fig. 6b, c).

Under global warming (Fig. 6d—f) the homogeneous and
inhomogeneous warming have a similar structure as in the
ENSO composite: both show the strongest warming near
the 300 hPa level in the homogeneous warming and in the
inhomogeneous warming a stronger warming over the East
and Central Pacific than over the East Indian Ocean and
Maritime Continent in the levels below 200 hPa and vice
versa above. But under global warming the homogeneous
warming is roughly 10 times larger than the inhomoge-
neous warming, over the full time period as well as on
shorter time scales. Here the response of zonal stream

function (contours in Fig. 6f) only roughly fits to the
inhomogeneous warming (shading in Fig. 6f), strongest
disagreeing over the Maritime Continent.

5 Asymmetry in the response of the Walker Circulation
during El Nifio/La Nina

Here we determine whether or not the Walker Circulation
exhibits a spatial asymmetry in ENSO variability as one
can find in SST (e.g. Dommenget et al. 2013). We repeat
the composite analysis described above, but now with
detrended anomalies instead of the full field values of the
zonal stream function. Additionally we normalised each
composite with its mean Nifio3.4 index (e.g. for El Nifio:
mean (Nifo3.4 > 1)) to account for the skewness of SST.
In reanalysis data we get anomalous ascent over the West
Indian Ocean and Central Pacific and anomalous descent
over most of the Maritime Continent region (between 60°E
and 160°E) during El Nifio (Fig. 7a). The opposite is
approximately true during La Nifia events (Fig. 7b, note
the reversed sign), though anomalies are shifted more to
the west and they tend to be lower in magnitude. These
east—west asymmetries in location and strength represent a
non-linearity. Figure 7c shows the sum of El Nino and La
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Nina composite. The amplitude in this figure indicates the
regions where the variability of the Walker Circulation
linked to ENSO is non-linear, as in a linear case the sum of
El Nifo and La Nifia composite would be zero due to the
use of anomalies and the normalisation by the mean
Nino3.4 index. The zonal circulation cells anomalies over
most of the Indo-Pacific region are non-linear, with a
maximum between 110°E and 140°W.

The composites of the CMIP5 MME over the period
1950-1979 (Fig. 7d—f) are very similar to the composites of
reanalysis data (Fig. 7a—c). The modelled La Nifia
response also tends to be displaced west of the modeled El
Nifo response, and the modeled La Nifa response tends to
be smaller in amplitude than the modeled El Nifio
response. The modeled ENSO non-linearity is, however,
confined to a smaller region (110°E-140°W; see Fig. 7f)
and has weaker magnitude than their counterparts in the
reanalysis data. In order to quantify how well the MME and
the individual climate models simulate the spatial non-
linearity of the Walker Circulation, we define a simple two
box index: The west-east difference between a western box
(120°E~150°E, 200-700 hPa) and eastern box (170°E—
160°W, 200-700 hPa) in the difference plot of the com-
posites as shown for reanalysis data in Fig. 7c. We can
compare this with a measure for the spatial non-linearity of
ENSO in SST, as defined in Dommenget et al. (2013): As
for the stream function, we calculate for SST the east—
west difference between an eastern box (80°W-140°W,

5°S-5°N) and a western box (140°E-160°W, 5°S—5°N) of
the sum of normalised El Nifio and La Nifia composites.
Figure 8 shows these two measures for ERA Interim
reanalysis data (1979-2012) and all climate models of the
CMIP3 and CMIP5 data base for the period 1900—1999.
The MMEs of CMIP3 and CMIP5 both have a much
weaker non-linearity than ERA Interim, but CMIP5 is
closer to the observed than CMIP3. From the individual
models we can see two interesting features: First, most of
the models have problems in simulating a realistic non-
linearity (cluster of models around zero). Second, from the
strong linear relationship we can see that the skill in sim-
ulating a strong non-linearity in SST seems to be related to
the skill in simulating a strong non-linearity in the zonal
stream function. We cannot say from this analysis if the
non-linearity of the SST is caused by the non-linearity of
the atmosphere or vice versa. But in a recent study, Frauen
and Dommenget (2010) found that non-linear atmospheric
feedbacks linked to ENSO variability can exist with a
linear ocean, indicating that the atmosphere alone can
cause substantial ENSO non-linearity.

6 Changes in the modes of variability in response
to global warming
We now analyse the changes in the modes of variability

under global warming. We will base this on Empirical
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Fig. 9 EOFs of zonal stream function in CMIPS MME, shading
a EOF-1 in 20C, b EOF-1 in 21C, ¢ EOF-2 in 20C, d EOF-2 in
21C, explained variance is given in the header in brackets

Orthogonal Function (EOF) analysis, which is a common
way to determine the modes of variability. We will focus
on two questions: Do the EOF—-patterns change and thus
indicate changes in the spatial patterns of variability?
Second, do the principal component (PC) time series of the
leading modes have a long-term trend under global
warming? If yes, this would indicate that the trend-pattern
may be related to leading modes of internal variability.
For the first question we will closely examine the EOF
patterns in the CMIP5 MME in the two time periods
1950-1979 (20C) and 2070-2099 (21C). For EOF analysis
we concatenate the monthly data of the individual climate
models to one long data set of 36 x 30 years = 1,080 -
years for CMIP5 (22 x 30 years = 660 years for CMIP3,
results not shown) for each time period 20C and 21C,
where detrended anomalies are defined for each model
individually first. The EOF-1 patterns (Fig. 9a, b) over
these periods are very similar to the composite of El Nifio
and La Nifa (Fig. 7d, e). They are also similar to the
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respectively; contours in all figures: mean state in 20C from
Fig. 2b

combined EOF-1 of zonal stream function and SST, where
the SST pattern is the typical ENSO pattern (e.g. Kang and
Kug 2002, not shown). Thus the EOF-1 is associated with
ENSO variability in zonal stream function and describes an
east—west shift of the edge between the Indian and Pacific
cell. The western Pacific pole of EOF-1 is further east in
21C and this pole becomes a bit weaker than during 20C.
EOF-2 describes a strengthening or weakening of the
eastern part of Indian cell and the western part of the
Pacific cell and also shifts a little bit to the east in 21C.
For a more detailed analysis of the spatial changes we can
use Distinct Empirical Orthogonal Function (DEOF) ana-
lysis as described by Bayr and Dommenget (2013b). This
method compares all the leading modes of variability in two
data sets on the basis of the multi-variate EOF patterns and
finds the patterns of the largest changes in variability. In
DEOF analysis the two EOF sets from 20C and 21C are
compared with each other via projecting one set of EOF
patterns onto the other to find the pattern that has the largest
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Fig. 10 a Explained variances of the eigenvalues in 20C (black solid
line) and explained variances of 20C projected onto the eigenvalues
of 21C (red dashed line), the error bars show the statistical
uncertainties of the explained variances due to sampling errors
according to North et al. (1982); b same as a, but here for the
eigenvalues of 21C (red solid line) and the explained variances of

difference in explained variance in these two sets of EOF
pattern (see Bayr and Dommenget (2013b) for further
details). The projected explained variances (Fig. 10a, b)
show both that the variability becomes more large scale
under global warming as the leading modes of variability
have a lower explained variance in 20C than they do in 21C.
This means that fewer modes are needed in 21C to explain
the largest part of the variance (The spatial degrees of
freedom from Bretherton et al. (1999) decrease from 10.2 in
20C to 9.5 in 21C). Additionally, EOF-1 has the largest
difference in terms of explained variance in the two data
sets.

The projection of the EOFs of 20C onto the EOFs of
21C (DEOF-1?°“7%'%) maximizes the explained variance

0

0.2 0.8 1

21C projected onto the eigenvalues of 20C (black dashed line),
¢ DEOF?°C~21€ pattern; the values given in the header in brackets is
the explained variance of this pattern in 20C and 21C, respectively,
d as ¢, but here DEQF?!¢~20¢ pattern; contours in ¢—d: EOF-1 in 20C
from Fig. 9a

differences between 20C and 21C. It is the pattern that
loses the largest amount of variance in 21C relative to 20C.
The DEOF-12°“~2'C (Fig. 10c) mainly shows that the
variance in the Indian Ocean cell is reduced by 14 %
in 21C relative to its 20C value (a change in explained
variance from 11.1 to 9.5 %). The DEOF-1'“~2€ maxi-
mizes the explained variance differences between 21C and
20C. It is the pattern that gains the largest amount of
variance in 21C relative to 20C. The DEOF-1*'¢72¢
(Fig. 10d) mainly shows that the variance in the central
Pacific pole has increased by 21 % in 21C relative to its
20C value (a change in explained variance from 14.0 to
17.0 %). Combined the two leading DEOF-modes indicate
a shift in the variability from the Indian Ocean into the
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Fig. 11 10 year running mean of PC-1 of zonal stream function in all
individual CMIP5 models; the thick red line is the average of all 36
individual models

central Pacific in EOF-1. DEOF-12°“~2!€ is also of smaller
spatial scale (e.g. distance between the main poles) than
DEOF-1%'“72%C This again suggests that the variability in
21C tends towards larger scales.

This shift from the Indian into the Pacific Ocean is
consistent with the spatial non-linearity discussed in Sect.
5. The EI Nifio composite pattern in zonal stream function
is further east than the La Nifia composite pattern, thus an
eastward shift of the dominant mode of variability can be
linked to a shift towards more El Nifo-like conditions.

Next we have a look at the long-term trend in the PC time
series. We therefore use the EOF-1 pattern of 20C and cal-
culate for each model individually the PC timeseries for this
pattern over the period from 1950 to 2099, from anomalies
relative to the climatology of the period from 1950 to 1979.
The similarity of the trend pattern in Fig. 2d with EOF-1
from Fig. 9a, b is already a strong hint that the zonal circu-
lation shifts in its dominant mode of variability towards more
El Nifio-like conditions. Indeed a positive trend in PC-1 (El
Nino-like) can be seen in the average over all CMIP5 models
(redlinein Fig. 11), with the strongest trend in the first half of
the 21C and only a weak trend in the second half of the 21C,
consistent with the radiative forcing and warming in the
RCP4.5 scenario. But the decadal (natural) variability of the
individual models is still much larger than the trend in the
MMM, indicating that detection of a Walker Circulation
trend due to increased greenhouse gases will be very difficult
in the next decades, if we are not able to separate the climate
change signal from internal variability. No other PC time
series exhibit a strong trend in the MME.

Finally we want to find out how much of the global
warming trend from Fig. 2c, d is related to the trend in the
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dominant mode of variability. In each individual model we
can remove the variability and trend associated with the
EOF-1 pattern. After removing EOF-1 in each model
individually we can calculate a new MMM and the residual
trend of this new MMM (Fig. 12). Much of the trend has
vanished over the Indo-Pacific region and the trend in PC-1
can explain 52 % of the trend in CMIP5 over the entire
tropics or 69 % of the Walker Circulation changes (49 and
67 % in CMIP3, respectively). The residual trend pattern
shows a reduction of convection over Africa and South
America, consistent with the general weakening as found
by Vecchi and Soden (2007), less descending over the cold
tongue region, consistent with the strong warming there,
and an upward expansion the Indian and Pacific cell,
consistent with the results of Haarsma and Selten (2012)
and Singh and O’Gorman (2012).

7 Recent trends in ERA Interim reanalysis data

In this section we examine trends in the observed zonal
circulation over the last three decades. We have to keep in
mind that in comparison to simulated trends the observed
trend has a lower signal to noise ratio due to the shorter
time period and a stronger influence of natural variability
as it is only one realization, whereas the CMIP MMM
change includes many realizations. Thus the observed
trends might contain a larger fraction of natural variability
than the CMIP MMM trend.

The trend pattern over the Pacific for the period 1979
until 2012 is mostly the opposite of the CMIP trend pattern
(compare Fig. 13a with Fig. 2c, d): it shows a westward
shift of the western edge and a strengthening of the Walker
Circulation (see also Fig. 13c). The trend has a magnitude
that is roughly 10 times larger than in the CMIP MMM.
The pattern again has a high pattern correlation coefficient
with the dominant mode of variability (—0.70), thus indi-
cating that the Walker Circulation shifted towards more La
Nina-like conditions over the period analysed. As in the
CMIP models, the trend in EOF-1 explains 49 % of the
trend over the entire tropics and even 75 % over the Pacific
(Fig. 13b). The residual trend shows a strong increase of
convection over South America in the last decades. From
the time series of EOF-1 of zonal stream function in
Fig. 13d we can see that there was a strong inter-decadal
fluctuation of ENSO in the last decades, with more and
stronger El Nifio’s in the time period 1979 till 1998 and
more and stronger La Nifia’s in the time period 1999 till
2012, as also stated by Kosaka and Xie (2013). Thus,
although the sign of the trends in reanalysis data is opposite
to that of the simulated global warming trend in the CMIP
models, the trend of the dominant mode of variability again
plays a crucial role for the trend in the Walker Circulation.
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Fig. 13 a Same as Fig. 2c, but here the trend in ERA Interim over the f, but here for mean state (in kg s~ 1) and trend (in kg s (50 year)fl)
period 1979-2012, climatological mean of ERA Interim over this in ERA Interim, d time series of EOF-1 of zonal stream function in
period as contours, b shading the residual trend in ERA Interim after ERA Interim

removing trend of EOF-1, contours: the trend of a, ¢ same as Fig. 2e,

8 Relation of stream function and SLP using SLP. Figure 14 shows the meridional average (5°S—

5°N) of SLP and vertical wind at the 500 hPa level, the
An open question is the relation of our results based on  vertical and meridional mean of tropospheric temperature
zonal stream function to the results of previous studies (Tiopos) and the zonal gradient of vertical and meridional
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and the zonal gradient of
vertical and meridional

averaged zonal stream function
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averaged zonal stream function in the CMIP5 MMM. For a
better comparison we removed the area means for SLP and
Tyopos and all variables are normalised.

In the mean state (Fig. 14a) we see good agreement
between all four variables: Convection takes place were the
temperatures are high (the three ‘heat sources’ Africa,
Maritime Continent and South America), SLP is low and
the stream function gradients are large. However, this
general agreement is not seen in the changes 21C to 20C
(Fig. 14b). The change in vertical wind again agrees with
the zonal gradient of the zonal stream function (correlation
0.74) and the Tyopos and SLP response are very similar
(correlation —0.94), as already found in Bayr and Dom-
menget (2013a). But over most regions the changes in
stream function and vertical wind do not agree with the
changes in SLP and Tyopos, €specially over Africa and
South America. Here the land-sea warming contrast redu-
ces the SLP according to Bayr and Dommenget (2013a),
which would suggest an increase in convection. In contrast,
the vertical wind and the stream function show more
descending. There is no explanation for this discrepancy
yet, but it indicates that changes in SLP cannot reveal the
full picture of changes over the entire troposphere, like
convection and associated precipitation patterns. Further
investigation is needed to better understand the causes of
these discrepancies.
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9 Summary and discussion

The main purpose of this study is to analyze the response of
the zonal circulation cells (with a special focus on the
Walker Circulation) to global warming and its relation to
ENSO using the last two generations of climate models.
The focus is on the eastward shift of the Walker Circulation
and the changes in the modes of variability. We choose the
zonal stream function for this analysis, as it is a direct
representation of the zonal circulation and also available
over all levels of the troposphere. We find that the trend
patterns of the zonal circulation under global warming
(Fig. 2c, d) are very similar in the two CMIP MMMEs,
despite the differences in models, resolution, ensemble size
and emission scenario. This underlines the robustness of
the signal. The trend pattern shows more ascending air over
the West Indian Ocean, Central and East Pacific, and more
descending air over the three main convection regions
Africa, the Maritime Continent and South America, thus a
weakening of the zonal circulations. Additionally there are
substantial eastward shifts in the western part of the Walker
Circulations in both the CMIP5 and CMIP3 models of 6°
and 8° respectively.

The MMM trend patterns exhibit some similarity to the
patterns associated with internally generated ENSO vari-
ability of the zonal stream function. Indeed a large part of
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the global warming response corresponds to a shift towards
more El Nifio-like conditions. The El Nifio-like trend in
zonal stream function will cause that neutral ENSO con-
ditions at the end of the 21C resemble El Nifio conditions,
if referred to the 20C climate. How El Nifio-like the global
warming trend is in comparison with an average El Nifio
can be calculated: An average El Nifio in the CMIP5S MME
is associated with an amplitude of —3.6 x 107'° kg s™' in
the box (120°E-180°, 700-300 hPa) as defined for Fig. 4
and an eastward shift of 25° longitude. Thus a global
warming trend of the same size would mean a 100 % shift
towards an average El Nifio, with 20C as reference climate.
The eastward shift of 6° and the trend of —1.1 x 10"
kg s™' (100 year ') in the CMIP5 MMM in this box
(Fig. 4) would thus mean a long-term shift of 30 % in
amplitude and 26 % in location towards an average El
Nifio event over the next century (31 and 37 % in CMIP3,
respectively).

Further we could show that the internal variability of the
zonal stream function exhibits a substantial spatial non-
linearity, as the El Nifio anomaly pattern of the zonal
stream function is more in the east than the La Nifa
anomaly pattern. The spatial non-linearity in the zonal
stream function is linear related to the non-linearity of
ENSO in SST in the individual models. However, most
models have problems in simulating a realistic ENSO non-
linearity in both variables, subsequently the non-linearity
of the CMIP MME is less than half as strong as in the ERA
Interim reanalysis data.

The similarity of the eastward shift in the zonal
stream function during global warming and strong El
Nifio events may indicate a common forcing mechanism
for these shifts. Several studies have shown that the
ENSO non-linearity is caused by the atmospheric
response to SST anomalies (Kang and Kug 2002; Philip
and van Oldenborgh 2009; Frauen and Dommenget
2010), in particular the eastward shift of strong El Nifio
events (Dommenget et al. 2013). Thus the atmosphere
responds with an eastward shift to SST warming. Under
global warming the enhanced hydrological cycle to first
order leads to a horizontally homogenous but vertically
enhanced warming. This warming trend is also associ-
ated with an eastward shift, indicating that horizontally
homogenous and vertically enhanced warming patterns,
as in both global warming trend and during El Nifo,
may induce an eastward shift of the zonal circulation cell
over the Pacific.

The prominent changes in the modes of variability under
global warming are an eastward shift from the Indian
Ocean to the central Pacific of EOF-1 and a shift towards
larger scale variability. EOF-1 is associated with ENSO
variability and has a positive (El Nifio-like) trend under
global warming. After removing the trend associated with

EOF-1, two-third of the trends vanishes over the Pacific,
i.e. are related to more El Nifio-like conditions.

Most of the individual climate models predict a weak-
ening and an eastward shift of the Walker Circulation
under global warming. However a minority of models
show no significant trends and some even predict a
strengthening and westward shift. This indicates that the
homogeneous warming, which can only weaken the
Walker Circulation in a warmer climate, can’t be the
dominant mechanism in all climate models. The inhomo-
geneous warming seems to be the dominant mechanism in
the models with a strengthening Walker Circulation, as this
mechanism can act in general in both directions, either
weakening or strengthening the Walker Circulation.

In the ERA Interim reanalysis data we found a strength-
ening of the Walker Circulation and westward shift over the
last three decades. In recent literature there is a debate about
the changes of the Walker Circulation over the last decades:
Analysing observations and model runs forced with
observed SST and/or greenhouse gas concentrations the
studies of Sohn and Park (2010), Meng et al. (2011), Luo
et al. (2012) and L’Heureux et al. (2013) found a strength-
ening of the Walker Circulation. These studies explain the
strengthening with a more La Nifa-like SST warming or a
stronger warming over the Indian Ocean than over the Pacific
over the last decades. But several other studies found a
weakening of the Walker Circulation over much longer
periods (Vecchi et al. 2006; Power and Kociuba 2010; Yu
and Zwiers 2010; Tokinaga et al. 2012a, b; DiNezio et al.
2013), consistent with the homogeneous warming mecha-
nism mentioned in the introduction. A recent study by Sol-
omon and Newman (2012) found out that there are large
discrepancies in the SST trends over the Indo-Pacific in the
different observed data sets, which are caused by different
representations of El Nifio in these observed data sets. A
second problem is the distinction between externally forced
trends and internal variability in relative short records, so that
Power and Kociuba (2011) conclude, that external forcing
accounts for 30-70 % of the observed Walker Circulation
changes over the entire 20C, with internal variability making
up the rest. To sum up: due to relative short records it is
difficult to say what part of the trend in ERA Interim
reanalysis data is caused by global warming, by natural
variability or even is just a measure uncertainty.

With the opposite direction between the predicted trend
in the CMIP MMM and the trends of the recent decades in
ERA Interim, there are two conclusions possible: One
conclusion could be that the trend in ERA Interim is mostly
due to increased greenhouse gases and the CMIP MMMs
predict the wrong sign of the forced response. The other
conclusion is that the trends in ERA Interim are dominated
by natural decadal variations of ENSO variability and that
under global warming the Walker Circulation will shift
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eastward and weaken, as the CMIP models predict. We
think this latter explanation is quite likely, as both CMIP
MMMs predict it and the dominant mode of variability
exhibits strong decadal trends in Fig. 11. Nevertheless,
both possible conclusions have one important thing in
common: a large part of the Walker Circulation trend
follows a pre-existing mode of variability, thus can be
described to some extend as more El Nifio-like or more La
Nifia-like. We have to keep in mind that the ENSO
response of the climate models under global warming is
still quite uncertain (e.g. Latif and Keenlyside 2009), but
the MMMs of climate models carried out for the IPCC
AR4 and ARS5 predict a more El Nifio-like response and
therefore an eastward shift and weakening of the Walker
Circulation in future climate.
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