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Prediction of precipitation during the Indian summer monsoon (ISM) is a persistent
scientific challenge. The central Indian Ocean (CIO) mode was proposed as a
subseasonal climate mode over the tropical Indian Ocean, and it has a close relation
with monsoon intraseasonal oscillations (MISO) during the ISM both in observations and
simulations. In this study, the prediction skill of the CIO mode in the subseasonal-to-
seasonal (S2S) air-sea coupled models is examined. The ECMWF and UKMO models
display significantly higher skills for up to about 2 and 3 weeks, respectively, which are
longer than other S2S models. The decline of the CIO mode prediction skill is due to the
reduced signal of subseasonal zonal winds at 850 hPa over the tropical central Indian
Ocean (especially along the equator; 5°S-5°N, 70°E-85°E). Therefore, a better simulation
of tropical subseasonal zonal winds is required to improve the CIO mode prediction in
models, and the improvement will benefit a better MISO simulation and a higher prediction
skill during the ISM.

Keywords: the central Indian Ocean mode, prediction skill, subseasonal-to-seasonal (S2S) prediction, signal-to-
noise ratio (S/N ratio), subseasonal zonal winds

INTRODUCTION

The Indian summer monsoon (ISM) typically lasts from June to September and is a key ingredient
to agricultural planning and food production on the rim of the Indian Ocean (Wang et al., 2009;
Goswami et al., 2010). The monsoonal precipitation during the ISM is dominated by monsoon
intraseasonal oscillations (MISO) (Goswami, 2005; Shukla, 2014), which accounts for
approximately 60% of total precipitation variance over the Bay of Bengal (BoB) (Goswami, 2005;
Waliser, 2006). Although monsoonal precipitation during the ISM has been widely studied, the
monsoonal precipitation prediction skill remains low (e.g., Wang et al., 2004; Annamalai et al., 2007;
Sabeerali et al., 2013; Wang et al., 2015). Thus, insight into subseasonal variabilities over the Indian
Ocean can help facilitate better simulations and predictions of the ISM.

Many efforts have been undertaken over the last few decades to develop and improve the prediction
skill of climate models, from the atmosphere-only general circulation model to the more complex
atmosphere-ocean coupled models. Despite several improvements in the atmosphere—ocean coupled
models, the prediction of the ISM using climate models remains a challenging problem (Cherchi and
Navarra, 2003; Gadgil et al., 2005; Li and Zhang, 2009; Wang et al., 2015). Interannual anomalies of
seasonal mean ISM have some predictability (Gadgil and Sajani, 1998; Kang et al., 2002; Preethi et al.,
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2010; Rajeevan et al., 2012), due to the close relationship of the
monsoonal precipitation with El Nifio-Southern Oscillation
(ENSO) (e.g., Kumar et al.,, 2006; Gill et al.,, 2015), the Indian
Ocean Dipole-Zonal Mode (IODZM) (e.g., Murtugudde and
Busalacchi, 1999; Murtugudde et al., 2000; Ashok et al., 2001;
Kripalani and Kumar, 2004), and the Atlantic Nio (Pottapinjara
et al,, 2014). However, the domain of subseasonal-to-seasonal
signals is still regarded as a “desert of predictability” (Waliser et al.,
2003; Vitart et al., 2017). In particular, the importance of the
subseasonal prediction capability in a multiscale “seamless”
climate system has been widely recognized nowadays (e.g.,
Hurrell et al., 2009; Zhang, 2013). Recently, a new intraseasonal
mode, namely, the central Indian Ocean (CIO) mode, was
proposed that benefits the improvement of prediction
deficiencies (Zhou et al., 2017a). The CIO mode is obtained
with the first combined empirical orthogonal function (EOF)
mode of subseasonal zonal winds at 850 hPa (referred to as
U850 hereafter) and subseasonal SST anomalies over the Indian
Ocean (40°E to 120°E, 20°N to 20°S). The positive phase of the
CIO mode enhances the vertical shear of easterly winds, which
benefits the northward or eastward propagation of subseasonal
variabilities in the tropical Indian Ocean and ultimately leads to
rainfall anomalies over the BoB during the ISM (Jiang et al., 2004;
Kang et al., 2010; Zhou et al., 2017a; Li et al,, 2021). The CIO mode
index [defined by the principal component (PC) of the first EOF
mode] has a high correlation with monsoonal precipitation over
the BoB and is not relevant to ENSO or IOD indices (Zhou et al.,
2017a; Li et al., 2020; Qin et al., 2020; Qin et al., 2021; Meng et al.,
2021). Therefore, the CIO mode and its index can provide
independent information which is useful for improving the
prediction of monsoon precipitation during the ISM.

The subseasonal-to-seasonal (S2S) prediction project was
launched in 2013, with a focus on the intraseasonal timescale. It
provides a good database to understand the CIO mode processes
and their predictions in a group of models, and it has served well
in calibrating the forecast systems. Our earlier study (Qin et al.,
2020) found that the CIO mode and its index can be well captured
in most S2S air-sea coupled models on initial days, but it
deteriorates with forecast time. Moreover, intercomparisons
among the S2S models yield a robust evaluation of the CIO
mode simulations and predictions in the state-of-the-art ocean-
atmosphere coupled models, which always lead to better
predictions of MISO and monsoon rainfall during boreal
summer. Thus, understanding the prediction skill for the CIO
mode assists to shed some light on the prediction theory of

summer monsoon rainfall. In this study, we evaluate the CIO
mode predictions in S2S air-sea coupled models and discover the
possible reasons for improving the performance of the CIO mode.
The remainder of this paper is organized as follows. Model
configurations, data, and methods used in this study are
introduced in Section 2. In Section 3, the assessments of the CIO
mode simulations and predictions are investigated. Finally, Section
4 shows the conclusions and discussion.

DATA AND STATISTICAL TECHNIQUES

Datasets

This study uses the real-time forecast products (available with a 3-
week delay) of the S2S database from 11 models (Vitart et al,
2017). The forecast time among models is different, but the
integration length exceeds a month for all models. Since the air-
sea interactions cannot be captured in an atmosphere-only model,
the six atmosphere-ocean coupled models are selected. The
general information of the S2S coupled models, such as model
resolutions and output intervals, is listed in Table 1. Outputs from
most models are available from 2015 to 2020, except for the
United Kingdom Met Office (UKMO) and Meétéo-France/Centre
National de Recherche Meteorologiques (CNRM) which provide
outputs from 2016 to 2020. Twice weekly or weekly outputs [e.g.,
the Australian Bureau of Meteorology (BoM) and European
Centre for Medium-Range Weather Forecasts (ECMWF)] are
interpolated to daily data (Blu et al., 2004). Before the
intercomparison among different models, all variables are
interpolated to a horizontal resolution of 1° latitude x 1°
longitude, which has no impacts on the extraction of
intraseasonal variabilities in this study. All subseasonal
anomalies are obtained with a 20-100-day band-pass
Butterworth filter (Selesnick and Burrus, 1998) so that all
synoptic, seasonal, and longer variabilities are removed.

To assess the quality of simulations and predictions, daily SST
data are obtained from the National Oceanic and Atmospheric
Administration (NOAA) Optimum Interpolated SST (OISST;
Reynolds et al., 2007) with a resolution of 0.25° latitude x 0.25°
longitude. Daily precipitation is obtained from the Tropical
Rainfall Measuring Mission (TRMM 3B42 product) rainfall
data with a resolution of 0.25° latitude x 0.25° longitude
(Kummerow et al., 1998). Wind velocities are from the daily
US National Centers for Environmental Prediction (NCEP)-

TABLE 1 | List of S2S models used in this study.

Models Time range Resolution Ensembles Frequency Real-time length
BoM Days 0-62 TA7L17 32 Twice weekly 2015.1—present
CMA Days 0-60 T106L40 3 Daily 2015.1—present
ECMWF Days 0-46 Tco639/319L91 50 Twice weekly 2015.1—present
CNRM Days 0-61 T255L91 50 Weekly 2015.5—present
NCEP Days 0-44 T126L64 15 Daily 2015.1—present
UKMO Days 0-60 N216L85 3 Daily 2015.12—present

The models are from the Australian Bureau of Meteorology (BoM), the China Meteorological Administration (CMA), European Centre for Medium-Range Weather Forecasts (ECMVVF),
Meétéo-France/Centre National de Recherche Météorologiques (CNRM), National Centers for Environmental Prediction (NCEP), and United Kingdom Met Office (UKMO).
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National Center for Atmospheric Research (NCAR) (Kalnay
et al., 1996) with a horizontal resolution of 2.5° x 2.5°.

Statistical Techniques

The method of projection is applied to evaluate the simulated CIO
mode in $2S models. The SST and U850 anomalies in S2S models
are projected to the spatial structure of positive CIO mode
(Figure 1A). The purpose of the projection method is to extract
the signals that are linearly related to the CIO mode at a specific
time in each model. Then, the simulated CIO mode indices in S2S
models are obtained from the projection at different lead times.
The projected CIO mode index is calculated as

index(t) = > X(i,j) X Y(i,j,t) ... (1)
i

where X(i, j) represents the spatial structure of the observed CIO
mode (Figure 1A); Y is the combined matrix of SST and U850
anomalies; i and j are the indices of latitude and longitude,
respectively; and ¢ represents time.

The correlations, root mean square errors (RMSEs),
amplitude errors, and phase errors are used to evaluate the
prediction skill of the projected CIO indices in the S2S models.

The amplitude errors are calculated by A’”jfﬂ

ol Obs, where Amodel
and A,ys represent the amplitudes of forecast and observation,
respectively. The phase errors represent the differences of phase
speed between forecast and observation. The signal-to-noise
ratio (SNR) [W] (Trenberth, 1984; Trenberth,
1985; Goswami, 2004) is used to investigate the predictability
of the atmospheric and oceanic variables related to the CIO
mode. Var(signal) and Var(noise) represent the variance of
subseasonal anomaly and the residual variability (containing
the variability of a low-pass filter of 100 days and a high-pass

filter of 20 days), respectively.

A
20N The posmv.e CIO mode 10.2%
10N 7
o ——GF 1:{:__:\:*7: =
04/ /~ //n‘ - ,":’f N
e < I
O N TS N
108G L e NS, W
!
208 T 1
60E 90E 120E
7 [ [ [

-05-04 -03-02-01 0 0.1 02 03 04 05

RESULTS

The CIO Mode and Its Processes

The CIO mode is captured as the first combined EOF mode of
subseasonal SST anomalies and subseasonal U850 anomalies
over the tropical Indian Ocean. Previous studies proved that
the spatial structure and the time series of the CIO mode using
different reanalysis products are robust (Zhou et al., 2017a; Qin
et al.,, 2020). The CIO mode obtained with OISST and NCEP-
NCAR reanalyses during the period of 2000-2020 is shown in
Figure 1A. For the positive CIO mode, warm SST anomalies over
the tropical Indian Ocean coexist with an anticyclonic circulation
in the lower troposphere. The corresponding principal
component (PC) of EOFI is defined as the CIO mode index.
The CIO mode index has a high correlation with the subseasonal
monsoonal rainfall during the ISM over the BoB (10°N-20°N,
85°E-100°E; Figure 1B), where the average and standard
deviation (STD) of monsoonal rainfall is large.

The subseasonal precipitation is poorly simulated in S2S
models. For example, the variance of subseasonal precipitation
averaged over the BoB (10°N-20°N, 85°E-100°E) is
46 mm* day * in observations, but it is underestimated at
control forecasts in S2S models (y-axis of Figure 2). Figure 2
shows the scatter plots of the variance of the subseasonal
precipitation in the northern BoB (averaged within 10°N-20°N
and 85°E-95°E) with respect to the variance of the projected CIO
mode index in each model. The variance of subseasonal
precipitation has an obvious positive correlation with the
variance of the CIO mode index in all models (higher than 0.5,
all the correlation coefficients are significant at 95% confidence
level). It indicates that a better reproduction of the CIO mode
index is favorable for capturing the strength of monsoonal
precipitation in models. Moreover, the projected CIO mode
index also has a high positive correlation with the monsoon
precipitation over the BoB in S2S models (not shown, similar to

60E \ 90E  100E  110E

-06 -05 -04 -03 -02 02 03 04 05 06

FIGURE 1 | (A) The central Indian Ocean (CIO) mode pattern obtained by applying combined EOF analysis to daily NCEP-NCAR reanalysis and OISST during the
period of 2000-2020. Colors denote the SST mode (°C): reddish for positive and bluish for negative. Contours denote the zonal wind node (m/s): solid contours for
positive (westerly winds) and dashed contours for negative (easterly winds). (B) Correlation map of subseasonal precipitation during the Indian summer monsoon
(ISM) with the CIO mode index. Contours represent the standard deviation of subseasonal precipitation (mm) during boreal summer, and its spacing interval is 2 mm.
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FIGURE 2 | Scatter plots of the variance of the subseasonal precipitation in
the northern BoB (averaged within 10°N-20°N and 85°E-95°E) with respect
to the variance of the projected CIO mode index obtained from the (A) BoM,
(B) CMA, (C) CNRM, (D) European Centre for Medium-Range Weather
Forecasts (ECMWF), (E) NCEP, and (F) United Kingdom Met Office (UKMO).
All results are obtained from lead time 1 to 27 days in the subseasonal-to-
seasonal (52S) models during the ISM. The black line is the linear regressions
of the scatter plot.

Figure 1B). Hence, the prediction skill of the CIO mode index is
an indication to the prediction of ISM, and a comprehensive
evaluation on the former can shed light on the latter.

To explore the prediction of the CIO mode index in S2S
models, Figures 3A, B show the evolution of the correlation and
RMSEs of the projected CIO mode indices by control forecasts
for each model as a function of the lead forecast time during the
ISM. The correlation is calculated with the observed CIO mode
index. According to Figure 3A, the correlations can reach 0.8 on
initial days in each model, but the correlation in the CNRM
(yellow line) firstly shows an obvious decline after 4 days.
Besides, the BoM (black line), China Meteorological
Administration (CMA) (blue line), and NCEP (gray line) have
similar results, which present a rapid decrease after 1 week. In
contrast, the ECMWEF (red line) and UKMO (green line) show
higher correlations after 1 week than the other models, although
their correlations are not the highest on initial days.

The correlation coefficient of 0.5 is commonly used as the
threshold for the practically useful forecast. The prediction skill
score is defined as the longest lead time when the correlation
drops down to 0.5. The skill scores of control forecast and

ensemble means in each model are shown in Figure 4. The
CIO mode skill scores from control forecast and ensemble means
vary widely among models. Control forecasts (red bars) from the
ECMWF and UKMO have a longer prediction up to 15 and
21 days, respectively. In comparison, the skill scores of control
forecast in the BoM, CMA, and NCEP are around 10 days, while
the correlation firstly becomes under 0.5 after 8 days in the
CNRM (yellow line in Figure 3A). In ensemble means (gray bars
in Figure 4), the CIO mode index can be predicted by the
ensemble means in the ECMWF and UKMO 18 and 21 days in
advance. The ensemble means skill scores show an enhancement
in the BoM, ECMWF, and NCEP compared with the control
forecast, whereas only slight improvements are displayed in the
CNRM. In particular, both control forecast and ensemble means
show that the ECMWF and UKMO models have a statistically
significant lead in the CIO mode predictive skill compared with
all the other S2S models. The model intercomparison based on
ensemble mean may be affected by large differences in ensemble
size between models (listed in Table 1). A larger ensemble size
may favor a higher forecast skill. In order to get a more accurate
intercomparison of the dynamical models, the control forecast
(instead of ensemble mean) is used to further evaluate the
performance skill of the CIO mode prediction for each model.
These results are also confirmed by examining the RMSEs
(Figure 3B) of the control forecast for the projected CIO mode
index. The differences of RMSEs are small on initial days among
S2S models (vary from 0.45 to 0.75), but the RMSE is the highest
in the CNRM (yellow line) at the majority of forecast times. The
ECMWEF (red line) and UKMO (green line) also have relatively
smaller RMSE than the other models during the forecast time of
7 to 15 days, although the RMSE is higher than the BoM (black
line), CMA (blue line), and NCEP (gray line) before 1 week. The
RMSE of 1.0 (black dashed horizontal lines in Figure 3B) is used
as the criterion for practical useful forecast. The RMSEs for the
S2S models reach 1.0 when the lead times are between 7 and
17 days. Although the RMSEs increase rapidly with the lead time,
the ECMWF and UKMO also display smaller RMSEs (below 1.0
before 15 days) than the other models. Figure 3C shows the
errors of the projected CIO mode index amplitude as a function
of lead time during boreal summer. The majority of the S2S
models produce a weaker amplitude of the CIO mode than
observations, by up to about 30% of the CIO mode index
amplitude in almost all models. It indicates the underestimated
CIO mode events and related monsoon rainfall in S2S models.
However, some models (the NCEP and UKMO) produce
stronger CIO mode events at lead times than observations.
Figure 3D shows the phase errors of the CIO mode index in
S2S models. The positive (negative) phase errors represent the
slow (fast) northward propagation of MISO and late (early)
monsoon precipitation relative to observations. The phase errors
are negligible before 2 weeks but clearly increase after 15 days in
all models, resulting in a relatively slowly propagating MISO.
The prediction of the CIO mode amplitude in NCEP is close to
observations, but with increasing positive phase errors from the
lead time of 10 days onwards, which leads to the rapid decline of
correlations in NCEP (gray line in Figure 3A). Such phase errors
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are likely attributed to the influence of systematic errors in the
tropical large-scale circulation and SSTs. Therefore, the above
results suggest that the UKMO and ECMWF are more skillful in
the prediction of the CIO mode than the other models.

Possible Reasons for Better Prediction of
the CIO Mode

Because of the better performance of the ECMWF and UKMO,
these two models are used to further discover the reason for the
decreasing prediction skill of the CIO mode at forecast times.

101112131415161718192021222324252627

FIGURE 3 | (A) The correlations, (B) RMSEs, (C) amplitude errors, and (D) phase errors, as a function of lead time for the projected CIO mode index from S2S
models with the observed CIO mode index during the ISM for the period of 2015-2020.

The prediction skill of the CIO mode has also deteriorated within
4 weeks in the ECMWF and UKMO. The first EOF mode of
subseasonal SST and U850 from the control forecast is further
examined. The simulated CIO mode at the lead time day 1 and
day 15 is basically similar to the observations (Figure 1A),
associated with warm SST anomalies over the tropical Indian
Ocean and an anticyclonic circulation in the lower troposphere.
Figure 5 shows the pattern differences between the observed CIO
mode and simulated CIO mode (the first EOF mode of
subseasonal SST and U850 in models) from the control
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FIGURE 4 | Forecast lead time (in days) when the CIO mode index correlation in the model ensemble means (gray bars) and control forecast (red bars) reaches 0.5.
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FIGURE 5 | (A) Difference maps between the CIO mode of observation and the ECMWEF forecast at a day 1 lead time. Colors denote the SST node (°C), and
contours denote the zonal wind node (m/s). (B) The same as (A), but for the day 15 lead time. (C, D) The same as (A) and (B), but for the UKMO.

forecasts at lead time day 1 and day 15 in the ECMWEF and
UKMO. One can see that the biases of the first EOF mode at lead
time of day 1 are relatively small, and their patterns are similar to
the biases at day 15. The SSTs are warmer in the tropical South
Indian Ocean and colder in the South China Sea in the ECMWF
and UKMO, which are likely attributable to initial values. The
difference of U850 is negligible at lead time of day 1
(Figures 5A, C), but generally becomes greater as the forecast
time increases. The positive values are located in the eastern
tropical Indian and Pacific Oceans and the Arabian Sea, while the

negative values are located over the BoB and the tropical South
Indian Ocean (Figures 5C, D). This suggests that the main biases
of winds may originate from the model dynamical or physical
processes with forecast times, rather than the model initial
value biases.

The downdraft associated with the deep convection over the
western Pacific warm pool is the trigger for positive SST
anomalies in the central Indian Ocean during the positive CIO
mode (Zhou et al, 2017a). To compare the importance of
atmospheric and oceanic variables, SST and U850 in the
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ECMWF and UKMO are replaced with observation and
reanalysis for projection, respectively. Figure 6 shows the
correlations in the ECMWF (red lines) and UKMO (green
lines) during the ISM for the period of 2015-2020. The
projected CIO mode index obtained by the model SST and
U850 from NCEP-NCAR shows a higher performance skill in
the prediction of the CIO mode (dashed lines, over 0.8 for
forecast times). In contrast, the projected CIO mode index
obtained by OISST and U850 in models has no obvious
difference with Figure 3A (solid lines). Therefore, it is
speculated that the increasing bias of U850 is the main reason
for the decreasing prediction skill of the CIO mode in models.
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FIGURE 6 | The correlations in the ECMWF (red lines) and UKMO (green lines) during the ISM for the period of 2015-2020. The dashed lines are calculated with the
SST from the S2S model data and U850 from NCEP-NCAR. The solid lines are calculated with the U850 from the S2S model data and OISST.

To further explore the bias of U850, Figure 7A shows the
SNR as a function of lead time obtained with the ECMWF and
UKMO. The SNR method has been widely used to investigate
atmospheric predictability (Trenberth, 1984; Trenberth, 1985;
Goswami, 2004; Li et al., 2019). The SNR of U850 is calculated
averaged in the tropical Indian Ocean (20°S-20°N, 40°E-120°E),
which is the area for the production of the CIO mode. Such SNR
value represents the strength of zonal winds on subseasonal
timescale. It can be seen that the subseasonal variance and SNRs
of U850 in the UKMO (solid lines) are slightly higher than those
in the ECMWF (dashed lines). Consistent with the subseasonal
variance (red lines), the SNRs (black lines) of U850 show
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FIGURE 7 | The variance (red lines; m? s and SNR (black lines) of subseasonal (A) U850 and (B) U200 in the ECMWF (dashed lines) and UKMO (solid lines) over
the tropical Indian Ocean (20°S-20°N, 40°E-120°E) during boreal summer for the period of 2015-2020.
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FIGURE 8 | The trends of SNR of U850 from initial days to the lead time of 30 days over the tropical Indian Ocean in the (A) ECMWF and (B) UKMO.

decreased trends at forecast times both in the ECMWF and
UKMO and are smaller than that in reanalysis (1.33) after
1 week, indicating the gradual reduction of predictability in the
tropical Indian Ocean. It is reasonably deduced that the U850
will eventually lose predictability when lead time is long enough.

To further discover the spatial pattern of decreased
subseasonal zonal winds, Figure 8 shows the trends of SNRs of
U850 from initial days to the lead time of 30 days over the
tropical Indian Ocean in the ECMWEF and UKMO. Consistent
with Figure 7A, the SNR of U850 trends to negative values over
almost all tropical Indian Ocean. It is also evident that the SNR
becomes lower as lead time gets longer, basically due to the
weakening of the signal. Particularly, the trend of SNR shows a
center over 5°S-5°N, 70°E-85°E, where the easterly wind shear
related to the CIO mode is important for the shift of the
propagation of subseasonal variabilities (Zhou et al., 2017b). It
indicates that the equatorial U850 is of the lowest predictability
and is the key factor for the decreased prediction skill of the CIO
mode in models. The U850 gradually becomes weaker with time
over the equatorial central Indian Ocean and eventually is not
strong enough for the growth of the CIO mode after 2 weeks. As
a result, the inactive subseasonal zonal winds reduce the easterly
wind shear along the equator and the northward propagation of
MISO at forecast times, which ultimately cuts down the
monsoonal precipitation in models.

CONCLUSIONS AND DISCUSSION

The CIO mode was proposed as a subseasonal mode over the
Indian Ocean with a close relation to MISO and the monsoonal
precipitation during the ISM. The S2S database provides a
unique way to evaluate the CIO mode simulation and
prediction in multiple models. Models produce weaker
monsoon precipitation over the BoB than that in nature and
also tend to simulate MISO propagating northward too slowly in
the extended range, which are attributable to a poor rendition of

the CIO mode. The intercomparison in S2S air-sea coupled
models shows that the CIO mode skill scores vary widely
between models. The UKMO model displays significantly
higher skill scores (up to about 3 weeks) with lower RMSEs,
amplitude, and phase errors in the S2S models. The ECMWF and
NCEP show skill to predict the CIO mode evolution around
2 weeks, but the phase error grows rapidly in NCEP. It is revealed
that the bias of subseasonal U850 plays a more important role in
the decreased performance skill of the CIO mode prediction than
oceanic variability in models. The strength of subseasonal U850
is reduced over the tropical central Indian Ocean (especially over
5°5-5°N, 70°E-85°E), leading to the inactive CIO mode at
forecast time in the ECMWEF and UKMO models.

Furthermore, the simulated signal of the subseasonal zonal
wind fields at 200 hPa (U200) is examined using the SNR method
(Figure 7B). Such result is similar to the U850, that is, the SNR of
U200 decreases with time in models. As suggested by Jiang et al.
(2004), the northward or eastward propagation of intraseasonal
oscillation in the tropical Indian Ocean is closely dependent on
the vertical shear of easterly winds. Thus, it is reasonable to
assume that the phase errors may result from the improperly
simulated easterlies in the upper troposphere.

Both observations and model simulations show that the CIO
mode and the associated processes have a close relation with
heavy precipitation during the ISM. For model simulations,
current results indicate that a better representation of the CIO
mode in S2S air-sea coupled models can be expected to improve
both thermodynamic processes and dynamic circulation, which
will in turn contribute to improving the MISO and ISM
simulations. Actually, the predictability limit of the CIO mode
can reach 38 days, which is close to the upper predictability limit
of monsoonal precipitation (Qin et al., 2022). There still remains
a lot of room for improvement in climate models. The relation
between the CIO mode and MISO requires further explorations,
which can shed more light on the role that the CIO mode plays
during the ISM, both in nature and model simulations.
Numerical experiments may provide us with a better chance to
understand the CIO mode and the importance of barotropic
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instability and subseasonal zonal winds over the tropical Indian
Ocean for the CIO mode generation.
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