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Abstract The simulation of the Indian summer monsoon and its pronounced intraseasonal component in
a modern climate model remains a significant challenge. Recently, using observations and reanalysis
products, the central Indian Ocean (ClIO) mode was found to be a natural mode in the ocean-atmosphere
coupled system and also shown to have a close mechanistic connection with the monsoon intraseasonal
oscillation (MISO). In this study, the simulation of the actual CIO mode in historical Community Earth System
Model (CESM) outputs is assessed by comparing with observations and reanalysis products. The simulation
of the Madden-Julian Oscillation, a major component of tropical intraseasonal variabilities (ISVs), is
satisfactory. However, the CIO mode is not well captured in any of the CESM simulations considered here.
The force and response relationship between the atmosphere and the ocean associated with the CIO mode
in CESM is opposite to that in nature. The simulated meridional gradient of large-scale zonal winds is too
weak, which precludes the necessary energy conversion from the mean state to the ISVs and cuts off

the energy source to MISO in CESM. The inability of CESM to reproduce the CIO mode seen clearly in nature
highlights the CIO mode as a new dynamical framework for diagnosing the deficiencies in Indian summer
monsoon simulation in climate models. The CIO mode is a coupled metric for evaluating climate models and
may be a better indicator of a model’s skill to accurately capture the tropical multiscale interactions over
subseasonal to interannual timescales.

1. Introduction

Monsoon intraseasonal oscillations (MISO) are most pronounced during the Indian summer monsoon,
accounting for about 60% of total precipitation variance over the Bay of Bengal (BoB) (Goswami, 2005;
Waliser, 2006). Considering the high correlations between precipitation variability over the BoB and the
Indian subcontinent, and the larger Asian monsoon in general, any insights into the intraseasonal variabilities
(ISVs) over the BoB will enhance our understanding of the Asian monsoons, with implications for the African
and Australian monsoons and the monsoon-El Niflo-Southern Oscillation (ENSO) interactions as a whole (Li &
Zeng, 2002; McPhaden et al.,, 2009; Pottapinjara et al., 2014; Webster et al., 1998). In addition, a better under-
standing of MISO also has an obvious scientific and socioeconomic significance for the livelihood of billions of
people living on the rim of the Indian Ocean. To date, the predictability of monsoon rainfall remains low
(Wang et al., 2015), which is attributable to the much-debated relationship between MISO and the major
intrinsic climate modes, such as ENSO (e.g., Gill et al, 2015; Kumar et al, 2006) and the Indian Ocean
Dipole-Zonal Mode (IODZM) (e.g., Ashok et al., 2001; Kripalani & Kumar, 2004; Murtugudde & Busalacchi,
1999; Murtugudde et al., 2000). Recently, a central Indian Ocean (CIO) mode, which is defined using a com-
bination of intraseasonal sea surface temperature (SST) anomalies and intraseasonal low-level wind anoma-
lies over the Indian Ocean, was found to have a close relation with monsoonal rainfall (Zhou et al., 2017b). For
the observed CIO mode, the warm intraseasonal SST anomalies are coherent with an anticyclone and the
associated downdraft in the atmosphere over the central Indian Ocean. Meanwhile, the easterly wind shear
in the vertical is enhanced, which favors the northward propagation of ISVs. As a result, the diagnoses using
observations and reanalysis products indicate that the coupling between the dynamic and thermodynamic
fields results in a high correlation between the CIO mode index and the MISO. In addition, the barotropic
instability was found to be responsible for the seasonal and interannual variabilities of the CIO mode
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(Zhou et al.,, 2017a). In particular, the interannual variabilities in MISO have a high consistency with those of
the CIO mode, but not with those of ENSO or IODZM. The CIO mode does not have a significant linear corre-
lation with ENSO or IODZM, either. Therefore, besides current understanding of the impacts of ENSO and
IODZM on MISO, it can be deduced that the CIO mode provides an independent and useful information to
advance our understanding of MISO at various timescales.

Generally, there are two major components of ISVs over the Indo-Pacific region (Wang & Rui, 1990). One is
the eastward propagating component, prevalent during boreal winter and is commonly known as the
Madden-Julian Oscillation (MJO) (e.g., Madden & Julian, 1994; Zhang, 2005). The other is the MISO, which
mainly propagates northward during Indian summer monsoon (e.g., Lau et al,, 2012; Waliser, 2006). The
simulation of ISVs continues to be a major remaining challenge to weather and climate modeling, predic-
tions, and projections. For MJOs, several multimodel comparisons have been conducted (e.g., Kim et al.,
2009; Lin et al.,, 2006; Slingo et al., 1996; Waliser, Jin, et al., 2003). Although different models were examined
in different comparison projects, a common conclusion is that the MJO simulation is poor, but recently
improving. With the coordinated efforts, especially the intensive in situ observation projects such as the
Cooperative Indian Ocean Experiment on Intraseasonal Variability and the Dynamics of the MJO
(Yoneyama et al., 2013), the MJO simulations have significantly improved. In particular, CESM and its pre-
vious versions of Community Climate System Model (CCSM) have demonstrated an ability to reproduce
the MJO (Boyle et al., 2015; Li et al., 2016; Subramanian et al., 2011; Zhou, Neale, et al., 2012). Many studies
have also been dedicated to the MISO simulation (Ajayamohan et al., 2014; Lin et al, 2008; Sperber &
Annamalai, 2008). With the intercomparisons of many atmospheric general circulation models, Waliser,
Lau, et al. (2003) concluded that most models lack coherent ISVs during monsoon seasons, especially over
the equatorial Indian Ocean. Using the National Centers for Environmental Prediction (NCEP) Climate
Forecast System model (version 2), Goswami et al. (2014) also showed a bias in MISO simulation due to
the lack of coherence between convection and SST anomalies over the tropical Indian Ocean. For CCSM,
the monsoon simulation was summarized in Meehl et al. (2006) and Meehl et al. (2012), but a reasonable
MISO simulation was absent. In an examination of five different CESM experiments, Li et al. (2016) indicated
that the eastward propagating MJO was well simulated but the northward propagating MISO apparently
deviated from reality. Hence, in contrast to MJO simulations, there is still much progress to be made in
improving MISO simulations in climate models.

Various possible avenues to improve MISO simulations in climate models, including CESM, have been pro-
posed and examined. Using a coupled model instead of an atmosphere-only model has been found to be
important for process understanding, since the two-way interactions between the ocean and the atmo-
sphere are important for the evolution and lifecycle of MISO (e.g., Fu et al, 2007; Fu & Wang, 2004;
Kemball-Cook et al., 2002). A better representation of the mean state (Kemball-Cook et al., 2002) and a
more comprehensive model physics in computing surface heat flux (Lin et al., 2005) were both shown
to improve the MISO simulation. In addition, the inclusion of key dynamical processes in a climate model
is another possible way to improve MISO simulations. The CIO mode proposed in Zhou et al. (2017b)
should be a good candidate for this avenue, since it is shown to capture the coupled air-sea interactions
associated with MISO based on the dynamical and statistical analyses using observations and
reanalysis products.

The actual structures and features of the CIO mode have been reported in Zhou et al. (2017a, 2017b). In this
study, the simulations of CIO mode are examined against the observations. Due to the close relation between
the CIO mode and MISO in nature, such examinations can shed light on ways of more dynamically diagnosing
MISO and Indian summer monsoon simulations. This is the motivation for this paper. For the rest of this
paper, model configurations and daily historical CESM outputs used in this study are introduced in
section 2. The assessments of the CIO mode simulations on various timescales are shown in section 3. The
conclusions and discussion are presented in section 4.

2. Historical CESM Outputs

In this study, daily historical outputs are used from the CESM Large Ensemble Project (referred to as LEN here-
after) and the CESM Whole Atmosphere Community Climate Model (referred to as WACCM hereafter)
historical runs.
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Figure 1. (a) Mean SST averaged from 1986 to 2005 in the historical CESM WACCM (contours) and in observations (colors).
(b) SST differences between CESM WACCM and observations. The black contours mark zero of the SST differences. (c and d)
Same as Figures 1a and 1b but for the ensemble mean of 30 CEMS LEN members. The unit is °C.

LEN is designed in order to be able to examine the internal climate variability of the CESM in a systematic way.
A comprehensive overview of LEN is provided in Kay et al. (2015). Thirty CESM ensemble members are cre-
ated using the same model and the same external forcing. The differences among the ensemble members
only reside in the small round-off perturbations in the initial atmospheric conditions. The historical runs
are conducted from 1920 to 2005, branching of the same single simulations that ran from 1850 to 1920.
The horizontal resolution for the atmosphere is approximately 0.95° latitude x 1.25° longitude, and the aver-
age horizontal resolution for the ocean is approximately 0.27° latitude x 1.125° longitude, with finer resolu-
tion close to the equator. The details about WACCM are presented in Marsh et al. (2013). WACCM provides
a more realistic representation of stratospheric processes as well as the interactions between the troposphere
and the stratosphere, and as a consequence has a superior simulation of the quasi-biennial oscillation (QBO)
compared to LEN. The atmosphere component of WACCM extends up to 1 hPa and includes fully interactive
chemistry. The historical WACCM is also conducted from 1850 to 2005. In WACCM, the horizontal resolution
for the atmosphere is approximately 1.9° latitude x 2.5° longitude, and the horizontal resolution for the ocean
remains approximately 0.27° latitude x 1.125° longitude. The two sets of CESM outputs are selected because
they have daily outputs (which are required for resolving ISVs) for both atmospheric and oceanic variables. In
this study, we mainly focus on the common performance of the CIO mode simulations in CESM. We do not
fully examine the differences among the model runs, which are likely to be attributable to different and spe-
cial model configurations (such as the interactions between the troposphere and the stratosphere in
WACCM). The internal variabilities of the CIO mode simulations in different model runs are of great scientific
importance, which will be studied in the future.

For the assessment of CESM simulations, atmospheric variables are obtained from the daily NCEP-U.S.
Department of Energy Reanalysis 2 (NCEPR2) (Kanamitsu et al., 2002). Precipitation is from the standard pen-
tad Climate Prediction Center Merged Analysis of Precipitation (CMAP) (Xie & Arkin, 1997). SST data are from
the NOAA 1/4° daily Optimum Interpolation SST (OISST) (Reynolds et al., 2007), and the outgoing longwave
radiation (OLR) is obtained from NOAA polar-orbiting series of satellites (Liebmann & Smith, 1996). The prop-
erties of the CIO mode are presented in details in Zhou et al. (2017a, 2017b), which remain robust even when
data from different sources are used.

Daily CESM outputs, observations, and NCEPR2 reanalysis from 1986 to 2005, 20 years in all, are used for the
diagnostics. All intraseasonal variabilities are obtained with a Butterworth band-pass filter between 20 days
and 100 days.
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Figure 2. (a) Mean zonal winds at 850 hPa averaged from 1986 to 2005 in CESM WACCM (contours) and in the NCEPR2
reanalysis (colors). (c) Differences in zonal winds at 850 hPa between CESM WACCM and observations. The black con-
tours mark zero of the zonal wind differences. (b and d) Same as Figures 2a and 2¢ but for the ensemble mean of 30 CEMS
LEN members. (e-h) Same as Figures 2a-2dbut for the meridional winds at 850 hPa. The unit is m s

3. Results
3.1. Simulation of the Mean Climate State and Monsoon

The simulated mean SST and mean winds at 850 hPa for WACCM and for the 30 LEN ensemble members are
shown in Figures 1 and 2. The differences between the mean simulated SST and observations are generally
smaller than 2°C (Figure 1). Especially, in the area of interest from the Indian Ocean to the western Pacific, the
simulation errors are mostly smaller than 0.5°C. The differences in the zonal winds at 850 hPa are generally
smaller than 2 m s~ over the Indo-Pacific region (Figures 2a-2d). In addition, the weak westerly winds over
the equatorial Indian Ocean are captured in both outputs, which are significant improvements over previous
model versions (e.g.,, CCSM3). Such improvement was shown to benefit the MJO simulation (Zhou, Neale,
et al, 2012). The meridional winds at 850 hPa also agree with reanalysis products (Figures 2e-2h). Over the
Indo-Pacific region, large bias occurs along the Somali coast. The ensemble mean precipitation of LEN are
compared with the CMAP rainfall in Figure 3 (rainfall is not stored in WACCM). Simulated rainfall is greater
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Figure 3. (a) Ensemble mean precipitation of 30 CEMS LEN members averaged
from 1986 to 2005 (contours) and from CMAP (colors). (b) Differences in preci-
pitation between LEN ensemble mean and the reanalysis. The black contours
mark zero of the precipitation differences. The unit is mm d".

over the Indian subcontinent and the western Indian Ocean than over
the BoB and the Indo-China Peninsula, which is probably attributable to
the weaker simulated summer monsoon (shown below). Differences do
exist between WACCM and LEN, which should be attributable to differ-
ent model configurations. This is also possibly due to the many mem-
bers used in LEN and only a single member used in WACCM. Overall,
most observed mean states are captured by both CESM products.
Nevertheless, the mean state simulations are far from perfect. The
mean SST biases in the West Pacific impact atmospheric variabilities
as surface latent heat fluxes are lower and the low-level zonal wind pro-
files are not favorable for a growing MJO even if it is initialized. Large
biases also exist in the Indian Ocean in LEN; for example, the eastward
propagation of simulated MJO is worse in boreal winter than in boreal
summer. Actually, as shown below, the poor CIO mode simulation and
the weak simulated Indian summer monsoon are attributable to the
bias in the large-scale simulations.

Since the CIO mode is closely related to the Indian summer monsoon,
we further evaluate the Indian summer monsoon in CESM. The Indian
summer monsoon can be represented by the daily tropospheric tem-
perature (TT) index created by Goswami and Xavier (2005), which is
the difference of the vertical mean temperature between 700 and
300 hPa, averaged within a northern box (35°N-10°N, 30°E-110°E)
and a southern box (10°N-15°S, 30°E-110°E). During the Indian sum-
mer monsoon, the heating center jumps from the tropical Indian
Ocean to the subtropics (Wu & Zhang, 1998; Zhou & Murtugudde,
2014), and the TT index changes from negative to positive.
Conversely, when the Indian summer monsoon retreats, the heat
source returns to the tropics and the TT index becomes negative

again. The TT indices calculated with the NCEPR2 reanalysis and WACCM outputs are compared in
Figure 4a. For LEN, since the air temperatures are not stored at all pressure levels, the TT index cannot be
explicitly calculated. The TT index during the non-Indian summer monsoon period (negative phase) is
consistent between the NCEPR2 reanalysis and the simulation (Figure 4a). However, the simulated TT index
during the Indian summer monsoon is only slightly positive and much weaker than it is in the reanalysis,
which indicates that the simulated Indian summer monsoon is much weaker in CESM. The weaker simulated
monsoon can also be seen from the comparison between the ensemble mean precipitation in LEN and the
CMAP rainfall (Figure 4b). In addition, the simulated MISO is weaker than it is in NCEPR2 reanalysis, which
remains a persistent problem for most climate models. Since the tropics are the major energy source region
for the subtropical ISVs during Indian summer monsoon, it can be reasonably assumed that the energy
transfer from the tropics to the subtropics is not strong enough in CESM. As shown in Zhou et al. (2017b),
the CIO mode controls the propagation direction of I1SVs originating from the western Indian Ocean; that
is, the positive CIO mode enhances the easterly wind shear in tropics and creates an environment favorable
for the northward propagating MISO. Therefore, there are likely to be some problems in the CIO mode simu-
lation, which are discussed in more detail below.

3.2. MJO Simulation in CESM

Before examining the CIO mode simulation, the MJO simulation is evaluated, since the MJO is a major com-
ponent of the ISVs. The Wheeler-Hendon (WH) index (Wheeler & Hendon, 2004) and the corresponding multi-
variate EOF modes are used to diagnose the simulated MJO. The zonal winds at 850 hPa and 200 hPa are
projected onto the EOF modes defined in Wheeler and Hendon (2004), and coefficients of the projections
are referred to as the simulated RMM1 and RMM2 hereafter by analogy with the terms used in Wheeler
and Hendon (2004). Since the WH index is a real-time index, projecting data onto the spatial patterns of
MJO modes is a standard application of the index. The cross correlations between the simulated RMM1
and itself, and between simulated RMM1 and RMM2, are shown in Figure 5. The results for WACCM and
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Figure 4. (a) TT index calculated with NCEPR2 reanalysis and WACCM outputs, from 1986 to 2005. (b) Mean precipitation
within 85°E-95°E and 15°N-20°N, where precipitation variances are large. The black line is for the LEN ensemble mean, and
the gray line is for CMAP. The unit is mm d='.

each LEN ensemble member are very similar, and all are similar to the cross correlations obtained with
observations and reanalysis as shown in Wheeler and Hendon (2004) (Figure 5, thin black solid and dashed
lines). Hence, the period and the coherent structure of the simulated MJO are captured adequately, which
is consistent with previous reports that the CESM has a reasonable ability to simulate the MJO (Li et al,,
2016; Subramanian et al., 2011; Zhou, Neale, et al., 2012). The composite of intraseasonal zonal winds at
850 hPa and intraseasonal precipitation of the eight MJO phases from LEN ensemble mean, which are
defined with the two simulated RMMs, are shown in Figure 6. The phase composite of intraseasonal zonal
winds from WACCM are very similar to Figure 6; hence, they are not shown. The eastward propagation of
the MJO is largely reproduced, which confirms that the MJO simulation in both CESM products is
acceptable. It is also obvious that the eastward propagation of the simulated zonal winds is better than

that of the simulated precipitation, which is consistent with the fact

0.8

0.4F

0.2F

Correlation

that the simulation of intraseasonal rainfall is more challenging.
Of course, the MJO simulation in CESM is not perfect yet. Some
detailed MJO features in simulations require further improvement; for
example, the MJO period tends to be a little longer and the eastward-
— westward power ratio of the intraseasonal spectral peaks is smaller in

// ~\\\ | CESM simulations (not shown; Li et al., 2016; Waliser et al., 2009).

,,’ \\ \\ In addition, WACCM lies slightly outside the spread of LEN values,

L/ ‘\ \ | which implies the role of QBO in modulating the MJO properties
0’ s:\_ < (Son et al.,, 2017; Weare et al., 2012). The detailed discussion on the
& N relationship between the stratosphere and the MJO is beyond the

scope of this study.

3.3. Evaluation of Simulated CIO Mode: EOF Analysis

The CIO mode is captured with the first EOF mode of combined daily
intraseasonal SST anomalies and daily intraseasonal zonal wind anoma-
lies at 850 hPa in various data sets. For example, the CIO mode

Figure 5. Cross correlation between RMM1 and itself (black lines), and between
RMM1 and RMM2 (dashed lines). The thick black lines are obtained with WACCM
outputs, and the gray lines are obtained with the LEN ensemble members.
The thin black lines are the ones obtained with the RMM indices created by

Wheeler and Hendon (2004).

Lag (Days)

obtained with NCEPR2 and OISST from 1986 to 2005 is shown in
Figure 7c. Such mode pattern is not sensitive to different reanalysis pro-
ducts or different time periods (not shown). The domain for the EOF
analysis is from 40°E to 120°E and from 20°N to 20°S. The intraseasonal
anomalies are obtained with a band-pass filter between 20 days and
100 days. The first EOF modes obtained from WACCM and the ensem-
ble mean of LEN are shown in Figures 7a and 7b. The first EOF mode

ZHOU ET AL.

63



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027171

w 2-5
'g -
= il P
5 .

15
S ‘b
E= 105
)

10
o .
E o ]os
® 1 B

1.5
o .
E 2
8 20 - -2.5

50 100 150 200 250 300 350 50 100 150 200 250 300 350
Longitude Longitude

Figure 6. Phase composites of intraseasonal wind anomalies at 850 hPa in LEN (contours) and intraseasonal precipitation (colors). The purple contours are for wes-
terly anomalies, and the black contours are for easterly anomalies. The unit for rainfall anomalies is mm d~'.Contours start from+1ms ™ ' withanintervalof Tms™ .

The eight phases are defined with the simulated RMM index for each LEN ensemble member, following Wheeler and Hendon (2004). All results shown are for the
ensemble mean of 30 LEN members.

obtained from WACCM (LEN ensemble mean) explains 12.7% (11.1%) of total variance, which is significantly
larger than the explained variance of 10.63% (8.8%) of the corresponding second EOF mode. In addition, the
second- and high-order EOF modes in CESM are examined (not shown), and they do not resemble the actual
ClO mode pattern shown in Figure 7c. It is possible that the actual CIO mode is split among multiple EOF
modes. However, in CESM simulations, the observed CIO mode pattern is not discerned in any individual
EOF mode. Therefore, the simulations do not reproduce the CIO mode as seen in nature. Comparing the
first EOF mode in simulations (which explain the largest variance) to the mode obtained with observations
and the NCEPR2 reanalysis (Figure 7c), one can see that the simulated node of positive SST anomalies
shifts to the northern hemisphere. A distinct difference resides in the zonal wind mode. Easterly wind
anomalies dominate the zonal wind mode. Westerly wind anomalies, which in reality are around 10°N, are
barely evident in either simulation. As a result, the anticyclonic anomaly in the low-level wind mode
(Figure 7c) is missing in CESM and the cyclonic structure in CESM (Figures 7a and 7b) is opposite to that in
nature (Figure 7c). Fundamentally, the relation between the SST anomalies and the cyclonic anomalies in
the lower troposphere indicates the force and response relation between the ocean and the atmosphere.
In the CIO mode (Figure 7¢), the structure of an anticyclone overlying the warm SST anomalies indicates
that the atmosphere plays an active role in the ocean-atmosphere interaction (Pefa, Kalnay, & Cai, 2003; Xi
et al, 2015). In contrast, the structure of a cyclone over the warm SST anomalies implies that the ocean
drives the atmosphere. The simplified theory from Pefa et al. (2003) is suitable for diagnosing dynamical
feedback between the atmosphere and ocean but may not work well for thermodynamic processes.
Nevertheless, the mismatch between the simulations and observations reveals the inadequacy of the
ocean-atmosphere coupling in CESM simulations, which is a typical shortcoming of monsoon simulations
as emphasized by many previous studies (such as Meehl et al., 2012, and Goswami et al., 2014).

The CIO mode demonstrates a high correlation between the CIO mode index and the intraseasonal precipi-
tation in the monsoon region during the Indian summer monsoon (Zhou et al., 2017b). Using the observa-
tions and reanalysis, high positive correlations are found over the northern BoB and they are much larger
than the correlations between the Indian summer monsoon rainfall and the indices for ENSO or IODZM
(not shown). We believe that the high correlation between the CIO mode index and the intraseasonal rainfall
is an important and mechanistically useful property of the CIO mode and its index, which indicates a close
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Figure 7. Comparison of the CIO mode patterns obtained by applying the EOF
analysis to the (a) WACCM outputs, (b) mean LEN ensembles, and the (c) rea-
nalysis products. The colors denote the SST nodes, reddish for positive and
bluish for negative. The contours denote the zonal wind nodes, the solid con-
tours for positive (westerly winds) and the dashed contours for negative (easterly
winds). All modes are normalized, so that the maximum of the SST mode is 1. For
Figures 7a and 7b, the dashed contours start from —0.5 with and interval of
0.5 and the solid contours start from 0.2 with an interval of 0.2. For Figure 7¢, the
dashed contours start from —0.3 with an interval of 0.3 and the solid contours
start from 0.5 with an interval of 0.5. The first combined EOF mode explains
12.7% of total variance for Figure 7a, 11.1% for Figure 7b, and 13.1% for

Figure 7c. EOF analysis is performed with reanalysis and simulation outputs from
1986 to 2005, but the patterns and principals of EOF modes are not sensitive to
the data length.

relation between the CIO mode and the Indian summer monsoon,
although precipitation has higher variance at smaller spatial and tem-
poral scales compared to the large-scale TT index. The same correla-
tions between the simulated CIO mode index and the Indian summer
monsoon rainfall in the LEN ensemble #1 (which is taken as an example
and the results for other ensemble members are qualitatively similar)
are shown in Figure 8a. Although the correlation coefficients are also
large over the northern BoB, the sign is opposite to that found in reana-
lysis (Figure 8c), which is obviously a model bias in capturing the sub-
tropical convection during Indian summer monsoon and the ocean-
atmosphere coupled model. The same pattern occurs in WACCM.
Since rainfall is not stored in WACCM, the vertical pressure velocities
() in the midtroposphere at 500 hPa are used for the correlation ana-
lysis. For comparison, the correlations between the CIO mode index
and o at 500 hPa, which are obtained from the NCEPR2 reanalysis,
are presented in Figure 8d. Negative (positive) correlations over the
BoB (the central Indian Ocean) indicate negative (positive) vertical pres-
sure velocities, that is, updraft (downdraft) over the BoB (the central
Indian Ocean), which is consistent with the vertical structure of the
ClO mode. In WACCM, there are positive (negative) correlations over
the BoB (the central Indian Ocean; Figure 8b), which is opposite to that
in the reanalysis (Figure 8d). Thus, in both WACCM and LEN ensembiles,
during positive CIO mode, there is a weak updraft over the central
Indian Ocean and a downdraft occurs over the BoB. Such a vertical
structure can be clearly seen from the vertical profiles in Figure 9.
Updrafts over the central Indian Ocean are obvious, which, however,
do not exist in the reanalysis (see Zhou et al,, 2017b).

Overall, using the EOF analysis, it can be concluded that the major
mode on intraseasonal timescales in CESM simulations is different from
nature, that is, the observed CIO mode. As a result, the force-response
relation between the atmosphere and the ocean in the model is nearly
opposite to observations. Consistently, the relation between the major
mode and MISO in CESM is also opposite to that in observations.

3.4. Evaluation of Simulated CIO Mode: Projection Method

Besides obtaining the CIO mode by applying the EOF analysis with the
CESM outputs as discussed above, another way to evaluate the simu-
lated CIO mode is to project the model outputs onto the CIO mode pat-
tern obtained from the observations and reanalysis products. The two
ways for extracting the simulated CIO mode provide two different
viewpoints for its assessment. As shown in Figure 7, for the first com-
bined EOF mode, the SST mode and low-level zonal wind mode in
CESM display an inconsistent structure with that found in nature. For
the projection method, the mode patterns are referenced to observa-
tions. The extracted oceanic and atmospheric signals maintain a realis-
tic and coherent CIO mode structure (as shown in Figure 7c), which is
different from the signals obtained with the former method (as shown

in Figures 7a and 7b). The purpose of the projection method is to estimate how much actual CIO mode is
involved in each model simulation. Then, one can determine whether energetic simulated CIO mode is favor-
able for stronger simulated monsoonal rainfall, as it should be in nature. The differences between the two
methods are elaborated more in the supporting information. The x axis in Figure 10 is the standard deviation
(SD) of the projected CIO mode index during the Indian summer monsoon (from June to September), which
represents the strength of the CIO mode in a LEN ensemble member. Note that the projected index is

ZHOU ET AL.

65



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2017JD027171

30 (Ia) clo ?nd tot'al prec, LENS ' 30 (b) ClIO andIOmeglaSOO, WACCM 08
(

g 15+ 15+ /Q.. lose
2
= 0 0 4 LN
T K | {4

-15¢ -15¢ /m\\

-30lk— : : : : : -30 L— : : Al :

40 60 80 100 120 140 40 60 80 100 120 140
30 (c) CIO and total prec, CMAP
. ——— T

v 15+
e
2
= Of
8

-15¢

30l : : : : : -30 L : : s : :

40 60 80 100 120 140 40 60 80 100 120 140
Longitude Longitude

Figure 8. (a) Correlation coefficients between the simulated CIO mode index and precipitation during Indian summer mon-
soon from June to September in the LEN ensemble #1. (b) Correlation coefficients between the simulated CIO mode index
and the intraseasonal w at 500 hPa during Indian summer monsoon from June to September in WACCM. The simulated CIO
mode index is obtained by applying the EOF analysis with model outputs. (c and d) Same as Figures 8a and 8b but cal-
culated with the NCEPR2 reanalysis. All correlation coefficients shown are statistically significant at the 95% confidence

level.

dominated by ISVs, and hence, the mean projected index is close to zero and the amplitude of the projected
index is represented with its variance. Figure 10a shows the variance of the intraseasonal precipitation
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Figure 9. Colors: Differences in the composite intraseasonal w between the simu-
lated positive and negative CIO mode in WACCM, averaged between 5°N and 5°S.
The unit is Pa s~ . Vectors: Differences in the composite intraseasonal zonal and

vertical velocities between the simulated positive and negative CIO mode in

WACCM, averaged between 5°N and 5°S. The unit for the zonal velocity is m s

anomalies over the northern BoB in the 30 LEN ensembles (10°N-
20°N and 85°E-95°E, where the variance of intraseasonal
precipitation is large), with respect to the strength of actual CIO
mode involved in each ensemble member. The significant
correlation coefficient of 0.50 between the variance of intraseasonal
precipitation and the projected CIO mode index indicates that a
pronounced CIO mode is helpful to reinforce the Indian summer
monsoon and to enhance the monsoonal precipitation, which is
lacking in the current CESM (Figure 4). The CIO mode controls the
propagation direction of tropical ISVs by reinforcing the easterly
wind shear over the tropical Indian Ocean and deflecting the
tropical I1SVs to the north (Zhou et al.,, 2017b). Such a mechanistic
link is confirmed with the LEN ensembles, as shown in Figure 10b.
With an increase in the SD of the projected CIO mode index during
the Indian summer monsoon, the mean vertical shear of zonal
winds (easterly shear is negative) over the tropical Indian Ocean (0-
5°N and 70°E-80°E, where the easterly wind shear is enhanced by
the CIO mode; Zhou et al., 2017b) becomes stronger. Although the
correlation coefficient of —0.38 appears small, it is statistically
significant at 95% confidence level. For comparison, the correlation
coefficient between the actual CIO mode index and the easterly
wind shear in NCEPR2 (also averaged within 0-5°N and 70°E-80°E)
during the Indian summer monsoon is —0.22, which is also
statistically significant at 95% confidence level. For the LEN
ensemble members with a relatively strong CIO mode, the
northward propagation of MISO can be clearly seen from the
Hovmoller diagram of the composite simulated intraseasonal zonal
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Figure 10. (a) Scatterplots of the variance of the intraseasonal precipitation in
the northern BoB (averaged within 10°N-20°N and 85°E-95°E) with respect to
the SD of the CIO mode index, which is obtained with the projection method
(projecting the model outputs onto the CIO mode obtained with observations
and reanalysis products). All results are obtained from the 30 LEN ensembles
during the Indian summer monsoon from June to September. The black line is
the linear regressions of the scatterplot, and the correlation coefficient is
statistically significant at the 95% confidence level. (b) Same as Figure 10a but for
the mean vertical shear of intraseasonal zonal winds over the tropical Indian
Ocean (averaged within 0-5°N and 70°E-80°E) with respect to the SD of the CIO
mode index. The five ensemble members (#5, 10, 18, 20, and 22) that have
relatively large variance of projected CIO mode index are represented with filled
circles. Note that the variance of projected CIO mode index along the x axis
represents the relative strength of the actual CIO mode involved in each LEN
ensemble member. See the supporting information for more details.

wind anomalies and intraseasonal precipitation (Figure 11a). The corre-
sponding observations and reanalysis are shown in Figure 11c. The
negative OLR anomalies obtained from satellite observations are used
as the proxy for deep convection. The days when the mean intraseaso-
nal satellite-retrieved OLR anomalies over the tropical Indian Ocean
(5°N-10°N and 80°E-90°E, where the large SD of intraseasonal OLR
anomalies occur during the Indian summer monsoon) reach a local
minimum are selected as the reference days (Day 0) for the composite.
Five LEN ensemble members (#5, 10, 18, 20, and 22), which have the lar-
gest SD of projected CIO mode index are used to represent the LEN
members with a strong simulated CIO mode (Figure 11a; the five
ensemble members are represented with filled circles and their ensem-
ble numbers are marked in Figure 10). Northward propagation of simu-
lated intraseasonal winds along with the satellite-retrieved
intraseasonal OLR anomalies (Figure 11, white contours) is obvious,
and the westerly wind anomalies are to the west of the easterlies,
which is consistent with observations. Northward propagation of simu-
lated intraseasonal precipitation (Figure 11, solid contours) is also dis-
cernable. However, the intraseasonal precipitation anomalies occur to
the west of the westerly wind anomalies. Due to uncertainty in the ver-
tical heating profile, an accurate simulation of the phase relation
between precipitation and low-level winds at intraseasonal timescales
is still a challenge. In addition, comparing Figures 11a and 11c, one
can see that both zonal winds and precipitation in CESM obtained with
the projection method are much smaller than the counterparts in nat-
ure, which is consistent with the fact that the actual CIO mode in all
CESM outputs is very weak and the major modes in all simulations
are different from the observed CIO mode (see the supporting informa-
tion for more detailed explanations). Nevertheless, in comparison with
the ensemble mean composite of 30 LEN members (Figure 11b), it can
be concluded that a better simulation of the CIO mode is still favorable
for the northward propagation of MISO, resulting in stronger Indian
summer monsoon and more realistic monsoonal rainfall. Hence, the
basic mechanisms still appear to be operational in CESM.

Overall, the projection method tells us how well the actual CIO mode is
captured in each LEN ensemble member. Although the observed CIO
modes in all members are weak, the members with relatively stronger
observed ClIO mode can be isolated via the projection method. Then it
can be concluded that a better CIO mode is very likely to be favorable
for stronger simulations of Indian summer monsoon and MISO in CESM
which is consistent with observational evidence for the mechanistic
links between CIO and Indian monsoon.

3.5. Simulated CIO Mode and Bias in Large-Scale Circulations

Zhou et al. (2017b) showed that the observed seasonal and interannual

variabilities of the CIO mode are mainly attributable to the barotropic energy conversion of the meridional
shear of the zonal winds. The simulation of the slow variabilities of the CIO mode is examined by comparing
the kinetic energy and its budget terms. According to Zhou, Sobel, et al. (2012), the kinetic energy budget at
intraseasonal timescales (KE') is written as

OKE'

— _UVKE + [KE’xKE”] n {KE,XE} fV-<U/<I)'> ¥ [KE/XPE/] LEV+R, (1)

where U = ui + vj + ok is the wind vector, @ is the geopotential, and PE denotes the potential energy. All
variables with a bar are for the large-scale background. The variables with a prime denote variabilities at
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Figure 11. (a) Composite Hovmoller diagram of intraseasonal zonal winds (colors; m s ~1), intraseasonal precipitation (solid contours; mm d™"), and the satellite-
retrieved intraseasonal OLR anomalies (dashed contours; W m_z), averaged between 80°E and 90°E. The composite is made with five LEN ensemble members
(#5, 10, 18, 20, and 22), which have the largest variance of projected CIO mode index (Figure 10). Day 0 is the day when the mean intraseasonal OLR anomalies over
the tropical Indian Ocean (5°N-10°N and 80°E-90°E) reach the local minimum during the Indian summer monsoon (from June to September). Negative days are
before Day 0 and positive days are after Day 0. (b) Same as Figure 11a but for the composite of 30 LEN members. (c) Same as Figure 11a but for observations and
reanalysis. Zonal winds are obtained from the NCEPR2 reanalysis, and precipitation is obtained from CMAP.

intraseasonal timescales, and the variables with double primes are for small scales. [KE x KE 1 denotes the
kinetic energy conversion between the ISVs and the small scale. KE,XE] denotes the kinetic energy
conversion between the ISVs and the background. [KE x PE] is for the energy conversion between the
kinetic energy and the potential energy at intraseasonal timescales. EV is the term for the dot product of
the intraseasonal velocity and the zonal eddy component at intraseasonal timescales (see Zhou, Sobel,
et al., 2012, for the specific expression), and R is the residual term.

In LEN, only winds at several key pressure levels are stored; thus, the following energy calculations are only
conducted using the WACCM outputs. The simulated kinetic energy at intraseasonal timescales (obtained
with a band-pass filter between 20 days and 100 days and denoted with KE') is shown in Figure 12a.
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Figure 12. (a) Kinetic energy of ISVs (KE’) at 850 hPa in boreal summer, averaged from June to September. The unit for KE’ is J kg_1. (b-f) Energy conversion at
850 hPa due to various processes in equation (1) at the intraseasonal timescales, averaged from June to September; Figure 12b is for the advection of KE/,

Figure 12c for the energy exchanges between mean KE and KE/, Figure 12d is for the energy exchanges between KE’ and KE at the synoptic scales, Figure 12e for the
ener?y exchanges between the kinetic energy and the potential energy at the intraseasonal timescales, and Figure 12f for the work done by PGF. The unit is
Jd— kgq. All terms are calculated with the WACCM outputs. See Zhou, Sobel, et al. (2012) for more details of the kinetic energy budget.
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Figure 13. (a) Same as Figure 12a and (b) same as Figure 12c but calculated with
the NCEPR2 reanalysis.
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Figure 14. du/0y at 850 hPa averaged from June to September (a) for the
NCEPR2 reanalysis and (b) for the CESM outputs. The unit is m s Tkm™". The
plus and minus signs mark the centers of positive and negative du/dy.

Compared with the reanalysis (Figure 13a), large energy values over the
Arabian Sea and BoB are reproduced. However, the pronounced KE’
over the central Indian Ocean, corresponding to the CIO mode, is miss-
ing. In the reanalysis, the energy of the CIO mode is mainly provided by

[KE’ xﬁ] (the energy transfer from the mean kinetic energy KE to the
intraseasonal kinetic energy KE’; Figure 13b). However, in CESM,

[KE,XE} is a moderate energy source to KE' over the Arabian Sea

and BoB (Figure 12c), and the simulated [KE/xﬁ] is smaller than it is

in the reanalysis. It is slightly positive over the central Indian Ocean
and is much weaker than the reanalysis. In CESM, the dominant term
in the kinetic energy budget of the CIO mode is the term denoting
the work done by the pressure gradient force (PGF; Figure 12f), that

-
is, —V-(u' (0] ) . This is consistent with the kinetic energy budget of

the MJO (Zhou, Sobel, et al., 2012), and it is also consistent with the
above conclusion that the MJO is well simulated in the CESM. The small

[KE' xﬁ] in CESM is attributable to the weak meridional gradient of

large-scale zonal winds (du/dy shown in Figure 14) in simulations.
Compared with the NCEPR2 reanalysis, du/dy at 850 hPa is very similar
in CESM except from the central Indian Ocean to BoB. More impor-
tantly, the meridional structures of du/dy in CESM (both WACCM and
LEN) and the NCEPR2 reanalysis are different. In NCEPR2 reanalysis,
there is a meridional train of positive and negative du/dy, which is criti-
cal for satisfying the necessary condition for barotropic instability, i.e.,
—0%U/dy? (where g is the meridional gradient of the Coriolis parameter)
changing sign in the study domain. Conversely, in CESM, du/0y reaches
a maximum around the equator (plus symbols) and decreases almost
monotonically to its minimum around 20°N (negative symbols). As a
result, 6°ti/8y? has the same sign in this region. The &*G/dy? in CESM
is also too small to overcome f (not shown). Thus, the necessary condi-

tion for barotropic instability is not satisfied in CESM and [KE’ xﬁ] is

moderate over the central Indian Ocean, as shown in Figure 12c.
Comparing with Figure 2, one can see that although the mean zonal
winds are well simulated, the meridional structure of large-scale zonal
winds in CESM is actually biased. Such a bias results in the misrepresen-
tation of the CIO mode in CESM. Therefore, the poor simulation of the
ClO mode and the MISO are not only attributable to the model deficit
at the intraseasonal timescale but also closely related to the bias in
the mean state.

4. Conclusions and Discussion

The CIO mode has been recently proposed as a natural mode in the
ocean-atmosphere coupled system, and its features at various time-
scales and its relations to monsoon variability at subseasonal to inter-
annual timescales have been presented in Zhou et al. (2017a, 2017b).
In this paper, simulation of the CIO mode in the historical CESM outputs
is evaluated. The mean states of low-level winds and SST over the Indo-
Pacific region are well simulated in CESM. In addition, the simulated
MJO is comparable with observations as also reported in previous
studies (e.g., Li et al, 2016; Subramanian et al,, 2011). However, the
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simulated Indian summer monsoon is weaker than observed and MISO remains a challenge for CESM as high-
lighted by existing assessments. As an ocean-atmosphere coupled mode, the CIO mode captures the coupled
mechanism of MISO. It builds a bridge between the tropics and the subtropics that transfers heat and energy
from the equatorial Indian Ocean to the midlatitudes during the Indian summer monsoon. Furthermore, there
are clear discrepancies between the observed CIO mode and the CESM simulations. The absence of the CIO
mode in CESM simulations (at least partly) explains the weak simulated Indian summer monsoon. The easterly
wind anomalies during the positive CIO mode are too strong, and the meridional shear of zonal winds is smal-
ler than reality. As a result of the weak meridional zonal wind shear, according to the WACCM outputs, the
kinetic energy transfer from the mean winds to the ISVs is greatly reduced, which cuts off the energy source

ou
for MISO in the model. We surmise that the weaka—y and associated small barotropic energy conversion may

be a critical issue for the poor simulation of the Indian summer monsoon. Although the Indian summer mon-
soon is generally weak in all CESM outputs, by comparing the 30 LEN ensemble members, one can see that a
stronger ClIO mode tends to enhance the MISO and improve the Indian summer monsoon simulation (see the
supporting information). In addition, the lack of coherence between the ocean-atmosphere interactions also
exists with respect to the CIO mode simulation, which was argued to be an essential issue for the poor MISO
simulations in various models (Goswami et al.,, 2014; Meehl et al., 2012). In the reanalysis, an anticyclonic gyre
and associated downdraft occur over the warm intraseasonal SST anomalies in the central Indian Ocean, as
shown with the reanalysis products in Zhou et al. (2017b). In contrast, in both CESM simulations, warm intra-
seasonal SST anomalies coexist with a cyclonic gyre and an updraft. Such coexistence is inconsistent with the
realistic lead-lag relation between SST anomalies and convection over the Indian Ocean, which is believed to
be the critical issue leading to a poor Indian summer monsoon simulation (Fu & Wang, 2004; Vecchi &
Harrison, 2002). The ocean-atmosphere interaction in CESM is in fact contrary to observed at intraseasonal
timescales, requiring future analysis as to the root causes.

Significant research has addressed the simulation and prediction of Indian summer monsoon, especially the
MISO (Abhilash et al., 2014; Lin et al., 2008). Various mechanistic and modeling issues have been examined
(e.g., Narapusetty et al., 2016). In this study, CESM shows a persistent deficiency in reproducing the actual
ClO mode during the Indian summer monsoon, which can be reasonably assumed to be a fundamental pro-
blem in Indian summer monsoon simulations. Since the CIO mode represents the mechanistic link between
the dynamic and thermodynamic fields during Indian summer monsoon in the ocean-atmosphere coupled
system, the obvious difference of the simulated CIO mode from the reanalysis implies that some intrinsic pro-
cesses are probably missing in CESM and likely in most current coupled models. Of course, to verify this, the
ClO mode simulations in other coupled models need to be systematically assessed. If similar results are
obtained, efforts in understanding and improving the CIO mode simulation in modern coupled models will
be paramount. A better representation of the CIO mode in a model is expected to improve the phase relation
between the oceanic variabilities and the atmospheric circulation, which will in turn contribute to improving
the simulation of the Indian summer monsoon and the associated MISO.

In addition, the monsoon system is a critical component in the “seamless” multiscale climate system. The rela-
tions between the Indian summer monsoon and major climate modes (such as ENSO and IODZM) are still
being debated (Ashok et al., 2001; Gill et al., 2015; Kumar et al., 2006; Sabeerali et al., 2014). The CIO mode,
as a climate mode mainly at intraseasonal timescales and with pronounced seasonal and interannual variabil-
ities, provides a new avenue to pinpoint the role of the Indian Ocean and the Indian summer monsoon in the
climate system and helps to reveal the relationship between the Indian summer monsoon and other climate
processes. Especially considering the monsoon simulations in CESM presented in this study, it is important to
understand whether the Walker cell and the local Hadley cell are not properly coupled in climate models. This
may hint at the seemingly contradictory claims about the relation between the intraseasonal and interannual
variabilities of the Indian summer monsoon (Goswami et al., 2006; Krishnamurthy & Shukla, 2007; Suhas et al.,
2012). It can nonetheless be expected that a better reproduction of the CIO mode in a climate model in the
future will not only benefit the Indian summer monsoon simulation but also benefit a better simulation of the
climate system of the Indian Ocean and South Asia climate as a whole. As a newly proposed natural mode, a
comprehensive study on the CIO mode, including its dynamical mechanisms, numerical simulations, and
necessary in situ observations, is expected to advance our understanding in the mechanisms of the monsoon
system. Our studies this far are but the necessary first steps toward building that comprehensive picture.
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