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ABSTRACT

Previous studies have revealed a combination mode (C-mode) occurring in the Indo-Pacific region, arising from nonlinear
interactions between ENSO and the western Pacific warm pool annual cycle. This paper evaluates the simulation of this
C-mode and its asymmetric SST response in HadGEM3 and its resolution sensitivity using three sets of simulations at
horizontal resolutions of N96, N216 and N512. The results show that HadGEM3 can capture well the spatial pattern of the
C-mode associated surface wind anomalies, as well as the asymmetric response of SST in the tropical Pacific, but it strongly
overestimates the explained variability of the C-mode compared to the ENSO mode. The model with the three resolutions is
able to reproduce the distinct spectral peaks of the C-mode at the near annual combination frequencies, but the performance in
simulating the longer periods is not satisfactory, presumably due to the unrealistic simulation of the ENSO mode. Increasing
the horizontal resolution can improve the consistency between atmospheric and oceanic representations of the C-mode, but
not necessarily enhance the accuracy of C-mode simulation compared with observation.
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1. Introduction

The El Nino—Southern Oscillation (ENSO) is a dominant
mode of interannual climate variability and has pronounced
impacts on global climate (Ropelewski and Halpert, 1987,
Trenberth et al., 1998; Wallace et al., 1998; Trenberth and
Caron, 2000). Recent studies have shown that nonlinear in-
teractions between ENSO and the background western Pa-
cific warm pool annual cycle can generate an ENSO/annual
cycle combination mode (C-mode) (Stuecker et al., 2013),
which exhibits pronounced variability of near-annual com-
bination tone periods at ~10 and ~15 months. Besides, it
demonstrates distinct meridionally asymmetric patterns re-
lated to the equator in atmospheric variables (Stuecker et al.,
2013, 2015a, 2015b), as well as SST anomalies (Zhang et al.,
2016Db).

This C-mode over the Pacific warm pool plays an im-
portant role in the ENSO life cycle by contributing to
the southward shift of anomalous central Pacific low-level
zonal winds during the rapid termination of El Nifio events

* Corresponding author: Hongli REN
Email: renhl@cma.gov.cn

(Harrison and Vecchi, 1999; Vecchi, 2006; McGregor et al.,
2012; Stuecker et al., 2013). In addition, it plays a con-
siderable part in the developing and maintaining processes
of the anomalous low-level Northwest Pacific anticyclone
(Stuecker et al., 2015b). A distinguished annual-cycle mod-
ulation of the meridional asymmetry in the atmospheric re-
sponse to Eastern Pacific El Nifio events has been detected,
which does not emerge in Central Pacific El Nifio or La Nina
events (Zhang et al., 2015; Zhang et al., 2016b). Moreover,
the C-mode may significantly affect East Asian precipita-
tion anomalies and remarkably improve the predictability of
Yangtze River basin summer rainfall (Li et al., 2016a; Zhang
et al., 2016a, 2016b).

Considering the C-mode is crucial for both ENSO sea-
sonally modulated dynamics and the ENSO climatic influ-
ence in the tropical Pacific to the western North Pacific, it is
of great importance to evaluate the performances of models
in simulating the C-mode. Li et al. (2016b) found the south-
ward shift of the anomalous westerly over the central Pacific
might only occur with the annual cycle background in an
AGCM. Zhang et al. (2016b) evaluated the predictive skill
of the oceanic C-mode in five dynamical models that partic-
ipated in Weisheimer et al. (2009), and found it to be lower
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than that for the Nifio3.4 index. Ren et al. (2016) assessed
the performance of capturing the observed C-mode charac-
teristics in 27 CGCMs from CMIP5. Most of the coupled
climate models in CMIP5 are able to reproduce the spatial
pattern of the C-mode well in terms of the surface wind vari-
ability, and about half can reproduce the spectral power at the
combination tone periodicities. In this study, both the atmo-
spheric aspect and the oceanic response of the combination
mode were examined in a model simulation, and the sensitiv-
ity to model resolution was discussed.

2. Data and methods

The climate model used in this study is HadGEM3-GC2,
which is the latest version of the UK Met Office Hadley Cen-
tre’s coupled climate modeling system. It consists of the
Met Office’s Unified Model as the atmospheric component,
JULES as the land-surface component, NEMO as the ocean
component, and CICE as the sea-ice model. More details of
the model can be found in Hewitt et al. (2011), Williams et
al. (2015) and Senior et al. (2016). We utilized three different
horizontal resolution configurations to look at the sensitivity
of the C-mode simulation to the resolution. The N96 hori-
zontal resolution is 1.25° latitude x1.875° longitude, which
is approximately 130 km at the surface. N216 is 0.8° latitude
%0.5° longitude (approximately 60 km at the surface), and
N512 is approximately 25 km. The fully coupled model was
integrated for 61 years at each resolution.

For comparison, we utilized the monthly 10-m wind
data from the NCEP-NCAR reanalysis dataset (1961-2015)
(Kalnay et al., 1996), NCEP-DOE data, ERA-40 data, and
20CR data. The SST anomalies (1961-2011) associated with
ENSO and the C-mode are examined using the HadISST1
dataset, provided by the UK Met Office (Rayner et al., 2003),
as well as the OISST and ERSST datasets. The precipitation
data are from CMAP.

The ENSO C-mode was derived following the same ap-
proach as in Stuecker et al. (2013). We first conduct a com-
bined empirical orthogonal function (EOF) analysis on the
anomalous zonal and meridional wind anomalies over the
tropical Pacific region (10°S—10°N, 100°E-60°W), and then
regress the horizontal wind anomalies onto the first two
normalized principal components (PCs), respectively. The
oceanic aspect of the C-mode can be represented by the Nifio-
Asymmetry SST index (Nifio-A index), which can compre-
hensively capture both the meridional asymmetry and the
zonal SST asymmetry (Zhang et al., 2016b). The Nifio-A in-
dex is defined as

Nifio — A = 0.5[SSTA]sw + 0.5[SSTA]sg — [SSTA]nc ,

where the brackets denote the area-averaged SST anoma-
lies over the regions SW (0°-20°S, 120°-160°E), SE (0°—
20°S, 100°-140°W), and NC (0°-20°N, 150°E~130°W). The
Nifo3.4 index is defined as the SST anomalies averaged over
the region (5°S—5°N, 120°-170°W).
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3. Results

3.1.
3.1.1.

Figure 1 displays the first two leading EOF patterns of
tropical Pacific surface wind anomalies in different reanaly-
sis products. The datasets show considerable agreement with
one another. The first EOF pattern (EOF1) is characterized
by a meridionally quasi-symmetric wind distribution with
equatorial westerly anomalies over the western-central Pa-
cific, which describes the anomalous Walker circulation as-
sociated with ENSO (Figs. 1a, c, e and g). The second EOF
mode (EOF2) exhibits a meridionally antisymmetric circula-
tion with a distinct anomalous Northwest Pacific anticyclone
and southward shift of the equatorial central-Pacific westerly
wind anomalies (Figs. 1b, d, f and h), which is the charac-
teristic atmospheric response to the C-mode (Stuecker et al.,
2013, 2015Db).

The PC time series are also highly correlated among the
different reanalysis datasets (Fig. 2). The correlation coeffi-
cient of the PCs between each dataset and the NCEP-NCAR
data is higher than 0.9, except for the PC2 between ERA-40
and NCEP-NCAR, which still reaches 0.84. Hereinafter, we
use the NCEP-NCAR reanalysis data to validate the model
simulation of the C-mode atmospheric variability.

The PC1 time series is highly correlated (r = 0.85) with
the Nifio3.4 index (Fig. 3a), further verifying that EOF1 cap-
tures the main ENSO mode in the reanalysis. To better un-
derstand the relationship between the ENSO mode and the
combination mode, we followed Stuecker et al. (2013) to uti-
lize a theoretical approximation to the C-mode time series by
multiplying PC1 by a sinusoidal function with the annual cy-
cle; that is,

Characteristics of the C-mode in the reanalysis data

Atmospheric features of the C-mode

PClcos = PClgps(f) X cos(wat — ) .

The w, in this equation denotes the angular frequency of
the annual cycle, t denotes time and ¢ represents a one-month
shift. This time series represents the combination tones of the
ENSO signal and the annual cycle by its mathematical na-
ture. In the reanalysis, PClcos shows remarkable agreement
with the observed PC2 (Fig. 3b). The correlation coefficient
is 0.63.

To further understand the combination tones, we calculate
the power density spectra for both the PC1 and PC2 time se-
ries in the reanalysis (Fig. 4a). The spectrum for PC1 exhibits
pronounced levels of variability, mostly in the interannual pe-
riod band of 2-8 years, while PC2 exhibits a significant spec-
tral peak at a period of ~15 months and a weaker one at ~10
months. Actually, these two peaks align well with the two
shifted frequency bands of ENSO-annual cycle combination
tones, which is the sum tone as 1 + fg and the difference tone
as 1 — fg, where fg denotes the ENSO characteristic interan-
nual frequency band.

3.1.2.  Asymmetric SST response of the C-mode

Besides the surface atmospheric response of the C-mode,
the nonlinear processes in the ocean—atmosphere coupled
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Fig. 1. The leading two EOF spatial patterns of tropical Pacific surface wind anomalies (units: m s~!) for (a, b) NCEP-
NCAR, (c, d) NCEP-DOE, (e, f) ERA-40 and (g, h) 20CR. Shading indicates the regressed zonal wind anomalies.
Percentages of variance explained by the EOF patterns are given in parentheses.

system may also result in combination tones in oceanic vari- onto the Nifio3.4 and Nifio-A indices in different observa-
ables (Jin et al., 1994; Stein et al., 2014). Zhang et al. (2016b) tional datasets. The spatial SST distribution related to ENSO
pointed out the Nifio-A index can capture the SST response is characterized as a meridionally symmetrical SSTA pat-
to the C-mode very well. Figure 5 demonstrates the SST tern (Figs. 5a, ¢ and e). Also, the Nifio-A index—associated
anomalies and 850-hPa horizontal wind anomalies regressed ~SST anomaly pattern exhibits negative SST anomalies over



1066 REPRESENTATION OF THE C-MODE IN HADGEM3 VOLUME 35
6.0 4 (a) —-—--20cr:0.92
4 e era40:0.93
4.0 — ———-—ncep/doe:0.97
6 20 _f ncep/ncar
O 60 4
2.0 5
'40 — T T T I T T T I T T T I T T T I T T I T T T I T T T I T T T I T T T I
1979 1983 1987 1991 1995 1999 2003 2007 2011 2015
6.0 (b) —-—--20cr:0.90
4 < era40:0.84
4.0 — ———-—ncep/doe:0.92
Al E ncep/ncar
O 2.0 B k A Lo i i N
m " M, i A | RTA y
% o0 T, ) ;]"\\" e WAL W P, [ | AaiN
. [ L s j WLV I R
-2.0 — ’ [ i |
'40 — T T T I T T T I T T T I T T T I T T I T T T I T T T I T T T I T T T I
1979 1983 1987 1991 1995 1999 2003 2007 2011 2015
Fig. 2. (a) PC1 and (b) PC2 in different reanalysis datasets. Numbers after the colon are the
correlation coeflicients between each dataset and the NCEP-NCAR reanalysis.
6.0 NCEP/NCAR corr: 0.85 NCEP/NCAR corr: 0.63
~ {—pct a J—pcicos
4.0 4—nino34 @) 40 -
2.0 2.0
0.0 0.0
2.0 -2.0
4.0 e e 4.0 LARES BRRRN RAREE RERAN RARRS RRRAN RARRE RRRAN RRARRS
19611966 19711976 1981 1986 1991 1996 2001 2006 2011 19611966 19711976 1981 1986 1991 1996 2001 2006 2011
N96 corr:0.48 6.0 N96 corr:0.38
" et d
4.0 H4—pc2cos @)
2.0 —
0.0
] -2.0
-4.0 e 4.0 e e e e
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
N216 corr:0.50 N216 corr:0.41
6.0 T—oc2 6.0 T—oci .
1 e 1
4.0 4 nino34 @ 40 —pc2cos 0
4.0 Y. 4.0 S e e e e
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
N512 corr:0.51 N512 corr:0.38
60 T3 60 T -
4.0 4 nino34 S J—pc2cos U
. 2.0 4
0.0
-2.0
4.0 e e 4.0 S e e e e
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Fig. 3. (a) PC1 and Nifio3.4 index for the reanalysis; (b) PClcos and PC2 for the reanalysis. PC2 and Nifio3.4 in-
dices for models at (c) N96, (e) N216 and (g) N512. PC1 and PC2cos for models at (d) N96, (f) N216 and (h) N512.
Correlation coefficients between two curves are given in the top right.



AUGUST 2018 WAN ET AL. 1067
NCEP/NCAR N96
40 — 40 —
1 (@) 1 (b)
30 1-fe  1+f¢ 30
[0} 4 [0 4
o i (8] J
c I ormcA) c ]
8 20 3 8 20 3
c ] 5 ]
> 1 > ]
10 10
0 - . . 0 S
0.1 0.2 0.5 08 11.2 0.1 0.2 0.5 08 11.2
Frequency (yr") Frequency (yr")
N216 N512
40 40
1 () 1(d)
30 30
® Jresseese, ® ]
o 1 el o 1
c B c ]
8 20 8 20
& S o
> S A T > ]
10 e 10
0 7 . — = 0
0.1 0.2 0.5 08 11.2 0.1 0.2 0.5 08 11.2
Frequency (yr) Frequency (yr")
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coefficients between two curves are given in the top right.

the northern central tropical Pacific and positive SST anoma-
lies over the southwestern and southeastern tropical Pacific
(Figs. 5b, d and f), which exhibits a very similar structure to
the forced C-mode SST pattern (Zhang et al., 2016b). The
anomalous anticyclone over northwestern Pacific can be seen
more clearly in the 850-hPa wind field. The results of differ-
ent observational datasets also show great similarity. We use
the HadISST dataset to validate the model simulation of the
C-mode oceanic variability afterwards.

The Nifio-A index is highly correlated with the PC2 in the
reanalysis data (Fig. 6a), verifying it represents the oceanic
features of the C-mode. The spectral analysis indicates that
the Nifio3.4 index spectrum shows a significant 2-8-year
peak, and the Nifio-A index peaks at combination tone pe-
riods of ~10 months and ~15 months (Fig. 7a), which is in
agreement with Fig. 4. This implies the Nifio-A index also
exhibits the combination tone frequency based on the ENSO
period and the annual cycle.

3.2. Simulated C-mode in different model resolutions
3.2.1. Simulated spatial patterns of the C-mode

If we compare the first two leading EOFs simulated by
HadGEM3 (Fig. 8) with the corresponding patterns in the
reanalysis (Fig. 1), they show significantly different spatial
distributions. Unlike the equatorially symmetric EOFI in the
reanalysis, the EOF1 patterns in all three versions of the
model exhibit remarkable meridionally antisymmetric struc-
tures, with strong shear of anomalous zonal wind across the
equator, which bears great resemblance to the EOF2 pattern
in the reanalysis, although the anomalous Philippine anticy-
clones in the models are weaker than in the reanalysis. Mean-
while, the EOF2 patterns in the models show a meridion-
ally symmetric feature, resembling the EOF1 rather than the
EOF?2 pattern in the reanalysis.

This reversed similarity relationship can be more directly
seen in Table 1. The pattern correlation coefficients of the
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Fig. 7. Spectra curves of standardized Nifio3.4 (blue) and Nifio-A (red) for the observation and model results. Dashed
lines indicate the statistical significance at the 95% confidence level.

same EOF patterns between the models and the NCEP-
NCAR reanalysis are very low, with an absolute value of
~0.25 in the case of EOF2. On the other hand, they get much
higher when we switch the order of the compared observed
EOF. The correlation coefficient between the N96-simulated
EOF2 and the observed EOF1 can reach 0.79, and it becomes
slightly lower as the resolution gets higher. Moreover, models
with better ability to reproduce the ENSO mode can also sim-
ulate the C-mode spatial pattern more realistically, which is
in accordance with the CMIP5 results (Ren et al., 2016). The
results indicate that HadGEM3 can capture the spatial struc-
tures of the ENSO mode and the C-mode in the surface wind
field. However, it tends to emphasize the C-mode component
too much, such that the C-mode turns into the dominant pat-
tern in the tropical Pacific surface wind variability, instead of
the ENSO mode as in the reanalysis.

3.2.2.  Simulated combination tone features

As mentioned above, the ENSO mode in the simulation is
represented by EOF2 instead of EOF1; thus, we compare the

Table 1. Pattern correlation coefficients between the first two lead-
ing EOF patterns in the models and reanalysis. The letter “m” in
parentheses denotes the EOF of models, and “r” stands for the re-

analysis, which is the NCEP-NCAR dataset in this table.

EOFI(m)- EOF2(m)- EOFI(m)- EOF2(m)-
Resolution EOFI(r)  EOF2(r)  EOF2(r)  EOFI(r)
N96 0.44 -0.25 0.66 0.79
N216 0.51 -0.28 0.64 0.75
N512 0.48 -0.24 0.62 0.74

PC2 in the simulation with the Nifio3.4 indices. They agree
with each other well, with correlation coefficients around 0.5
in all three simulations (Figs. 3c, e and g). The correlation
coeflicients grow slightly higher as the model resolution gets
higher, which is opposite to the spatial pattern trend (Table
1).

For the model theoretical approximation to the C-mode
time series, a similar method was applied, except we used
PC2 as the ENSO signal and the theoretical C-mode signal
was PC2cos. The PCls are also well correlated with the the-
oretical C-mode time series (Figs. 3d, f and h). The middle
resolution (N216) model shows the best performance, with
the correlation coefficient reaching 0.41. However, the spec-
tra of the first two leading PCs in the model simulation are
difficult to distinguish from each other (Figs. 4b, ¢ and d).
The ENSO signal (PC2) peaks around the 2—8-year period
bands, but also exhibits high-frequency signals, especially at
the 1 — fg frequency band. This is notable in the left-hand
panel of Fig. 3, in which the PC2s contain detectable high-
frequency variability compared with either the PC1 in the re-
analysis or the Nifio3.4 indices in the simulation. The com-
bination tones (PC1) can capture the 1 — fg and 1 + fg fre-
quency peaks well, but they also show a significant peak in
the ENSO mode characteristic low-frequency band, which is
not the case in the reanalysis (Fig. 4a).

3.2.3.  Asymmetric SST response of the C-mode in the simu-

lation

Figure 9 demonstrates the SST anomalies and 850-hPa
horizontal wind anomalies regressed onto the Nifio3.4 and
Nifio-A indices in the simulations. All three configurations
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of the model can capture the spatial SST distribution related
to the ENSO mode and the C-mode very well, although the C-
mode-related warm center over the eastern Pacific is stronger
and extends to the central Pacific compared to the observa-
tion. The Nifio-A index is highly correlated with the PCls in
the model simulations (Figs. 6b—d). The correlation coeffi-
cients get higher as the resolution gets higher, which reaches
0.78 in the N512 simulation. This is similar to the relation-
ship between the Nifo3.4 index and PC2 in the simulation, as
illustrated in the left-hand panel of Fig. 3. This implies that,
for both the ENSO mode and C-mode, the atmospheric re-
sponses (PCs) are more consistent with the oceanic responses
(Nifo indices) as the model resolution gets finer.

We also investigate the power spectra of the Nifio3.4 and
Nifo-A indices in the simulations (Figs. 7b—d). In agreement

with Fig. 4, the simulated Nifio3.4 and Nifio-A spectra show
a similar performance to PC1 and PC2; the peak frequency
bands are overlapped, and therefore they are not easily dis-
tinguishable from each other.

3.2.4. Possible mechanism of the model misrepresentation

The C-mode emerges from the nonlinear interaction be-
tween the ENSO mode and the annual cycle background. It
plays an important role in ENSO’s phase-lock feature by be-
ing responsible for the sudden weakening and southward shift
of equatorial westerly anomalies during the termination pro-
cess of strong El Nifio events (Stuecker et al., 2013). We eval-
uate the phase relationship between PC1 and PC2 by com-
positing the PCs with respect to the annual cycle evolution
for the El Nifio events selected by the Nifio3.4 indices of
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Fig. 9. SST (contours; units: K) and 850-hPa wind (vectors; units: m s~1) anomalies regressed onto the Nifio3.4 (left
panels) and Nifio-A indices (right panels) for the model results at three resolutions. Black dots represent the 99% con-
fidence level of the SST. Only regions with at least either of the two components of wind at the 95% confidence level

are shown.

each dataset (Fig. 10). The PCls of the simulations are able
to generally capture the temporal evolution of the C-mode in-
dex represented by PC2 in the reanalysis. However, the rapid
phase switch around late winter in the reanalysis is not repro-
duced by the models. As the ENSO mode itself is concerned,
the PC2s in the models show a shift in the peak time by about
three months compared to the reanalysis. The performance
of the middle resolution (N216) model is relatively better, of
which the PC1 also matches the theoretical C-mode the best
(Fig. 3f). This implies that the unrealistic periodic character-
istic of the C-mode in the simulation is partly attributable to
the distorted ENSO evolution. Therefore, improving the per-
formance of the ENSO signal period in models is crucial to
better simulating the C-mode.

Previous studies have pointed out the southward shift of
zonal surface wind anomalies is attributable to the merid-
ional seasonal march of western Pacific background warm
SSTs and corresponding intensification of the SPCZ due to

the seasonal evolution of solar insolation (Harrison and Vec-
chi, 1999; Spencer, 2004; Lengaigne et al., 2006; McGregor
et al., 2012). The reduced climatological wind speed related
to the SPCZ intensification leads to anomalous boundary
layer Ekman pumping and a reduced surface momentum
damping of the combined boundary layer/lower-troposphere
surface wind response to El Nifio, which allows the asso-
ciated zonal wind anomalies to shift south of the equator
(McGregor et al., 2012). Besides, Ham and Kug (2014) used
CMIP3 and CMIPS archives to reveal that the climatologi-
cal mean precipitation over the central/eastern Pacific ITCZ
plays an important role in ENSO phase transition by affect-
ing the location of the ENSO-related convection and the wind
stress. Figure 11 displays the climatological annual evolution
of the precipitation over the central Pacific. The models sim-
ulate excessive mean precipitation over the ITCZ through late
spring to winter. Also, the SPCZ intensification starts in Oc-
tober in the simulation, while in the observation it occurs in
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Fig. 10. PC1 (solid) and PC2 (dashed) composites of the El
Nifio events for the reanalysis and the model results. In the
composite, year(0) denotes the developing phase and year(1)
the decaying phase.

winter. The unrealistic simulation of the climatological pre-
cipitation over the central Pacific could be a factor in the rela-
tively poor representation of the ENSO phase-lock (Fig. 10),
and affects the C-mode dynamic process by providing a dis-
torted annual cycle background.
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3.3. Simulated C-mode climate impacts on East Asian
rainfall

Previous studies have indicated the C-mode is essential
to the linkage between the East Asian climate and ENSO
(Li et al., 2016a; Zhang et al., 2016a, 2016b), especially the
Yangtze River summer rainfall (Zhang et al., 2016b). Tak-
ing the C-mode signal into consideration could improve the
predictability of the summer precipitation in El Nifio events.
We use the middle resolution (N216) results as an exam-
ple to check the ability of HadGEM3 to reproduce this con-
nection between the East Asian summer rainfall and ENSO
(Fig. 12). Figure 12a demonstrates the average precipitation
anomalies in the decaying summer (June—July—August) of the
two strongest El Nifio events in the N216 simulation, with in-
creased rainfall over the Yangtze River Valley and decreased
rainfall over the southeast of China. Using the Nifio3.4 index
alone can only reconstruct a small fraction of the precipitation
anomaly (Fig. 12b). Including the Nifio-A index can signifi-
cantly improve the rainfall reconstruction, especially over the
Yangtze River Valley. Therefore, this linkage is reproducible
in HadGEM3, which gives us a suggested method to improve
the prediction of East Asian summer precipitation associated
with ENSO when applying the model outputs.

4. Summary and discussion

In this study, we compare the performance of the UK Met
Office Hadley Center’s HadGEM3 in representing the ENSO-
annual cycle C-mode and the asymmetric SST response with
three different resolutions: N96, N216 and N512, respec-
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Fig. 11. Climatological annual evolution of the zonal mean (between 160°E and 160°W) precipitation (units: mm d~1)

from the CMAP dataset and the model simulation.
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indicate statistical significance at the 95% confidence level.

tively. The results indicate that HadGEM3 can capture the
spatial characteristics of ENSO and the ENSO-annual cycle
C-mode, but it overestimates the C-mode accounted variance
such that the C-mode turns into the dominant pattern in the
surface wind fields. Meanwhile, the model can reproduce
the spectral peaks of the C-mode at periods of about 10 and
15 months, which are the ENSO-annual cycle combined fre-
quency. However, its behavior is not ideal on longer time
scales, perhaps due to the relatively unrealistic simulation
of the basic ENSO mode with a shorter period and shifted
seasonal evolution peak during the El Nifio event, which af-
fects the nonlinear coupled process. Also, the model cannot
simulate well the rapid PC2 phase transition near late winter.
The simulated basic ENSO signal also exhibits a strong sig-
nal near the combination frequency both in SST and surface
wind variability, implying the model cannot unambiguously
tell the difference between the ENSO signal and the C-mode
signal.

Ren et al. (2016) compared the atmospheric features of
the C-mode simulated by 27 CGCMs from CMIP5, demon-

strating that most of them are able to reproduce the spatial
pattern of the C-mode well with the correct order of the first
two EOFs. Figure 13 illustrates the PC1 and PC2 spectra
of the six best performing models in CMIP5, selected ac-
cording to the correlation coefficients between the observed
EOF2 and the simulated EOF2 of the surface wind (Ren et al.,
2016). All PC2s show two distinctive combination frequen-
cies without an unrealistic low-frequency peak. The ENSO
mode and the C-mode can be distinguished from each other
clearly. The circumstances are generaly similar in the oceanic
characteristics (Fig. 14), but with relatively weak combina-
tion frequency peaks of the Nifio-A indices than the PC2s,
which is also the case for the observation. These models cap-
ture the C-mode better than HadGEM3, possibly because of
the more realistic simulation of the ENSO mode.

The C-mode not only plays an important role in the in-
trinsic dynamical mechanism of ENSO evolution, but also in
the process of ENSO affecting climate globally, especially the
East Asian summer climate. It is valuable to keep bettering
the ability of models in reproducing the C-mode variability,
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as well as its influences on global climate. To achieve such
progress, it is helpful to improve the simulation of the pre-
cipitation climatology as well as the basic ENSO variability,
including the spatial pattern, the frequency, the temporal evo-
lution, and other properties.
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