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Abstract

Many climate models strongly underestimate the two most important atmospheric feedbacks operating in El Nifio/Southern
Oscillation (ENSO), the positive (amplifying) zonal surface wind feedback and negative (damping) surface-heat flux feed-
back (hereafter ENSO atmospheric feedbacks, EAF). This hampers a realistic representation of ENSO dynamics in these
models. Here we show that the atmospheric components of climate models participating in the 5th phase of the Coupled
Model Intercomparison Project (CMIP5) when forced by observed sea surface temperatures (SST), already underestimate
EAF on average by 23%, but less than their coupled counterparts (on average by 54%). There is a pronounced tendency of
atmosphere models to simulate stronger EAF, when they exhibit a stronger mean deep convection and enhanced cloud cover
over the western equatorial Pacific (WEP), indicative of a stronger rising branch of the Pacific Walker Circulation (PWC).
Further, differences in the mean deep convection over the WEP between the coupled and uncoupled models explain a large
part of the differences in EAF, with the deep convection in the coupled models strongly depending on the equatorial Pacific
SST bias. Experiments with a single atmosphere model support the relation between the equatorial Pacific atmospheric mean
state, the SST bias and the EAF. An implemented cold SST bias in the observed SST forcing weakens deep convection and
reduces cloud cover in the rising branch of the PWC, causing weaker EAF. A warm SST bias has the opposite effect. Our
results elucidate how biases in the mean state of the PWC and equatorial SST hamper a realistic simulation of the EAF.

1 Introduction branch of the PWC is situated over the cold tongue region.

This circulation cell is closed by upper-level westerlies and

The Pacific Walker Circulation (PWC) is an equatorial zonal
circulation cell that arises from the zonal sea surface temper-
ature (SST) difference between the cold tongue region in the
eastern equatorial Pacific (EEP) and the warm pool region
in the western equatorial Pacific (WEP) (Philander 1990).
The rising branch of the PWC is situated over the warm pool
region where due to the warm SSTs the vertical structure of
the atmosphere is quite unstable (Gadgil et al. 1984; Graham
and Barnett 1987; Tompkins 2001). Due to the cold SSTs
in the EEP, the vertical structure of the atmosphere is quite
stable and therefore the radiative cooling driven descending
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low-level easterlies. The easterly winds at the surface lower
the thermocline in the WEP and lift the thermocline in EEP,
and therefore maintain the temperature difference by driving
a divergent equatorial ocean circulation in the EEP (Philan-
der 1990; Graham and Brown 2014). The PWC determines
the equatorial atmospheric mean state over the Pacific by
influencing the mean humidity, cloud cover, precipitation,
shortwave and longwave radiation and latent heat flux (Yu
and Zwiers 2010; Yu et al. 2012; Bayr et al. 2014, 2018)
and is coupled to the mean state of the ocean (Dijkstra and
Neelin 1995).

The growth of anomalies related to the El Nifio/South-
ern Oscillation (ENSO) strongly depends on interplay of
the positive (amplifying) zonal wind-SST feedback and the
negative (damping) heat flux-SST feedback, which arise
from air-sea interactions between the PWC and the tilted
thermocline (Jin 1997; Neelin et al. 1998; Wang and Picaut
2004; Timmermann et al. 2018). During El Nifio, a weaken-
ing of the trade winds over the western and central equato-
rial Pacific reduces the thermocline tilt across the equatorial
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Pacific and causes a warming of the SST primarily in the
central and eastern Pacific where the thermocline is shal-
low. This in turn further weakens the trade winds. During
La Nifa, stronger trade winds drive cooling of the SST over
the central equatorial Pacific due to enhanced upwelling of
cool subsurface waters. The wind-SST feedback is caused by
changes in the zonal SST gradient and a zonal shift in atmos-
pheric deep convection which is linked to the rising branch
of the PWC (Philander 1990; Bayr et al. 2014, 2018). The
most important negative atmospheric feedback operating in
ENSO is the surface net heat flux feedback (Guilyardi et al.
2009b). Two components dominate the negative feedback:
First, the cloud-SST (or shortwave-SST) feedback that is
most prominent over the WEP where the largest changes in
deep convection occur. This in turn influences the incoming
shortwave radiation at the surface due to changes in cloudi-
ness. Second, the evaporation-SST (or latent heat flux-SST)
feedback which is most prominent over the EEP due to the
large SST changes in this region, as it strongly depends on
the SST (Lloyd et al. 2009, 2011, 2012; Dommenget et al.
2014; Dommenget and Yu 2016; Bayr et al. 2018).

The positive zonal wind feedback and the negative sur-
face net heat flux feedback operating in ENSO (hereafter
collectively termed ENSO atmospheric feedbacks, EAF)
are strongly underestimated in most Coupled General Cir-
culation Models (CGCM) participating in the 5th phase
of the Coupled Model Intercomparison Project (CMIP5)
(Taylor et al. 2012). The feedback strengths range from
close to observations to only one-third of the observed
strength (Bayr et al. 2018). Further, an error compensation
is observed between the underestimated zonal wind and sur-
face net heat flux feedbacks (Guilyardi et al. 2009b; Lloyd
et al. 2009; Bellenger et al. 2014; Kim et al. 2014; Vijayeta
and Dommenget 2018; Bayr et al. 2018, 2019). Biases in
the AGCM physics and a biased mean state were suggested
as two important factors for the too weak EAF in climate
models, with the latter influenced by the former (Lloyd et al.
2009, 2011, 2012; Dommenget et al. 2014; Bayr et al. 2018).

The wind feedback strength is quite diverse in simulations
of Atmospheric General Circulation Models (AGCM) in the
CMIP3 data base, that are forced by the same observed SSTs
and boundary conditions: one-third of the models has stronger,
one-third weaker and one-third similar wind feedbacks in com-
parison with observations, but nearly all AGCMs underesti-
mate the heat flux feedback (see Fig. 1 in Lloyd et al. 2011).
Further, most CGCMs tend to have weaker EAF in the coupled
simulations than in AMIP (Lloyd et al. 2011). These authors
analyzed how model physics influences the EAF strength, and
cloud and convection parametrizations have been identified as
a major factor of uncertainty (Lloyd et al. 2011). Especially
the strength of the heat flux feedback is very sensitive to the
choice of the convection scheme (Guilyardi et al. 2009a). In
coupled models Bayr et al. (2018) separated the influence of
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biases in the atmospheric model physics on the EAF from that
of the biased mean state in the Kiel Climate Model (KCM).
In this CGCM, the biased mean state accounts for the largest
part of the biases in the EAF strength while the biases in the
AGCM’s physics play a smaller role (Bayr et al. 2018). Espe-
cially an equatorial cold SST bias, which is a common problem
in many climate models, hampers both atmospheric feedbacks,
as it shifts the PWC into a La Nifia-like mean state with a too
westward position of the rising branch of the PWC (Bayr et al.
2018, 2019). Consistent with this result, the analysis of a set
of CMIP5 models reveals that models with a large equatorial
cold SST bias tend to have weaker EAF (see Fig. 11d-f in Bayr
et al. 2018). Further it also explains the error compensation
between the underestimated wind-SST and heat flux-SST feed-
back seen in many climate models, as both feedbacks strongly
depend on mean state of the PWC (Bayr et al. 2018, 2019).
In summary we know from literature, that on the one
hand the uncertainties in the model physics are an important
factor for the difference in simulated EAF strength in the
AGCMs and that on the other hand the coupled mean state
has a large influence on the EAF strength in coupled models.
It is important to note that in general the coupled mean state
itself and its biases depend strongly on the model physics,
as described e.g. in Dijkstra and Neelin (1995). But it is
still an open question if the atmospheric mean state is also
important for the EAF strength in atmosphere only simula-
tions and what is causing the difference in EAF strength
between the corresponding AGCM and CGCM simulations.
For this purpose we focus here on the atmospheric com-
ponents of the CGCMs and investigate how the models of
the 5th phase of the Atmospheric Model Intercomparison
Project (AMIP5) perform, when forced by observed SSTs,
in comparison to the CGCMs. Further, we investigate the
atmospheric mean-state influence on the EAF strength in
the AGCMs and the difference in EAF strength between the
AGCMs and CGCMs. Finally, we illustrate in experiments
with a single AGCM the influence of the atmospheric mean
state on the EAF strength by implementing different equato-
rial SST biases in the observed SST forcing. The paper is
organized as follows: In Sect. 2 we introduce the model data
and methods used in this study. We analyze the EAF strength
in the AMIPS and CMIP5 ensembles in Sect. 3 and the rela-
tion of the EAF strength to the atmospheric mean state in
Sect. 4. In Sect. 5, we report the results from the AGCM
experiments to support the mean state dependence of the
EAF. We summarize and discuss the major results in Sect. 6.

2 Data and methods

Observed SSTs are taken from NOAA-OISST for the period
1982-2016 (Banzon et al. 2016). Near surface (10 m) zonal
wind (U10), vertical wind at 500 hPa and heat fluxes for



Walker circulation controls ENSO atmospheric feedbacks in uncoupled and coupled climate model... 2833

the period 1982-2016 are taken from ERA-Interim reanaly-
sis (Simmons et al. 2007). Observed precipitation for the
period 1982-2016 is taken from CMAP data set (Xie and
Arkin 1997) and observed total cloud cover for the period
1984-2009 from ISCCP (Rossow and Schiffer 1999).

We analyze a set of historical simulations (1900-1999)
and AMIP experiments (1979-2008) of a multi-model
ensemble from the CMIP5 database (Taylor et al. 2012).
The AMIP experiments allow insight into the biases inherent
to the AGCMs, as the models are forced by observed SSTs.
It is important to note, that we have a two-way coupling
between the SST and the atmosphere in the CGCMs, but
only a one-way coupling in the AGCM. But for the purpose
of this study AGCM experiments are suitable, as they allow
to investigate the relation between SST and the atmospheric
circulation (He et al. 2018). The data is interpolated onto
a regular 2.5°%2.5° grid and we use all models with the
required data available (see Fig. 1 for a list of the models).

Additionally we use coupled and uncoupled experiments
of the Kiel Climate Model (KCM) (Park et al. 2009). The
KCM consists of the ECHAMS AGCM (Roeckner 2003)
with a resolution of T42 (~2.8°x2.8°) in the horizontal and
31 vertical levels and the NEMO ocean general circulation
model (Madec et al. 1998; Madec 2008) with a~2° hori-
zontal resolution with a latitudinal refinement up to~0.5°
in the equatorial region and 31 vertical levels. We addition-
ally performed a series of uncoupled experiments with the
ECHAMS AGCM. In a control experiment (called AMIP-
type), we prescribed observed daily SSTs for the period
1982-2016 from NOAA-OISST (Banzon et al. 2016). To
investigate the relation between the atmospheric mean state
and the EAF, we perform sensitivity experiments in which
we force the atmosphere into different mean states by add-
ing the annual-mean SST biases from 6 CMIP5 models to
the observed SST data set at each time step. These 6 CMIP5
models are the ones with the weakest EAF (less than 0.35
of the observed strength in both zonal wind and net heat
flux feedback) as shown in Fig. la (green numbers). For
these AGCM-sensitivity experiments, we only choose the
cold SST bias in the region 130° E-90° W, 8° S—8° N and
neglect the SST biases elsewhere. We vary the magnitude
of the implemented SST bias from a large cold SST bias
of 2.25 times the CMIP5 SST bias to a small warm SST
bias of 0.75 times the CMIP5 SST bias with an increment
of 0.25. The implemented cold SST bias is strongest in the
western Pacific (2.6 times larger in the Nifio4 region than
in the Nifio3 region) and the individual sensitivity experi-
ments are labeled according to their relative SST bias in the
Nifio4 region.

The Nifio3 region is defined as 90° W-150° W and
5° S-5° N, the Nifio3.4 region as 120° W—170° W and
5° S-5° N, and the Nifio4 region as 160° E-150° W and
5° S-5° N. Monthly-mean values are used in the analyses

below. Anomalies are with respect to the climatological sea-
sonal cycle and the linear trend is subtracted for each month
separately.

To define ENSO events we use the criterion of Trenberth
(1997): an El Nifio (La Nifia) event occurs if the 5-month
running mean SST anomaly in the Nifio3.4 region is above
0.5 (below — 0.5) times the standard deviations for at least
six consecutive months. To illustrate the time evolution of
ENSO events we show composite-Hoevmoeller diagrams
along the equatorial Pacific (5° S-5° N) (Fig. 2). For bet-
ter comparison, all variables are normalized with the mean
Nifo3.4 SST anomalies 3 months before and after the maxi-
mum of all events. The Hoevmoeller diagrams are centered
in time on the month of the maximum of the composite-
ENSO event (lag 0). The maximum of an El Nifio (La
Nifia) event is defined for each event individually using the
5-month running mean Nifio3.4 SST anomalies during this
event.

We define the zonal wind feedback as the U10 response
to the SST anomalies in the composite-Hoevmoeller dia-
gram averaged over the WEP (Nifio4 region) and + 3 months
around the peak of the ENSO event (black box in Fig. 2b).
We use here U10 instead of wind stress, as wind stress was
not available for all models and U10 is more comparable
between the models due to differences in wind stress cal-
culation between the models (see Bayr et al. 2019 for more
details). But we have to note that it is the wind stress that
drives the ocean circulation. The surface net heat flux feed-
back is defined as the Q,,, response to the SST anomalies
averaged over the eastern equatorial (Nifio3 region) and
western equatorial Pacific (Nifio4 region) (black box in
Fig. 2¢). The vertical wind response during ENSO events is
defined as the average over the Nifio4 region (black box in
Fig. 2d) and the cloud cover response as the average over the
Nifio3 and Nifio4 region (black box in Fig. 2e). The feedback
strengths are normalized with the SST anomalies averaged
over the central equatorial Pacific (Nifio3.4 region), so that
we yield changes per Kelvin SST change, similar to a regres-
sion. Further, we use same regions to define the feedbacks
in each model, even the equatorial SST bias shifts the maxi-
mum of the atmospheric response to different longitudes in
the models. Fixed regions have the advantage to better reveal
the effect of the equatorial SST bias.

To calculate the SST bias, we first compute the mean rela-
tive SST with respect to the area mean of the tropical Indo-
Pacific (40° E-70° W, 15° S—15° N), since climate models
tend to have different global mean temperatures which shifts
the threshold of convection (Bayr and Dommenget 2013). Fur-
ther, due to moist-adiabatic adjustment of the tropical atmos-
phere relative SST is more appropriate to describe the relation
between SST and convection than absolute SSTs (Johnson and
Xie 2010; He et al. 2018). The SST bias is then the relative
SST of the climate model minus the observed relative SST. We
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Fig.1 Zonal wind feedback vs. net heat flux feedback in ENSO in
a ERA-Interim, KCM and the individual CMIP5 models; b same as
a but here for the corresponding AMIP5 experiments, atmosphere
only experiment of KCM and ERA-Interim; The colors of the num-
bers in a and b indicate the members of the three sub-ensembles with
STRONG (red), MEDIUM (blue) and WEAK (green) atmospheric
feedbacks in CMIP5 and AMIP5 ensembles, respectively, as used in
the following; ¢ same as a and b, but here the CMIP5 experiments are
shown in black and the corresponding AMIP5 experiments are shown

use the relative SST bias over the Nifio4 region as a reference,
as this region has the strongest influence on the strength of
EAF in the coupled models (Bayr et al. 2018).

3 Atmospheric feedbacks in CMIP5
and AMIP5

The strength of the zonal wind-SST and net heat flux-SST

feedback is shown for ERA-Interim, the KCM, and a set of
CMIP5 models and the corresponding AMIPS experiments
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@ Kiel Climate Model
1:ACCESS1-0
2:ACCESS1-3
3:BNU-ESM
4:CanESM2
5:CMCC-CM
6: CNRM-CM5
7:GFDL-CM3
8:GISS-E2-R

9: INM-CM4

10: IPSL-CM5A-LR
11: IPSL-CM5A-MR
12: MIROC5

13: MPI-ESM-LR
14: MPI-ESM-MR
15: MRI-CGCM3

16: NorESM1-ME
17: HadGEM2-CC
18: HadGEM2-ES

in cyan and the corresponding experiments are linked by a black
line. Values shown here are the averages over the boxes as shown in
Fig. 2b and c for ERA Interim, i.e. for wind feedback over the Nifo4
region, and for heat flux feedback over the Nifio3 and Nifio4 region
in the space domain, and +3 months before and after the maximum
of the ENSO events in time domain; The correlation between the
individual experiments is given in a and b in the upper right corner
and one, two or three stars indicate a significant correlation on a 90%,
95% or 99% confidence level, respectively

in Fig. 1a, b). There is a large spread in EAF in the CMIP5
models: some models have EAF close to reanalysis, others
have strongly underestimated EAF with both feedbacks less
than a third of the observed feedback strength. There is a
strong relation between the zonal wind-SST and net heat
flux-SST feedback in the CMIP5 models, which reveals error
compensation in many climate models (Bayr et al. 2018,
2019). When driving the atmosphere models with observed
SSTs the EAF are much closer to the observed strength,
but also in AMIPS5 most models underestimate both EAF
(Fig. 1b). The sign of the correlation between the two
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Fig.2 Composite Hoevmoeller diagrams of El Nifio and La Nifia
events of the equatorial Pacific (averaged between 5° S and 5° N),
with five month running mean Nifio3.4 index>0.5 |<— 0.5 stand-
ard deviations as selection criterion according to Trenberth (1997)
for observations/reanalysis data in a sea surface temperature (SST),
in b zonal wind in 10 m height (U10), in ¢ net heat flux (Qnet) in d
vertical wind in 500 hPa (omega, negative upward), in e total cloud
cover; f—j same as a—e, but here for the AMIP5 sub-ensemble with

feedback strengths is the same in AMIP5 as in CMIP5, but
insignificant in AMIPS due to a smaller signal to noise ratio.

Figure 1c highlights that EAF are stronger in 15 out of 18
(83%) corresponding AMIP experiments than in their cou-
pled counterparts and most models show a similar direction
of reduction of both feedbacks from AMIP5 to CMIP5 but in
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STRONG atmospheric feedbacks; k-0 same as a—e, but here for
the AMIP5 sub-ensemble with MEDIUM atmospheric feedbacks;
p-t same as a—e, but here for the AMIPS sub-ensemble with WEAK
atmospheric feedbacks; All variables are normalized with mean
Nifio3.4 SST 3 months before and after the maximum of the events
and are centered in time on the month of the maximum of the ENSO
events (lag 0). The dashed lines mark the Nifio3 and Nifio4 regions
and the maximum of the ENSO events in time

different amounts (black lines). Only two models (MIROCS5
and NorESM1-ME) show a reduction in zonal wind feed-
back while the net heat flux feedback stays about the same,
and one model (GISS-E2-R) shows a reduction in the net
heat flux feedback while the zonal wind feedback slightly
increases. The simultaneous reduction of both feedbacks
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from AMIP5 to CMIPS in most models suggests that the
reduction is linked to changes in the mean state as suggested
in Bayr et al. (2018, 2019).

For further analysis we define sub-ensembles with
STRONG, MEDIUM and WEAK atmospheric feedbacks,
according to their total atmospheric feedback strength
defined as the average of the two feedbacks after normal-
izing each by the ERA-Interim value. Models in STRONG
have a total atmospheric feedback strength larger than 0.5
and 0.85 for CMIP5 and AMIPS, respectively, models in
WEAK smaller than 0.35 and 0.7, and models in MEDIUM
between STRONG and WEAK. The three sub-ensembles
are indicated by red (STRONG), blue (MEDIUM) and green
(WEAK) color in Fig. 1a, b) and in the following.

The atmospheric response to Nifio3.4 SST anomalies
12 months before and after the peak of the ENSO events is
shown for reanalysis/observations and the three AMIPS sub-
ensembles in Fig. 2 by composite-Hoevmoeller diagrams.
In reanalysis and observations, the strongest response in
U10, vertical wind at 500 hPa and cloud cover is over the
Nifio4 region (Fig. 2b, d, f) and the strongest response in
the net heat flux over the combined Nifio3/Nifio4 region
(Fig. 2c). The AMIPS sub-ensemble with STRONG atmos-
pheric feedbacks has a quite realistic zonal wind and net
heat flux feedback in pattern and amplitude, but too strong
vertical wind and cloud cover responses (Figs. 2f—j, 3).
The MEDIUM sub-ensemble has a realistic vertical wind
response, but the zonal wind, net heat flux and cloud cover
responses are underestimated (Figs. 2k—o, 3). The WEAK
sub-ensemble underestimates the response in all four vari-
ables (Figs. 2p—t, 3). Figure 3 summarizes the differences in
amplitude between observations and the three AMIP5 sub-
ensembles. These results suggest a link between the strength

of the convective response over the WEP and the 10 m-zonal
wind and net heat flux response in the AMIP models.

This can be highlighted in the individual AMIPS models,
as they show a quite strong correlation of — 0.72 between the
10 m-zonal wind feedback and the vertical wind response at
500 hPa, both in Nifio4 (Fig. 4a), and of — 0.80 between the
net heat flux feedback and the cloud cover response, both
in Nifio3/Nifio4 (Fig. 4d). Most AMIP models simulate a
realistic or stronger than observed vertical wind response but
a too weak zonal wind feedback, pointing towards a general
problem in these models (Fig. 4a). We observe a similar rela-
tion in the CMIP5 models, but generally with weaker atmos-
pheric responses per K warming of Nifo3.4 SST (Fig. 4b,
e). This suggests that model physics alone cannot explain
the EAF strength, as the corresponding AMIP5 and CMIP5
models have the same model physics. Further, the reduction
of the zonal wind feedback from AMIP5 to CMIP5 is linked
to the weaker vertical wind response (Fig. 4c) and the con-
current reduction of the net heat flux feedback to the weaker
cloud cover response (Fig. 4f).

ECHAMS, the AGCM of the KCM, has the strongest
vertical wind and cloud cover response of all AGCMs and
similar zonal wind and net heat flux feedbacks as the AMIPS
models in the STRONG sub-ensemble (Fig. 4a, d). But in
coupled mode a very weak EAF and atmospheric response
(Fig. 4b, e) is observed in KCM, giving rise to the larg-
est differences between an AGCM and CGCM (Fig. 4c, f).
We note that ECHAMS exhibits a quite similar behavior as
ECHAMBS6, the AGCM in the MPI-ESM (numbers 13 and
14). We will focus later more in detail on the differences of
EAF between the AMIPS and CMIP5 models. But next we
want to have a closer look, how the differences in the EAF
of the AMIP5 models can be explained.

Fig. 3 Amplitude of U10 in 30 ‘
Nifio4, Qnet in Nifio3 and L__1Obs
Nifio4, omega in Nifio4 and I STRONG
s Npis I VEDIUM
cloud cover in Nifio3 and 25! [ WEAK

Nifio4, all lag+3 months
around the maximum of the
ENSO events, as indicated by

the black boxes in the composite 201
Hoevmoeller diagrams in Fig. 2. )
Note that the amplitudes are =
scaled for better plotting by the %_ 15—
factors given on the x labels <E(
10
5 =

-

U10*10 [m/s/K]
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4 Mean state and atmospheric feedback
strengths in AMIP5 and CMIP5

As all AMIPS models employ the same SSTs, the differ-
ences in the EAF between them should arise primarily
from the differences in model physics. The latter influ-
ences the atmospheric dynamics and the atmospheric
mean state. Figure 5 shows the mean zonal wind, vertical
wind, precipitation and cloud cover along the equator from
observations and the three AMIPS5 sub-ensembles. The
STRONG sub-ensemble has weaker mean easterly surface
winds, more ascending motion, and more precipitation in
the western Pacific (150° E-180°), and more cloud cover
in the western and less cloud cover in the central Pacific
(150° W-120° W) than the WEAK sub-ensemble (Fig. 5).
This indicates that models with a stronger mean ascent
in the western Pacific and a larger cloud cover difference

Heat flux feedback [W/mZ/K]

-10 5 0 0 ] ) 3 8 0 12
Diff heat flux feedback [m/s/K]

flux feedback in Nifio3 and Nifio4 on the x-axis vs. the cloud cover
response in Niflo3 and Nifio4 on the y-axis (as shown in Fig. 2e) for
observations)

between the western and eastern Pacific have stronger
EAF.

In the individual AMIPS models, there is a strong cor-
relation of (.78 between the mean vertical velocity over
the western Pacific and the vertical wind response over the
Nifio4 region (Fig. 6a) and of 0.86 between the west—east
difference in mean cloud cover and the cloud cover response
in the combined Nifio3/Nifio4 region (Fig. 6d). The question
thus arises of how strongly the EAF strength depends on the
atmospheric mean state. As the convective response strongly
depends on the atmospheric mean state, we hypothesize that
the atmospheric physics primarily are important in determin-
ing the atmospheric mean state that in turn determines the
EAF strength. This is further supported by the fact that the
colored numbers are still quite clustered in Fig. 6a, d), which
means that there is no AGCM with weak mean convection
and strong EAF or vice versa.
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AMIP5: Equatorial mean state
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Fig. 5 Equatorial mean state (5° S—5 °N) in reanalysis/observations and in AMIP5 sub-ensembles with STRONG, MEDIUM and WEAK feed-
backs; in a for zonal wind at 10 m height, in b for vertical wind at 500 hPa (negative upward), in ¢ for precipitation and in d for total cloud cover

Additional support for this hypothesis comes from
a similar relation between the mean state and the atmos-
pheric response during ENSO events in the CMIP5 models
(Fig. 6b, e). The difference in vertical wind and cloud cover
response between AMIPS and CMIPS5 can also be explained
by the different atmospheric mean state (Fig. 6c, ). Compar-
ing corresponding AMIP5 and CMIP5 experiments indicates
that the same model physics with different SSTs (observed
vs. simulated SSTs) cause different atmospheric mean states
that in turn influence the EAF strength. Moreover, there is a
strong negative correlation (r=— 0.83) between the equato-
rial SST bias in the Nifio4 region in CMIP5 and the differ-
ence between AMIP5 and CMIPS5 in mean vertical wind in
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the western Pacific and mean cloud cover difference (West
minus East Pacific) (r=0.65) (Fig. 7). These analyses sug-
gest a quite substantial influence of the atmospheric mean
state in determining the EAF strength in both the AGCMs
and CGCMs.

ECHAMS is the AGCM with the strongest mean deep
convection and convective response, as measured by the
vertical velocity (Fig. 6a, d), but the KCM is the CGCM
with the weakest mean deep convection and convective
response (Fig. 6b, e) and largest difference between an
AGCM and CGCM (Fig. 6c¢, f). Again, KCM behaves quite
similar to MPI-ESM that employs ECHAMG6 as atmospheric
component.
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Fig.6 Mean state vs. feedbacks, in a in AMIPS the mean state of ver-
tical wind in 500 hPa in the western Pacific (150° E-180°, 5° S-5° N,
as indicated by the dashed vertical lines in Fig. 5b) on the x-axis vs.
vertical wind response at 500 hPa in Nifio4 during ENSO events on
y-axis, in b same as a but here for CMIP5 and in ¢ same as a but here

5 Atmospheric feedbacks in different
atmospheric mean states

The above analyses suggest that the atmospheric mean state
has an important influence on the EAF strengths and that
model physics may play mainly an indirect role by determin-
ing the mean state. To support this hypothesis we conduct a
series of sensitivity experiments with ECHAMS, in which
we generate different atmospheric mean states by changing
the SSTs. We superimpose the average equatorial cold SST
bias from the WEAK sub-ensemble of the CMIP5 models
(Fig. 8) with different amplitudes and signs on the observed
SST to force the atmosphere into different mean states. With
this approach, we can answer the following questions: First,
is it possible to explain the spread in EAF in the AMIPS

10 20 30
W-E diff in mean cloud cover [%]

40 —3‘0 —25 -20 -15 -10 —é 6 é
Diff mean cloud cover [%]

the difference CMIP5-AMIPS; in d—f same as a—c) but here the dif-
ference West (150° E-180°, 5° S-5° N) minus East (120° W-150° W,
5° S-5 °N) in mean cloud cover on the x-axis (West and East region
are indicated by dashed vertical lines in Fig. 5d) vs. the cloud cover
response in Nifio3 and Nifio4 on the y-axis

ensemble by a single AGCM with different atmospheric
mean states? Second, how much of the spread in EAF in
the CMIP5 ensemble can be reproduced with an AGCM
exhibiting different mean states? Third, can the equatorial
cold SST bias explain the reduction of EAF strength from
AMIPS5 to CMIP5?

By introducing the SST bias in the sensitivity experi-
ments, the warm pool position and equatorial SST gradient
structure are altered (Fig. 9a), which in turn has a substantial
impact on the atmospheric mean state. A cold (warm) SST
bias decreases (increases) mean ascent, precipitation, and
cloud cover and enhances (diminishes) mean Q, ., and U10
over the WEP (Fig. 9b—f). Further it shifts the rising branch
of the PWC more to the west (east), similar as in the CMIP5
models (see Fig. 12 in Bayr et al. 2018). In agreement with
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Diff mean vertical wind vs. SST bias
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region 40° E-70° W, 15° S—15°N) on the y-axis; b same as a but
here for the difference West (150° E-180°, 5° S-5° N) minus East
(120° W-150° W, 5° S-5° N) in mean cloud cover on the x-axis

Implemented SST cold bias (-0.94 K/ -0.36 K)

of the WEAK sub-ensemble of 2
CMIP5 models, which is imple- 10°N - M_ 1.6
mented in different strengths 1.2
in the observed SST forcing of 5°N 0.8
sensitivity experiments with 0.4
the ECHAMS5 AMIP-type 0° 1 Fr0 X
experiments; The numbers in o -0.4
the header is the average over 5751 "i-0.8
the Nifio4 and Nifio3 region, 10°S 57 L -1.2
respectively, as marked by the -1.6
black box o o o N ' 5 -2
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Johnson and Xie (2010) and He et al. (2018) is the relative
SST suitable to explain the change in convection and precip-
itation. The range of the implemented SST biases is similar
to the spread in the CMIP5 models, and the spread in the
atmospheric mean states, especially of the cold bias experi-
ments, is comparable to those in the CMIP5 and AMIP5
models, as indicated by the gray shaded areas in Fig. 9.

ECHAMS exhibits realistic EAF when forced by observed
SSTs (control experiment) (Fig. 10). When implementing the
cold bias in the SST forcing the error compensation between
the two atmospheric feedbacks becomes obvious. Further,
the spread in zonal wind and net heat flux feedback (Fig. 10)
is similar that that in CMIP5 (Fig. 1a), just by altering the
mean state, although all sensitivity experiments contain by
definition an identical SST variability. Finally, a warm SST
bias enhances the atmospheric feedbacks (Fig. 10).
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The atmospheric response to Nifio3.4 SST anomalies
in the control and sensitivity experiments with ECHAMS
(Fig. 11) is consistent with the AMIP5 (Fig. 2) and CMIP5
sub-ensembles (Figs. 5, 6 in Bayr et al. 2018). The vertical
wind response decreases from a warm bias to an increasing
cold bias (4th column in Fig. 11). The cloud cover response
is quite similar in the + 0.4 K bias, control and — 0.4 K bias
experiments (Figs. 11e, j, o; 12d), but decreases strongly in
the — 0.7 K bias and — 1.1 K bias experiments (Figs. 11t, y;
12d). The zonal wind and net heat flux feedback strongly
weaken from a warm bias to an increasing cold bias in Nifio4
(2nd and 3rd column in Fig. 11) due to the reduced verti-
cal wind and cloud cover response. The positive net heat
flux response at the western edge of the Nifio4 region in the
—0.7 K bias and — 1.1 K bias experiment (Fig. 11r, w) are
caused by a positive latent-heat response, when the zonal
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ENSO Composites in ECHAMS AMIP-type
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ments

wind drops from easterly to zero during El Nifio events (not
shown).

In the individual sensitivity experiments, the relation
between the zonal wind feedback and the vertical wind
response (Fig. 12a), the mean vertical wind and the vertical
wind response (Fig. 12b) and the SST bias and the mean ver-
tical wind (Fig. 12c) is similar to that in AMIP5 and CMIP5
(Figs. 4, 6, 7), but with stronger correlations. Further, the
spread in mean vertical wind, vertical wind response and
zonal wind feedback also is similar to that in AMIPS and
CMIPS, so that the spread in the zonal wind feedback could
be due to the different mean vertical wind in these models.
These analyses also reveal the models need a stronger verti-
cal wind response than that in reanalysis to simulate a simi-
lar strength in the zonal wind feedback (see Figs. 4a, b; 12a),
while they need a similar mean vertical wind to get the same
vertical wind response as that in reanalysis (Figs. 6a, b; 12b).

The situation is more complex regarding the relation
between the net heat flux feedback and the cloud cover.
There is a non-linear relation between the heat flux feed-
back and the cloud cover response, in Nifio3 and Nifio4,

as in the + 0.5 K bias to — 0.5 K bias experiments the
change in the net heat flux feedback is not due to changes
in the cloud cover response, which is similar in the experi-
ments (Fig. 12d). The change in the heat flux feedback
can be mainly attributed to changes in the latent heat-flux
feedback becoming increasingly positive over the western
Pacific (not shown). The net heat flux feedback and the
cloud cover feedback both strongly decrease in the —0.7 K
bias to — 1.6 K bias experiments. The mean cloud cover
difference (West Pacific minus East Pacific) is strongly
related to the implemented SST bias (Fig. 12f), but is only
linear related to the cloud cover response over the com-
bined Nifio3/Nifio4 region in the — 0.7 K bias to — 1.6 K
bias experiments (Fig. 12e). Thus, we can only partly
explain the differences in the net heat flux feedback by the
differences in cloud cover response.

In summary, we can explain by the above sensitivity
experiments with identical model physics the strength of
zonal wind-SST feedback in AMIP5, CMIP5 and the difter-
ence between both by the mean vertical wind in the western
Pacific. We can partly explain the strength of the net heat
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flux-SST feedback in the models by mean cloud cover over
the combined Nifio3 and Nifio4 region.

6 Summary and discussion

We have investigated the positive zonal wind-SST and
negative net heat flux-SST feedback operating in ENSO
in AMIPS and CMIP5 experiments. Both atmospheric
feedbacks tend to be stronger in the AMIPS5 experiments
(on average 77% of the observed strength) than in the cor-
responding CMIPS5 experiments (on average 46% of the
observed strength), but the feedbacks are still underesti-
mated in nearly all AMIPS models in comparison to obser-
vations. Atmosphere models with a stronger ascent, more
precipitation and cloud cover over the western Pacific,
indicative of a stronger rising branch of the PWC, tend to
have stronger ENSO atmospheric feedbacks (EAF) than
models with a weaker rising branch of the PWC. We find a
strong relation between the atmospheric mean state and the
response of the atmospheric circulation to SST anomalies
during ENSO events over the western Pacific in AMIPS as
well as CMIP5, which underlines that the mean state has a
substantial influence on the EAF strengths in coupled and
uncoupled experiments.

Almost all CMIP5 models have weaker EAF strength than
the corresponding AMIPS models, with a similar ratio in
reduction between the zonal wind and net heat flux feedback.
This implies some error compensation between the two feed-
backs, as previously suggested (Guilyardi et al. 2009b; Kim
et al. 2014; Bayr et al. 2018, 2019). The reduction of the
EAF strength in CMIP5 in comparison to AMIPS5 can be
explained to a substantial part by a reduced mean deep con-
vection over the western Pacific, which in turn is caused by
an equatorial cold SST bias, in agreement with Bayr et al.
(2018).

To underpin these findings we conducted a series of
experiments with a single atmosphere model, in which we
added in the observed SST forcing an average equatorial
SST bias with different strengths and signs, derived from the
CMIP5 experiments with the weakest EAF. We show that
a cold SST bias weakens the EAF, as it weakens the mean
deep convection in the rising branch of PWC, similar to what
was observed in the CMIP5 and AMIP5 models. Similarly,
a warm SST bias strengthens the EAF due to an increased
mean deep convection. The forced AGCM experiments
reveal that it is possible to generate a large range of EAF
strength with the same model physics but different atmos-
pheric mean states produced by introducing an SST bias.

The studies of Lloyd et al. (2009, 2011, 2012) described
in detail which biases in the model physics hamper a real-
istic simulation of the atmospheric feedbacks in AGCMs
and found that the convection scheme is a major source of
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uncertainty, as it affects the vertical motion and precipita-
tion as well as the cloud cover and radiation balance. Fur-
ther, as the AMIP5 experiments employ the same SSTs, the
differences in model physics should primarily explain the
differences in the EAF strength. We show that models with
a stronger mean deep convection in the rising branch of the
PWC tend to have stronger EAF. It is not possible to quan-
tify the relative roles of the direct effect of differing model
physics on the EAF strength from the indirect effect of the
model physics by influencing the mean state. But there is
no AGCM that has a strong mean deep convection in the
rising branch of the PWC and weak EAF or vice versa. This
suggests that the atmospheric mean state, beside the model
physics, plays a quite important role for the EAF strength
in the AGCMs.

The KCM and MPI-ESM are models that have quite real-
istic feedbacks in their AGCMs (ECHAMS and ECHAMBS,
respectively) but the largest reduction in EAF from AGCM
to CGCM, despite different ocean models (NEMO and
MPI-OM, respectively). This suggests that the reduction
in EAF strength is mostly due to the AGCM. ECHAMS
and ECHAMG6 are among the models with the strongest
ascent over the western Pacific in the AMIP runs, whereas
the KCM and MPI-ESM exhibit the largest cold SST bias
in the Nifio4 region. It remains an open question why the
CGCMs have so different SST biases and therefore different
reductions in EAF strength from AMIP5 to CMIP5. A cold
equatorial Pacific SST bias is a common problem is cur-
rent CGCM s and its origin is still under debate (Davey et al.
2002; Guilyardi et al. 2009b; Bayr et al. 2018; Timmermann
et al. 2018). Too strong zonal surface winds, too large oce-
anic upwelling or vertical mixing, and biases in the cloud
cover are possible contributors to the equatorial SST bias.

The underestimated EAF hamper a realistic representa-
tion of ENSO dynamics (Kim et al. 2014; Bayr et al. 2018,
2019), as there is error compensation between the too
weak wind-SST and too weak heat flux-SST feedback in
many climate models (Fig. 1a). A too weak forcing by the
wind-SST feedback is compensated by a too weak damp-
ing by the heat flux feedback (Guilyardi et al. 2009b). In
many models the short wave-SST feedback is erroneously
positive (Lloyd et al. 2009, 2011, 2012; Bellenger et al.
2014; Bayr et al. 2018), so that in many climate models
ENSO is a hybrid of wind-driven and short wave-driven
ENSO dynamics (Dommenget 2010; Dommenget et al.
2014). In the most biased models the positive short wave-
SST feedback accounts for same amount of SST change
as the wind-driven ocean dynamics (Bayr et al. 2019). As
too weak EAF hamper the simulation of the thermocline,
the zonal advection and the Ekman feedback, strong EAF
are therefore crucial for a realistic simulation of many
ENSO properties, like the asymmetry between El Nifio
and La Nifla (Dommenget et al. 2013; Bayr et al. 2018;
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Timmermann et al. 2018) or the phase locking of ENSO
to the annual cycle (Tziperman et al. 1998; Wengel et al.
2018).

In summary we could show that in the AGCMs, beside
biases in the model physics, biases in the mean state of
the rising branch of the PWC play an important role for
the underestimated EAF. Further, the mean deep convec-
tion of the rising branch of the PWC is weakening during
coupling due to an evolving equatorial cold SST bias and
can explain a large part of the reduction of the EAF from
AMIPS to CMIPS. Therefore a realistic atmospheric mean
state in both AGCMs and CGCMs seems to be crucial for a
realistic simulation of the EAF and ENSO dynamics in the
model simulations.
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