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Abstract This study examines the possible impacts of coupling processes on simulations of the Indian
Ocean Dipole (IOD). Emphasis is placed on the atmospheric model resolution and physics. Five experiments
were conducted for this purpose, including one control run of the ocean-only model, four coupled experiments
using two different versions of the Community Atmosphere Model (CAM4 and CAM5) and two different resolu-
tions. The results show that the control run could effectively simulate various features of the IOD. The coupled
experiments run at the higher resolution yielded more realistic IOD period and intensity than their counterparts
at the low resolution. The coupled experiments using CAM5 generally showed a better simulation skill in the
tropical Indian SST climatology and phase-locking than those using CAM4, but the wind anomalies were stron-
ger and the 10D period were longer in the former experiments than in the latter. In all coupled experiments,
the IOD intensity was much stronger than the observed intensity, which is attributable to wind-thermocline
depth feedback and thermocline depth-subsurface temperature feedback. The CAM5 physics seems beneficial
for the simulation of summer rainfall over the eastern equatorial Indian Ocean and the CAM4 physics tends to
produce less biases over the western equatorial Indian Ocean, whereas the higher resolution tends to generate
unrealistically strong meridional winds. The IOD-ENSO relationship was captured reasonably well in coupled
experiments, with improvements in CAMS5 relative to CAM4. However, the teleconnection of the IOD-Indian
summer monsoon and ENSO-Indian summer monsoon was not realistically simulated in all experiments.

1. Introduction

The Indian Ocean Dipole (IOD) mode, identified by Saji et al. [1999] and Webster et al. [1999], is the most sig-
nificant interannual variability in the tropical Indian Ocean. A positive phase of 10D is characterized by posi-
tive sea surface temperature anomalies (SSTAs) in the west tropical Indian Ocean and negative SSTA in the
southeast, whereas the opposite is true for a negative 10D phase. The IOD has a broadband period of 2-5
year [Huang and Kinter, 2002] and exerts a significant impact on both atmospheric and oceanic circulation
anomalies, such as anomalies in African rainfall, Indian summer monsoon rainfall, Australian rainfall, and the
Indonesian throughflow as well as SSTAs in the western-central equatorial Pacific [Annamalai et al., 2003;
Ashok et al., 2003; Vinayachandran et al., 2009; Lian et al., 2014; Li, J. et al., 2016].

Intensive research has been dedicated to simulating climate variabilities of interest using coupled models,
which is a necessary step toward understanding and predicting such climate variabilities. Usually, for a giv-
en prediction target, a widely used strategy in the prediction community is to first improve the performance
of relevant simulations to realistically reproduce its major characteristics. A typical example is the El Nino-
Southern Oscillation (ENSO), an interannual variability over the tropical Pacific Ocean, which is the phenom-
enon for which the best prediction skill at seasonal time scales is currently available.

Considerable studies have been conducted on the simulation of the 10D. For example, Vinayachandran et al.
[2002] examined the evolution of the 10D using an ocean model driven by the National Centers for Environ-
mental Prediction (NCEP) fluxes for the period of 1975-1998 and found that the model dipole mode index
(DMI) agreed well with the corresponding observations. Using the Hadley Centre coupled models, Spencer
et al. [2005] conducted coupled model experiments and found that the simulation was improved substantially
by increasing the resolution of the ocean model. Cai et al. [2005] reproduced several realistic features of the
IOD, including the strong seasonal phase-locking, in the Commonwealth Scientific and Industrial Research
Organization (CSIRO) Mark 3 climate model. However, some concerns still exist regarding the modeling of the
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I0D using a coupled model. For example, the dipoles do not terminate completely but instead persist through
the following year [lizuka et al., 2000; Spencer et al., 2005]. In particular, the 10D intensity in almost all models
is stronger than the observed intensity [Liu et al,, 2011; Cai and Cowan, 2013; Liu et al., 2014]. Thus, it is inter-
esting to investigate in detail several possible impacts of model configurations relevant to the inherent physi-
cal and dynamical processes on 10D simulations, especially on the 10D intensity.

Among the models that are widely used in the climate modeling community, the National Center for Atmo-
spheric Research (NCAR) Community Earth System Model (CESM) and various versions of its predecessor,
the Community Climate System Model (CCSM), have long played an important role. This model was created
by NCAR in 1983 as a freely available global atmosphere model for use by the broad climate research com-
munity and began to be developed into a fully coupled atmosphere-ocean-land-sea ice model in 1994.
Now, the CESM has become one of most popular climate models in the world and is widely used for various
studies of climate variability, climate prediction, and climate change [e.g., Hurrell et al., 2013].

In this work, we investigate the simulation of the IOD using the CESM, including the 10D features that can and
cannot be well captured by the model. Compared with the simulations of certain other climate variabilities
including MJO [Subramanian et al., 2011; Cai et al., 2013], the ENSO [Neale et al., 2008; Deser et al., 2012], and the
Atlantic meridional overturning circulation (MOC) [Danabasoglu, 2008; Renold et al., 2010], few simulations of the
IOD using the CESM have recently been reported in the literature. Li et al. [2002] analyzed the atmosphere-
ocean feedback process during the development of the 10D in a standalone NCAR ocean model, not a coupled
model. Thus, this work offers a good complement to the previous work of the CESM community, which should
be interesting and beneficial for the further development of the CESM. More importantly, this work emphasizes
possible physical processes that may impact the simulation of major features of the IOD, including the horizontal
resolution and atmospheric physics of the model. To this end, we conduct five experiments with different resolu-
tions and atmospheric physics in the CESM to examine and diagnose its efficacy for IOD simulations.

Many studies have addressed the impacts of model resolution and atmospheric physics on the simulation
of various atmospheric and oceanic variables in the CCSM and CESM. For example, Gent et al. [2010] found
significant improvements in SST simulations in major upwelling regions and in the precipitation patterns of
the summer Asian monsoon when the atmosphere resolution was increased from 2° to 0.5°. Kirtman et al.
[2012] reported that an increased oceanic resolution leads to better SST gradients in the North Atlantic.
Islum et al. [2013] and Li, X. et al. [2016] found that the changes to the parameterization scheme in the Com-
munity Atmosphere Model version 5 (CAM5) are beneficial for simulating the mean Asian monsoon clima-
tology and the features of the MJO, respectively. However, these studies did not focus on the I0D. Thus, it is
of considerable interest to also explore the impacts of these processes on the IOD.

The remainder of this paper is structured as follows. Section 2 briefly introduces the model configurations,
the experimental design, and the observation data used in this study. The results of control and sensitive
experiments using the CESM are presented in sections 3 and 4, respectively. An analysis of the Bjerknes
feedback is described in section 5. A simulation of the Indian summer monsoon is presented in section 6,
and a summary and discussion follow in section 7.

2. Model, Experiment, and Observational Data

The model used in this study is the latest version (1.2) of the CESM, which was released in December 2013
and consists of several individual components that simultaneously simulate the Earth’s atmosphere, ocean,
land, land-ice, and sea-ice and are connected by a coupler [Vertenstein et al., 2013]. Descriptions and evalua-
tions of the model components are included in CCSM4, which is a previous version of the CESM [Gent et al.,
2011]. Compared to CCSM4, the most important improvement in the CESM is the newest version of the
CAM component, CAM5. The century-scale transient climate response, global mean, and spatial patterns of
cloud radiative forcing in CAM5 are more realistic than those in previous CAM versions, although several
significant shortcomings remain to be addressed [Kay et al., 2012; Hurrell et al., 2013].

Parallel Ocean Program version 2 (POP2) [Smith et al., 2010] is the oceanic component of the CESM, which
solves the 3-D primitive equations for ocean dynamics using the hydrostatic and Boussinesq approxima-
tions. The version used here has a nominal resolution of 1° and 60 levels in the vertical direction. Displaced-
pole ocean grids are included in the POP2 release.
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Table 1. Summary of the Experimental Setups, Where N is the Number of Levels®

Ocean Atmosphere
Experiment Name Atmosphere Physic Horizontal N Horizontal N Time Period
POP2 gx1vée 60 1948-2009
CPL4(2°) CAM4 gx1v6 60 1.9° X 2.5° 26 50 years
CPL5(2°) CAM5 gx1vée 60 1.9° X 2.5° 30 50 years
CPL4(1°) CAM4 gx1v6 60 0.9° X 1.25° 26 50 years
CPL5(1°) CAM5 gx1v6 60 0.9° X 1.25° 30 50 years

“The forcing data were the CORE data set for the POP2 experiment and present-day climatology forcing for the CPL experiments. All
CPL experiments were run for the present state of the climate and were run for 200 years from the built-in initial conditions. The results
for the last 50 years were then investigated.

CAM4 [Neale et al., 2010] was developed by modifying several features of CAM3 [Collins et al., 2006], namely,
the parameterization schemes for deep convection [Neale et al., 2008], polar filtering [Anderson et al., 2009],
and the polar cloud fraction under extreme cold conditions [Vavrus and Waliser, 2008]. It uses an updated
convection parameterization scheme [Neale et al., 2008; Richter and Rasch, 2008]. This model can be run
using three different dynamic schemes (an Eulerian spectral scheme, a semi-Lagrangian scheme and a finite
volume scheme) along with different resolution settings.

CAM5 [Neale et al., 2012] possesses significant modifications compared with CAM4, with a range of
improvements to its representation of physical processes. It includes a new shallow convection scheme
[Park and Bretherton, 2009], a stratiform cloud microphysical scheme [Morrison and Gettelman, 2008], an
updated radiation scheme [lacono et al., 2008], and a three-mode modal aerosol scheme (MAM3) [Liu et al.,
2012]. The default number of vertical levels in CAM4 is 26, whereas it is 30 in CAM5.

Two different types of experiments are conducted in this study to investigate the simulation of the IOD. The
first was a control experiment, in which the POP2 ocean model was forced by a prescribed (observed) forc-
ing to produce realistic IOD variations. Second, fully coupled (CESM) experiments were conducted, from
which the main features of the IOD were extracted and compared with observations. Experiments investi-
gating the sensitivity of the 10D to the model resolution and the atmospheric physics were conducted only
for the experiments of the second type, which are summarized in Table 1.

In the control run, POP2 was forced by the interannual forcing (IAF) from Version 2 of the Coordinated
Ocean-ice Reference Experiments (CORE-Il) data sets, which are proposed by the Climate Variability and Pre-
dictability (CLIVAR) Working Group on Ocean Model Development. The interannual forcing data considered
in this study span 62 years, from 1948 to 2009; they were developed by Large and Yeager [2004, 2009] and
were first used in Griffies et al. [2009]. Since that time, the CORE-Il data sets have been widely applied in oce-
anic and climate modeling [e.g., Sidorenko et al., 2011]. This experiment is referred to as POP2 in Table 1.

To investigate the simulation of the IOD using the fully coupled CESM, two different CAM versions (CAM4 and
CAM5) and two different horizontal resolutions were combined to generate four coupled experiments, as
shown in Table 1. The lower resolution was 1.9° X 2.5° and the higher resolution was 0.9° X 1.25°. Hereafter,
CPL4(2°) and CPL4(1°) denote the coupled experiments (CPL experiments) performed using CAM4 at the low
and high resolutions, and CPL5(2°) and CPL5(1°) denote the coupled runs using CAM5 at the low and high res-
olutions. In all coupled experiments, the resolution for the ocean component was set by using a 1° X 1°
Greenland Pole grid. All experiments were integrated for 100 years and were run for the present climate state,
not a pre-industrial climate state. The outputs for the last 50 years are considered in the following analyses
and discussions. Before running these experiments, we freely ran the coupled models for 100 years from the
CESM'’s provided built-in initial conditions and produced a restart file corresponding to the end of the 100
year run. All experiments discussed in this study were initialized from that restart file. Thus, the 100 year cou-
pling runs performed in this study can be viewed as equivalent to 200 year coupling runs from the built-in ini-
tial conditions. Therefore, considering that the CESM’s built-in initial conditions were probably generated after
training the model over a couple of years, we believe that the last 50 years of each run, which are actually
equivalent to free runs of more than 200 years, can yield robust results. We also calculated the global volume-
averaged kinetic energy of the upper 200 m of the ocean and found that its time evolution is very stable and
exhibits no climate drift over the last 50 years (not shown).
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The simulations were validated against the following data: (1) wind components from the National Centers for
Environmental Prediction (NCEP) reanalysis [Kalnay et al., 1996] for 1948-2009 on a 2.5°X2.5° grid, (2) SSTs
from the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) data set [Rayner et al., 2003] for 1948-
2009 on a 1° X 1° grid, (3) 45 year European Centre for Medium-Range Weather Forecasts Re-Analysis (ERA-40)
products [Uppala et al., 2005], (4) Ocean temperature from the Simple Ocean Data Assimilation (SODA) data set
[Carton and Giese, 2008] for 1948-2009 on a 0.5° X 0.5° grid, and (5) precipitation data from the Climate Predic-
tion Center Merged Analysis of Precipitation (CMAP) [Xie and Arkin, 1997] for 1979-2009 on a 2.5° X 2.5° grid.

3. Simulation of the IOD in POP2

To characterize the interannual variability of the IOD, an EOF (empirical orthogonal functions) analysis was per-
formed on the monthly SSTAs. Figures 1a and 1b show the two leading modes of the observed SSTAs over the
tropical Indian Ocean, which are strongly consistent with the results of previous works [Deser et al,, 2010]. EOF1
explains 35% of the total variance and corresponds to a uniform variation of the SSTAs over the entire domain,
i.e, the Indian Ocean Basin-wide mode (IOB). EOF2 explains 11% of the total variance and captures the IOD
mode. It has been argued that the IOB mode is closely connected to the ENSO [Klein et al., 1999; Venzke et al.,
2000], but it is not clear whether the 10D intrinsically co-occurs with the ENSO [Baquero-Bernal et al., 2002; Yu
and Lau, 2005] or is an independent variability over the Indian Ocean [Saji et al.,, 1999; lizuka et al., 2000].

The first two leading EOF modes of the POP2 SSTAs are shown in Figures 1c and 1d. The POP2 EOF1 is com-
parable to its observed counterpart, except for some differences off the Sumatra-Java coast. The modeled
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Figure 1. (a and b) The two leading EOFs for the sea surface temperature anomalies derived from the HadISST data set and (c and d) from
POP2. The proportions indicated at the top right of plots (a-d) represent the variance contributions for each EOF mode. (e) The first and (f)
second principal components (PCs) correspond to these EOFs from the HadISST data set (red) and POP2 (blue). Both time series are nor-
malized with respect to their standard deviations. The proportions indicated at the top right of plot (e and f) represent the correlations of
the PCs between the HadISST and POP2 results.
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Figure 2. The detrended dipole mode index (DMI) results from the POP2 simulation (red) and the observation data (black) during the
period of 1948-2009. The indices were smoothed by calculating the 5 month running mean before being plotted. The correlation
coefficient between these two indices is 0.74.

EOF2 also exhibits a dipole pattern, but the anomaly centers are slightly farther north compared with the
observations. Bias of the anomaly centers seems to be a common concern in IOD simulations using oceanic
models [Li et al., 2015].

Figures 1e and 1f show the time series of EOF1 and EOF2 (i.e,, PC1 and PC2) for the observations and the
model, respectively. A good relation is observed in this figure, with high correlation coefficients of 0.87 and
0.59 between the model and the observations for PC1 and PC2, respectively.

The dipole mode index (DMI) is often used to describe the dipole variability of the SSTAs. It is defined by
the difference in the averaged SSTAs between the western (IODW: 50°E-70°E, 10°S-10°N) and eastern
(IODE: 90°E-110°E, 10°S-0°) parts of the equatorial Indian Ocean [Saji et al., 1999]. Figure 2 compares the
DMl values between the observed data and the POP2 results. The modeled DMI is generally consistent with
the observed DM, with a correlation of 0.74 throughout the entire period. This correlation is better than its
counterpart reported in Li et al. [2002], in which the correlation was calculated to be 0.70 from a 40 year
(1958-1997) period using the NCAR ocean model. This improvement may be attributable to the new forcing
data (i.e., CORE-Il) used in the POP2 run performed in this study. However, the IOD is stronger in the model
than in the observation data, as indicated by the amplitudes of the corresponding DMIs, with a standard
deviation of 0.47 for the model and 0.34 for the HadISST data during the period of 1948-2009.

One of the main features of the IOD is its broad period. Observations have shown that the IOD has a period
of 2-5 years [e.g., Huang et al., 2002]. The modeled DMI exhibits a significant period of approximately 3 year
(see Figure 7, which will be discussed in detail later), consistent with the observed period of approximately
3.2 year. The maximum power in the POP2 results is approximately 1.5 times that in the HadISST data.

Another well-known feature of the IOD is its so-called phase-locking behavior, i.e., the maximum anomalies
usually occur during boreal autumn (September-November). One method to detect the phase-locking of
the 10D is to measure the standard deviation of the DMI for each calendar month [An and Wang, 2001]. Our
calculations show that the maximum standard deviation of the modeled DMl is 0.78 and occurs in Septem-
ber. This is strongly consistent with the observations, in which the DMI peaks in October with a value of
0.44. The larger standard deviation of the modeled DMI indicates that the 10D in the model exhibits stron-
ger variability than that in the observation data, as mentioned previously.

4, Simulation of the IOD in the CESM

4.1. Climatological Fields

In this section, we present the sensitivity experiments conducted using the CESM and evaluate the impacts
of the model resolution and atmospheric physics on the I0D. As the first step, we provide an overview of
the modeled climatology in these experiments.

Figure 3 shows the difference between the averaged SSTs over 50 year coupled runs and the averaged
HadISST data over the period of 1948-2009 for the four experiments: CPL4(2°), CPL4(1°), CPL5(2°), and
CPL5(1°) (see Table 1), respectively. As seen in Figure 3, all experiments produce a warm bias over the
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Figure 3. The climatological annual mean biases of the SSTs (°C) with respect to the observations for (a) CPL4(2°), (b) CPL5(2°), (c) CPL4(1°),
and (d) CPL5(1°). The regional averaged differences and root-mean-square errors are shown in the top left corner of each plot.

tropical Indian region, especially CPL4(2°) and CPL4(1°). Based on the criteria of the spatially averaged bias
and the root-mean-square error (RMSE) over the domain, the performances in the four experiments can be
ranked as follows: CPL5(1°) > CPL5(2°) > CPL4(1°) > CPL4(2°). For example, the spatially averaged bias and
RMSE over the entire domain are, respectively, 1.17 and 1.35°C for CPL4(2°), and 0.24 and 0.41°C for
CPL5(1°). Thus, the physics in CAM5 and the higher resolution of the atmospheric model are beneficial for
simulating the tropical Indian SST, particularly the former, which has a greater influence on the SST simula-
tion than does the latter.

The simulation skill can be comprehensively measured using a Taylor diagram [Taylor, 2001], which simulta-
neously presents a visual summary of the centered RMSE, pattern correlation and standard deviation (see
the Appendix A for details). Prior to calculating these statistics, the simulated SST is normalized with respect
to the corresponding standard deviation of the observation data, such that the reference data set (i.e,
observational data) is plotted at polar coordinates (1.0, 0.0). In the Taylor diagram of the four CESM experi-
ments (Figure 4), the ratio of the standard deviation between the simulation and the observation is given
by the radial distance from the zero point, as indicated by the dashed circles. Thus, the distance from the
dashed circle of radius of 1 measures the difference between the model standard deviation and that of the
observation data. The angular axis represents the pattern correlation between the model and the observa-
tion, as measured by the interceptions at the bold solid circle of the lines connecting the origin point (0,0)
and each colored number. The ratio of centered pattern RMSE to the observed standard deviation is repre-
sented by the corresponding distance from the reference (REF), as indicated by the solid circles. A shorter
distance between a colored number and REF implies a better model performance.

As seen in Figure 4, the majority of the colored numbers correspond to pattern correlations of larger than 0.9,
with the exceptions of CPL4(2°) in spring and winter, for which the correlations are noticeably lower. The ratios of
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SST the standard deviation between the sim-
ulations and observations range from 0.8
to 1.2 with respect to the dashed circle
of radius 1, and the values in winter
seem to be the largest. Regarding the
centered pattern RMSEs, those for
CPL5(1°) are the best, followed by
CPL5(2°), CPLA4(1°), and CPL4(2°). In gen-
eral, Figure 4 shows that CPL5(1°)
appears superior to the other experi-
ments, especially in autumn, for which
the correlation is larger than 0.99 and
the ratio of the spatial standard deviation
is 1.05. Those findings again indicate that
the CAM5 physics and the higher atmo-
spheric resolution are beneficial for the
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Figure 4. Taylor diagrams for the 10D amplitude, the centered RMSE and spatial sonal variation of the tropical Indian
correlation between model and observation for the annual and seasonal mean interannual variability, which is strongest

SSTs for the coupled experiments. The reference (REF) represents for the observa-
tion data and the model standard deviations are normalized to the scale of the
observation data. Numbers 1-5 represent annual, spring (MAM), summer (JJA), I
autumn (SON), and winter (DJF) values, respectively. Different colors represent the 4.2. Interannual Variability of the
simulations produced in different experiments. Tropical Indian Ocean

In this section, we evaluate the simula-
tion skill exhibited in these experiments for the extraction of the interannual variability of the tropical Indian

Ocean and particularly for the simulation of the 10D.

in autumn and weakest in winter.

Figures 5 and 6 show the first two EOF modes of the SSTAs in the four CESM experiments, and their correspond-
ing PCs. As seen in Figure 5, the results of the coupled experiments using CAM4 (CPL4) exhibit one basin mode
and one dipole mode, one each in EOF1 and EOF2. However, the coupled experiments using CAMS5 (CPL5) exhibit
dipole modes in both EOF1 and EOF2 and lack the basin mode. Figure 6 shows significant interannual variability
in both EOF1 and EOF2 for both CPL4 and CPL5. The correlation analysis of these PCs against the DMI confirms
the patterns of the EOF modes observed in Figure 5. For example, in CPL5(2°), the correlations of PC1 and PC2
with the DMI are 0.58 and 0.77, respectively. This indicates that EOF2 more closely represents the dipole mode
than does EOF1 in CPL5(2°). However, in CPL5(1°), the two leading EOFs both seem to represent the dipole mode
well, with correlation coefficients of 0.71 and 0.67, respectively. The spatial correlation between EOF1 in CPL4(2°)
and EOF2 in CPL4(1°) is 0.79, and that between EOF2 in CPL4(2°) and EOF1 in CPL4(1°) is 0.94. The spatial correla-
tion of EOF1 between CPL5(2°) and CPL5(1°) is 0.97, whereas the spatial correlation of EOF2 between CPL5(2°)
and CPL5(1°) is 0.91. These findings suggest that the atmospheric physics is the dominant factor in determining
the EOFs of the SSTAs in these four experiments, whereas the resolutions make only a small difference.

In short, the CPL4 experiments can reproduce one basin mode and one dipole mode in the first two EOF
modes, whereas the CPL5 experiments more effectively address the IOD variability. In particular, CPL5(1°)
seems incapable of capturing the tropical Indian SSTA basin mode. There are two likely reasons for this find-
ing. First, the CAM5 physics and the higher resolution of the atmospheric model are favorable for capturing
the IOD pattern. For example, the spatially consistent variation of the SSTAs is better represented by the
basin mode in CPL4 than it is in CPL5, regardless of whether the basin mode is the first or second EOF. By
contrast, the dipole pattern is stronger in the 1°-resolution model than in the 2°-resolution model, probably
because a model of higher resolution can better capture a spatially skewed structure such as a dipole pat-
tern. This is reflected by the fact that in both CPL4(1°) and CPL5(1°), the first mode is a dipole-like mode,
whereas in CPL4(2°) and CPL5(2°), the first mode is the basin mode, as in the observations. Thus, CPL5(1°)
seems to yield the strongest 10D structure. Second, the orthogonality of the EOFs may bias the physical
interpretation of the second mode of CPL5(1°). It has been found that higher-order modes are often
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Figure 5. The two leading EOFs of the SSTAs (°C) derived from the four coupled experiments: (first row) CPL4(2°), (second row) CPL5(2°),
(third row) CPL4(1°), and (forth row) CPL5(1°). The first and second columns represent EOF1 and EOF2, respectively. The proportions indi-
cated at the top right of each plot represent the variance contributions of each EOF mode.

confined by the orthogonal property of EOFs, and thus, such modes are sometimes called “mathematical
modes” [e.g., Lian and Chen, 2012]. The impact of orthogonality on EOF2 is expected be very significant in
CPL5(1°) since, in this case, EOF1 displays a very strong contrast in patterns of opposite signs between the
western and eastern parts of the Indian Ocean.

Figure 7 shows a composite of the wind anomalies and SSTAs for positive IOD events from the observation
and simulations. Here the IOD events are defined and chosen in accordance with the criterion that their
individual DMI must exceed one standard deviation for five consecutive months; based on this criterion, 9,
12,9, 10, and 13 IOD events were selected from the observation data and the CPL4(2°), CPL5(2°), CPL4(1°),
and CPL5(1°) results, respectively. The composites, which represent a typical life cycle of the 10D as
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Figure 6. The evolution of the first and second principle components (PC1: left plot, PC2: right plot; blue lines) and the DMI (red lines). The
correlations between the individual PCs and the DMI are shown in the top right corner of each plot.

described in Saji et al. [1999], span one full year, beginning in March-May (MAM), developing in June-
August (JJA), reaching a peak in September-November (SON), and decaying in December-February (DJF).

As seen in Figure 7, each experiment realistically reproduces the IOD life cycle from its onset through its
development to its peak. However, the decay phase seems not to be well simulated in any experiment. In
the observations, the dipole pattern has disappeared in the DJF period, whereas a visible dipole structure
remains in the results of the coupled experiments, particularly for CPL5.

Compared with the observations, all coupled experiments yield stronger amplitudes for both SSTAs and
wind anomalies. It is apparent in Figure 7 that the wind anomaly is the strongest in the CPL5(2°) results, fol-
lowed by CPL5(1°), CPL4(1°), and CPL4(2°). Accordingly, the intensity of the SSTAs shows a similar trend in
these experiments, except that the SSTA at the western pole is warmer in CPL4(2°) results than in the
CPL4(1°) results, causing the DMI to be larger for CPL4(2°) than for CPL4(1°). Later in the paper, we will fur-
ther discuss the possible mechanism by which stronger wind anomalies can result in a stronger 10D.

4.3. Period
The period and amplitude of the IOD can be quantified through a power spectrum analysis of the DMI time
series, as shown in Figure 8. As seen from this figure, the observation data exhibit a period of approximately
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Figure 7. Composite maps of the main evolution of the IOD from observations and experiments for positive events. The first row presents the SST anomalies from the HadISST data and the
wind anomalies from the NCEP data. The corresponding SSTA and wind anomaly results from the control run and the coupled experiments are shown in the second through sixth rows.

3.3 year. All of the experimental results capture this period reasonably well, lying with a range of 3-5 years.
Aside from the control run, the best simulation of the period is provided by CPL4(1°), followed by CPL5(1°),
CPL4(2°), and CPL5(2°).

An interesting feature in Figure 8 is that the period is not strongly dependent on the atmospheric physics,
i.e, CPL4 and CPL5 have similar periods when the resolutions are the same. The resolution of the atmo-
spheric model has a much greater influence on the 10D period. This is probably because the higher model
resolution can better resolve higher-order waves, resulting in a faster speed of wave propagation
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Figure 8. Power spectra of the DMI from the observations and the model
experiments: Different colors indicate different cases: observation (solid
black), POP2 (dashed black), CPL4(2°) (solid blue), CPL5(2°) (dashed blue),
CPL4(1°) (solid green), and CPL5(1°) (dashed green). The band-pass filter with
a range of 2-5 year was applied prior to the spectrum analysis.

(e.g., Kelvin or Rossby) and a shorter peri-
od. It has been argued that the wave
dynamics play an important role in the
IOD mechanism, although some details
are still unclear [Gualdi et al., 2003; Fischer
et al., 2005].

A comparison of the power spectra shows
that the atmospheric physics has a signifi-
cant influence on the strength of the IOD
variability. The CPL5 experiments yield
power values twice as high as those of
CPL4 for both the 1° and 2° resolution. By
contrast, the resolution plays a small role
in determining the power. Overall, the
effect of the increased model resolution is
to shorten the periods and slightly weak-
en the power. The atmospheric physics
has a much greater effect on the power.
In section 5, we will analyze possible rea-
sons for the sensitivity results using
Bjerknes feedback theory.

4.4. Phase-Locking

An important feature of the 10D is its
phase-locking behavior, ie., its peak
always occurs in autumn. Figure 9 shows
the standard deviations of the DMI for
observations and model experiments. The

standard deviations of the models all peak in the fall, with most concentrated in October, as in the observa-
tion. The exceptions are POP2 and CPL4(1°), for which the magnitude is slightly larger in September than in
October. These results indicate that the models all have a good ability to reproduce the phase-looking,
although the amplitudes of the standard deviations are much stronger in the models than in the observa-
tions. It should be noted that many other models, including these collected in CMIP5, also have a much
stronger IOD than is observed [e.g., Liu et al., 2014]. Usually, phase-locking is due to an interaction between
the seasonal cycle and the model dynamics. Figure 9 also indicates a good ability of the models to depict
the seasonal cycle, which is probably a major reason why the models can produce realistic phase-locking
behavior. The other main reason is that the IOD phase-locking is most likely primarily determined by the

DMI Monthly Standard Deviation
18 —L 111

oceanic model itself, which is
the same in all experimental
L settings.
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Figure 9. Monthly standard deviation of the DMI for the observations and model
experiments, with respect to the calendar month.

B CPL5(1°)

5. Bjerknes Feedback
Process

A significant bias evident in
these experiments lies in their
simulation of the IOD strength.
As indicated by the composite,
power spectrum and standard
deviation analyses, the 10D vari-
ability is much stronger in the
experiments than in the obser-
vation, particularly in the CPL5
experiments. Indeed, it is a
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Figure 10. Scatter diagrams revealing the relationships during the 10D development phase (JJA), for both the observations and the coupled experiments, between (top) the 850 hPa
zonal wind anomaly (U850A) (m s~ ') in the CEIO and the SSTA (K) in the SEIO, (middle) the thermocline depth anomaly (TDA) (m) in the SEIO and the 850 hPa zonal wind anomaly in the
CEIO, and (bottom) the subsurface temperature anomaly (STA) (K) and the thermocline depth anomaly in the SEIO. The abscissa represents (top) the SSTA, (middle) the zonal wind anom-
aly or (bottom) the thermocline depth anomaly. The ordinate represents (top) the zonal wind anomaly, (middle) the thermocline depth anomaly or (bottom) the subsurface temperature
anomaly. The slopes of the scatter diagrams are indicated at the bottom right in each plot.

common concern in almost all coupled experiments that the simulated 10D is stronger than the observed
10D [e.g., Liu et al., 2011; Cai and Cowan, 2013; Liu et al., 2014]. It has been convincingly argued that the IOD
amplitude is directly linked to the strength of the air-sea feedback process, i.e.,, the Bjerknes feedback, as
reported by Liu et al. [2011], Cai and Cowan [2013], and Xie et al. [2014]. Typically, a stronger Bjerknes posi-
tive feedback generates a greater IOD amplitude. The Bjerknes feedback intensity (BFI), defined as shown
below, is typicall used to quantitatively measure the Bjerknes feedback process [Liu et al., 2011]:

BFI=pC,,WR(u, T)R(D, u)R(T., D) (1)

where p and C,, are the seawater density and specific heat, respectively; w denotes the climatological mean
vertical velocity at the base of the ocean mixed layer; R(u, T) represents how strongly the 850 hPa zonal
wind in the CEIO (5°S-5°N, 70°E-90°E) responds to a unit SSTA forcing in the SEIO (10°S-0°, 90°E-110°E), i.e.,
SST-wind feedback; R(D, u) represents how the thermocline depth in the SEIO responds to the 850 hPa zon-
al wind in the CEIO, i.e., wind-thermocline depth feedback; and R(T, D) represents how the ocean subsur-
face temperature (at 70 m) in the SEIO responds to the thermocline depth in the SEIO, i.e., the thermocline
depth-subsurface temperature feedback.

From the simplified SST tendency equation, we can calculate each item on the right-hand side of equation
(1). Figure 10 shows the SST-wind, wind-thermocline depth, and thermocline depth-subsurface temperature
scatter diagrams during the developing phase of the 10D (JJA) for each year. The slopes of the scatter
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Figure 11. Coupling coefficients (a) R(u, T) (m s~ K™ "), (b) R(D, u) (s), (c) R(T, D) (K m~"), and (d) BFI (W m~2 K~") during JJA for the obser-
vation data and the coupled experiments.

diagrams, as indicated at the bottom right of each plot, are the feedback coefficients, R(u, T), R(D, u), and
R(Te, D), respectively. Compared to the observations, the coupled experiments show similar but steeper
slopes upward from left to right. Figure 11d shows the BFI values for the observations and the four coupled
experiments. As seen in this figure, the BFI well explains the relationship of the 10D intensity among these
experiments, i.e.,, CPL5(2°) > CPL5(1°) > CPL4(2°) > CPL4(1°) > OBS. This finding is very consistent with the
ranking of the 10D amplitudes in these experiments, confirming that the IOD intensity is primarily deter-
mined by the air-sea coupling process.

Further investigation enables the diagnosis of the relative contributions of each item on the right-hand side
of equation (1) to the BFI. Figures 11a-11c summarize each of these components, illustrating the contribu-
tion of the SST-wind feedback, the wind-thermocline depth feedback, and the thermocline depth-
subsurface temperature feedback, respectively, to the BFI for the observation data and the four experi-
ments. Figure 11d reveals that the atmospheric physics exerts a stronger effort on the air-sea coupling pro-
cess than does the resolution, as indicated by the larger BFI value for the CPL5 experiments compared with
the CPL4 experiments. In Figure 11a, however, the SST-wind feedback R(u, T) is stronger in CPL4 than in
CPL5, which is opposite to the overall results shown in Figure 11d. The mean vertical velocity w is also
stronger in CPL4 than in CPL5. Thus, the fact that the BFI is stronger in CPL5 than in CPL4 indicates that the
wind-thermocline depth feedback R(D,u) and the thermocline depth-subsurface temperature feedback R
(Te,D) are two-dominant factors in determining the BFI. We conclude that the new parameterizations in
CAMS5, such as the new shallow convective scheme, result in a stronger zonal easterly wind anomaly, and
these enhanced easterly winds move the surface water toward the western Indian Ocean, causing the ther-
mocline to deepen in the western Indian Ocean and to become shallower in the eastern Indian Ocean. The
shoaling thermocline induces surface and subsurface cooling off the Sumatra-Java coast, which contributes
to an anomalous west-minus-east temperature gradient. The cooling surface and subsurface temperatures,
in turn, constrain the atmospheric convection along the equatorial Indian Ocean, leading to an anomalous
zonal pressure gradient and then consequently strengthening the easterlies zonal wind.

The BFI during the IOD peak (SON) was also examined. It was found that the BFI values are ranked as fol-
lows: CPL5(2°) < CPL4(2°) < CPL5(1°) < CPL4(1°) < OBS (not shown). This ranking is nearly opposite to the
summer (JJA) ranking discussed above, except for the relationship between CPL4(2°) and CPL5(1°).
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This suggests that after the 10D reaches its peak, the stronger feedback process during the development
phase should rapidly decay, and the feedback intensity should more quickly decrease during the decay
phase. In addition, all BFIs from the experiments are smaller in fall than in summer, indicating that the feed-
back process is stronger during the IOD development phase than during the 10D peak phase.

6. Indian Summer Monsoon Simulations

In this section, we investigate the simulation of the Indian summer monsoon using the studied coupled
models. Figure 12 shows the June-September (JJAS) climatology of the 850 hPa winds over the region of
30°S-30°N and 30°E-120°E of the observation and the model experiments, the JJAS climatology of precipi-
tation of the observation, as well as the model JJAS climatology biases of precipitation. As seen in this fig-
ure, heavy rainfall is primarily concentrated over the northern Bay of Bengal, the western Ghat, and the
equatorial Indian Ocean region. Comparing the observations with the model simulations reveals that all
models exhibit dry biases over the Bay of Bengal and dipole-like east-west biases over the equatorial Indian
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Figure 12. (a) The JJAS climatology of observed precipitation (mm d~') and 850 hPa winds (m s~ ). (b—e) Model JJAS climatology of 850
hPa winds, as well as JJAS climatology biases of precipitation for CPL4(2°), CPL5(2°), CPL4(1°), and CPL5(1°).
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Figure 13. The standard deviations of the JJAS rainfall anomalies (mm d~") from (a) the observation data (CMAP) and (b-e) the coupled
models: (b) CPL4(2°), (c) CPL5(2°), (d) CPL4(1°), and (e) CPL5(1°).

Ocean, with dry biases in the east and wet biases in the west. It seems that the CAM5 physics is beneficial
for the simulation of the summer rainfall over the eastern equatorial Indian Ocean, and the CAM4 physics
tends to produce less biases over the western equatorial Indian Ocean. However, the atmospheric model
resolution has little impact on the rainfall simulation results. It should be noted that the biases over the Indi-
an Ocean also exist in many other models, including those collected in CMIP5 [e.g., Sabeerali et al., 2013].

For winds, the models simulate the cross-equatorial flow over the western Indian Ocean, known as the Find-
later Jet [Findlater, 1969], reasonably well as compared with the observations. All experiments are well able
to simulate the equatorial easterlies, with the exception of CPL4(1°), which produces stronger meridional
winds. Evidently, both CPL4(1°) and CPL5(1°) have strong meridional wind biases, indicating that the higher
atmospheric model resolution actually degrades the quality of the simulation of the meridional winds over
the southern equatorial Indian Ocean.

The standard deviations of the JJAS rainfall anomalies from the coupled models and the observation are
shown in Figure 13. Compared with the observations, all coupled models exhibit larger standard deviations,
especially in the southern equatorial Indian Ocean and in the western Indian Ocean. The standard devia-
tions of the JJAS rainfall anomalies are larger in the CPL5 experiments than in the CPL4 experiments.
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Figure 14. The evolution of lead-lag correlation coefficients between 3 month
averaged monthly DMI and JJAS EIMR index in the observation and in the coupled
experiments. Here (—1), (0), and (+1) refer to the year before, during, and after the
Indian monsoon, respectively. The dashed gray and green lines indicate the 95%
significance level for the observation and the coupled experiments, respectively.

The observations found that both the
IOD and ENSO have an important
influence on the Indian summer
monsoon [e.g., Ashok et al, 2004;
Cherchi and Navarra, 2013]. A realistic
representation of the I0D-monsoon
and ENSO-monsoon relationship is a
prerequisite of a successful climate
model. For this purpose, we calculat-
ed the lagged correlation between
the JJAS extended Indian summer
monsoon rainfall (EIMR) index and
the 3 month averaged monthly DMI
for the observation and the studied
models, as shown in Figure 14. Here
the EIMR index was defined as the
mean precipitation anomalies aver-
aged over 5°N-25°N and 60°E-100°E,
as defined by Wu and Kirtman [2003].
As can be seen, there is a significant
positive correlation when the 0D
leads monsoon by around 8 months,
suggesting a possible impact of I0D

on the Indian monsoon rainfall. Such an impact was also reported in Boschat et al. [2011], although they used a
different index for the Indian monsoon rainfall. Compared to the observation, the IOD-Monsoon relationship is
not well captured in models where all correlations are not statistically significant at the confidence level of
95%, although the correlation is higher in the CPL4 experiments than in the CPL5 experiments.

Figure 15 shows the lagged correlation between the JJAS EIMR index and the 3 month averaged monthly
Nino-3.4 (170°W-120°W, 5°S-5°N) SSTA index for the observation and the studied models. For the observa-
tion, a statistically significant positive correlation at the 95% significance level was found, with the ENSO
leading the JJAS monsoon precipitation by 6-9 months; in other words, the preceding fall/winter Nino-3.4
SSTA affects the subsequent JJAS Indian summer rainfall. This result is consistent with the findings of Wu
et al. [2004], Shukla and Kinter [2014], and Shukla and Huang [2015]. However, the observed positive correla-
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Figure 15. Same as Figure 14, but for the lead-lag correlation coefficients between 3
month averaged monthly Nino-3.4 SST index and JJAS EIMR index.

tion is absent in all models. This
suggests that the coupled experi-
ments seem unable to correctly
capture the impact of ENSO on the
Indian monsoon. This is similar to
Shukla et al. [2014, 2015], which
used the NCEP CFSv2 and CFSvil
coupled models, suggesting current
challenges in capturing the ENSO-
monsoon relation in many coupled
models. This is probably due to the
fact that different types of ENSO
have different impacts on the mon-
soon, making it difficult for models
to capture the ENSO-monsoon rela-
tionship [e.g., Islam and Tang, 2016].

The relationship between IOD and
ENSO has been investigated in
numerous studies. For example, it
was found that the 10D tends to
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Figure 16. Same as Figure 14, but for the lead-lag correlation coefficients between 3 month averaged monthly Nino-3.4 SST index and
SON DMI.

co-occur with ENSO or lead ENSO by 1 year [Izumo et al., 2010]. Figure 16 shows the evolution of lead-lag
correlation coefficients between 3 month averaged monthly Nino-3.4 SST index and September-November
(SON) DMI. As can be seen, for observation, the maximum positive correlation occurs when ENSO co-occurs
with the 10D whereas a maximum negative correlation appears when ENSO lags 10D by around 1 year.

The simultaneous positive correlation of IOD-ENSO supports the opinion that both the 10D and ENSO are
different patterns of a tripole mode in the tropical Pacific and Indian Ocean [Lian et al., 2014]. The lagged
negative correlation suggests a possible impact of IOD on ENSO. This is probably because a negative 10D
event is associated with the warming in the southeast Indian Ocean with a peak at the fall, resulting in a
strong convection there. The increased convection in the eastern Indian Ocean strengths the Walker circula-
tion. The easterly wind anomalies accumulate the warm water in the western Pacific, which provides pre-
conditions for ENSO development [Jin, 1997]. During a formation of an ENSO positive phase, the easterly
wind anomalies start to retreat in the eastern Indian Ocean after November, and collapse in the western
and central Pacific soon. This induces warm SST anomalies around the date line in the winter and the spring
of the second year. Then, the SST and wind anomalies are further amplified through the Bjerknes feedback,
finally inducing the peak phase of ENSO at the fall-winter of second year [lzumo et al., 2010]. The observed
IOD-ENSO relationship is well captured in these models, and is better in CPL5 than in CPL4. Figure 16 sug-
gests the possible statistical links of IOD-ENSO. Further study is needed to identify the truth of IOD-ENSO
relationship and the underlying mechanism, which is still an open question in this field.

7. Summary and Discussion

In this study, we presented a detailed assessment of the simulation of the IOD using the latest version of
the CESM. Emphasis was placed on investigating the impacts of the model resolution and different formula-
tions of the atmospheric physics on simulations of the IOD and the Indian summer monsoon. To this end,
two coupled experiments using CAM4 at a high and a low horizontal resolution (CPL4(1°) and CPL4(2°))
were performed. Moreover, because the new version of the CESM includes the updated CAM5 atmospheric
physics model, two additional experiments at different resolutions using CAM5 (CPL5(1°) and CPL5(2°)
were also conducted. The main results can be summarized as follows:

1. The CAM5 physics model and the higher atmosphere resolution are beneficial for simulating the tropical
Indian SST climatology, with a reduced mean bias and improved pattern correlation with observations.

2. Each experiment could realistically reproduce the IOD life cycle. All experiments effectively simulated the
phase-locking of the 10D in the fall. The CAM5 physics seems beneficial for simulating the phase-locking,
whereas the atmospheric resolution has little impact on the 10D phase-locking behavior.

3. The IOD period is primarily affected by the atmospheric model resolution, and a higher resolution results
in a more realistic period.
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4. The 10D intensity in these experiments was predominantly determined by the Bjerknes feedback. The
wind-thermocline depth feedback and the thermocline depth-subsurface temperature feedback are two-
dominant factors in determining the strength of the IOD.

5. CAMS5 results in unrealistically stronger IOD intensity compared with CAM4 when they are coupled with
the same ocean model. The model resolution has less impact on the intensity than does the atmospheric
physics, but the use of a higher resolution can improve the simulation of the intensity.

6. The CAM5 physics seems beneficial for the simulation of the Indian Ocean JJAS rainfall, whereas a higher
atmospheric model resolution tends to result in unrealistically strong meridional winds.

7. The realistic IOD-Monsoon relationship cannot be statistically significantly represented in these experi-
ments although it seems better captured in the CPL4 experiments than in the CPL5 experiments. The sig-
nificantly positive correlation of ENSO leading the Indian monsoon that appears in observation is absent
in all models. The observed IOD-ENSO relationship is well captured in these models, and is better in CPL5
than in CPL4.

As in other coupled models reported in the literature, a notable problem with the IOD simulations per-
formed using these models is an unrealistically strong intensity of the IOD. To investigate this issue, we ana-
lyzed the coupling processes in these experiments by diagnosing their Bjerknes feedback indices. It was
found that the BFI can well explain the IOD intensity. Further analysis revealed that BFl is primarily dominat-
ed by two feedback processes, namely, how strongly the thermocline depth responds to the zonal wind
and how strongly the subsurface temperature responds to the thermocline depth. The stronger zonal wind
anomaly in CAMS5 significantly enhances the two feedback processes.

Studies of the IOD have become a subject of intensive research in the field of tropical air-sea interaction in
recent years. This work presents our recent efforts to investigate several possible factors that may impact
IOD simulations through sensitivity experiments using the CESM, which serves as a necessary step in
improving IOD prediction. The IOD mechanism and the dynamic processes responsible for its basic features
are still not completely clear, although there are well-supported hypotheses. Thus, for simplicity and brevity,
we have confined our discussions mostly to the analyses and comparisons of the experiments themselves,
with some focus on the air-sea coupling feedback process that is primarily responsible for the 10D intensity.
Additional sensitivity experiments and comprehensive diagnostic analyses will be needed to understand
the dominant physical and dynamical processes of the 10D, particularly regarding such 10D features as the
10D phase conversion and period as well as the relationship among the 10D, the Indian monsoon and the
ENSO, which will be pursued in the near future.

Appendix A

A Taylor diagram simultaneously presents the centered root mean square error (RMSE), the pattern correla-
tion and the standard deviation in a visual manner. Given two variables, f, and r,, which are sampled at N
discrete points, the correlation coefficient R between f and r is defined as:

o ST (=) (-7

Of0r

(A1)

where f and 7 are the mean values and o and g, are the standard
deviations of f (i.e, the model) and r (i.e, the observation),
respectively.

The RMSE is defined as:

Or (A2)
Figure A1. Geometric relationship . .
between the correlation coefficient A, the The difference between the means of the two fields is
centered pattern RMSE B, and the stan- _—
dard deviations a7 and g, of the model A=f—r (A3)
and reference (observed) fields,
respectively. Thus, the centered pattern RMSE is defined as:
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The RMSE can be decomposed
into two components, A and B
[Taylor, 2001], as follows:
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All four variables (o¢, o,, R, and
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Law of Cosines, as shown in Fig-
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Figure A2. Taylor diagram for displaying pattern statistics after normalization. o2 o
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This equation contains three variables, a%’ :—f and R, which form a triangle as shown in Figure A2. The ratio of
the standard deviation between the simulation and the observation % is given by the radial distance
from the zero point, as indicated by the dashed circles. Thus, the distance from the dashed circle of radius 1
measures the difference between the model standard deviation and that of the observation data. The angu-
lar axis (R) represents the pattern correlation between the model and the observation, as measured by the

intersection at the bold solid circle of the line connecting the origin point (0,0) and the colored dot. The

ratio of the centered pattern RMSE to the observed standard deviation <§> is represented by the distance

from the reference (REF), as indicated by the solid circles. '
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