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Abstract Due to the sparsity of ocean observations, understanding inconsistencies exist even in
qualitative respect about the mechanisms of intraseasonal sea surface salinity (SSS) over the Indo‐Pacific
basin. In this study, a quantitative diagnostic of salinity/freshwater budgets related to the Madden‐Julian
oscillation (MJO) was conducted based onmodel simulations. The model applied is a modified version of the
NCEP Climate Forecast System, version 2. The application of a coupled model other than ocean‐only models
is one of the unique aspects of this study. The model modifications resulted in a more realistic MJO
simulation and a better simulation of intraseasonal SSS variability as validated against the Aquarius
estimates. The mechanisms of the MJO‐related SSS variability are further explored by conducting a salinity
budget analysis over the mixed layer. The analysis indicates a strong spatial variation of dominant
physical processes controlling the local SSS variability. For example, while the role of surface fluxes
dominates in the western Indian basin, oceanic advection plays an important role in the eastern Indian and
western Pacific oceans.

1. Introduction

TheMadden‐Julian oscillation (MJO) (Madden & Julian, 1971) is the primary intraseasonal mode in the tro-
pics during the boreal winter and spring. It is generally considered as an intrinsic mode of the tropical atmo-
sphere (e.g., Wang & Rui, 1990), but the air‐sea coupling is also suggested to be important for its dynamics
(e.g., DeMott et al., 2015; Flatau et al., 1997). In observations, coherent variations have been seen in surface
heatfluxes, sea surface temperature (SST), and convections associatedwith theMJO (e.g., DeMott et al., 2015;
Krishnamurti et al., 1988; Kumar et al., 2013; Shinoda et al., 1998). In many numerical studies, the MJO is
also better simulated when an ocean model is coupled to an atmosphere‐only general circulation model
(AGCM) (e.g., Flatau et al., 1997; Inness et al., 2003; Waliser et al., 1999; Zhang et al., 2006; Zhu et al., 2017),
confirming the role of oceanic feedbacks in the MJO evolution. Furthermore, the inclusion of air‐sea cou-
pling was found to extend the MJO predictability and increase the capability of predicting the tropical intra-
seasonal oscillation (e.g., Fu et al., 2008; Pegion & Kirtman, 2008; Vitart et al. 2007; Zhu & Kumar, 2019).
Thus, investigating the MJO‐related oceanic variability is not only crucial for a better understanding of
the MJO dynamics but also beneficial for its operational predictions.

In comparison with ocean salinity, most of the previous analyses focused on the MJO‐related SST variability
(particularly over the Indo‐Pacific Ocean), and it is because of several reasons: SST can directly influence the
overlying atmosphere while salinity cannot, resulting in more focus on MJO‐SST interactions; historically,
ocean temperature has been better observed than salinity. Regarding SST, numerical experiments suggest
that the observed MJO‐related SST anomalies could be largely reproduced by one‐dimensional mixed layer
models as a response to the observed MJO related surface heat flux anomalies (e.g., Shinoda & Hendon,
1998); however, wind stress‐driven zonal advection also plays a role in the western Pacific (e.g., Shinoda
& Hendon, 2001). Further studies (e.g., Zhang et al., 2010) indicated that the relative importance of the ther-
modynamic versus dynamical forcing has large spatial and temporal variations, which depends on the inten-
sity of the MJO forcing and the ocean background state.

Ocean salinity, on the other hand, is another fundamental physical property of seawater that not only influ-
ences the stratification and circulation of the global oceans but is also a potential indicator of the global
water cycle (e.g., Schmitt, 2008). In some ocean basins (e.g., the Indo‐Pacific warm pool region) where the
upper ocean stratification is largely controlled by salinity, the barrier layer (BL) exists between the base of
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the density‐defined mixed layer and the thermocline (Lukas & Lindstrom, 1991; Sprintall & Tomczak, 1992).
The existence of BL could have significant climate influences (Cravatte et al., 2016). By modulating BL in the
Indo‐Pacific region, for example, salinity is suggested to influence the evolution of important climate modes,
such as Indian Ocean Dipole (e.g., Annamalai et al., 2003), El Niño‐Southern Oscillation (e.g., Maes
et al., 2005; Zhu et al., 2014), and the Asian Monsoon (e.g., Seo et al., 2009). The feedback of salinity onto
the MJO is also suggested via its modulation in upper ocean stratification variability (e.g., BL) and further
in intraseasonal SSTs (e.g., Drushka et al., 2014; Guan et al., 2014).

Quantifying salinity variability is historically challenging due to the sparsity of its observations, but this issue
is somewhat alleviated since the advent of Argo profiles (Roemmich & Owens, 2000) and satellite salinity
missions (e.g., Aquarius, Lagerloef, 2012; SMOS, Font et al., 2013). On intraseasonal time scales, these
new data sets have yielded new insights into salinity variability associated with the MJO (e.g., Drushka
et al., 2012, 2014; Grunseich et al., 2013; Guan et al., 2014; Matthews et al., 2010; Shinoda et al., 2013). By
a composite analysis of 4‐year Argo float data, for instance, Matthews et al. (2010) found that the
MJO‐related sea surface salinity (SSS) anomalies are consistent with evaporation minus precipitation fluxes
(E − P) in the Indian Ocean and with anomalous zonal advection in the Pacific. Based on Argo data as well,
Drushka et al. (2014) evaluated the modulation of BL on the upper ocean response to the MJO forcing in the
eastern equatorial Indian Ocean, and significant consequences were identified with thicker BLs correspond-
ing to weaker SST anomalies. Grunseich et al. (2013) analyzed 18 months of Aquarius SSS data and con-
cluded that MJO‐related SSS anomalies in both the Indian Ocean and West Pacific were governed by
E− P forcing. The Aquarius‐based conclusion was updated by Guan et al. (2014), who found more complex-
ity in salinity budget, with the MJO‐related SSS variations attributed to the E − P forcing in the western
Indian Ocean throughout the MJO life cycle and in the central Indian Ocean during the wet phase of the
MJO cycle and implicitly attributed to ocean dynamics in the central Indian Ocean during the dry phase
and in the eastern Indian and western Pacific Oceans throughout the MJO cycle. The observational diag-
noses are also complemented by forced ocean simulation experiments (e.g., Li et al., 2015; Li & Han, 2016).

In general, the previous studies suggested significant modulations of upper‐ocean salinity by the MJO, but
inconsistencies in their results remain, even in qualitative respect, about the relative effect of E − P flux ver-
sus the of role ocean dynamics (Grunseich et al., 2013; Guan et al., 2014; Matthews et al., 2010). Most of the
conclusions were drawn based on a qualitative description of patterns of SSS and E − P anomalies, with the
role of ocean dynamics inferred implicitly.

To provide more insights about the MJO‐related SSS anomalies, in this study, we provide a quantitative
description of salinity/freshwater budgets related to the MJO, which has been hindered by sparse coverage
of salinity observations together with a lack of high‐quality three‐dimensional ocean current observations.
Our analysis is based on a coupled model simulation. The utility of coupled models in such an analysis is
challenging because of long‐standing model biases. For the MJO particularly, shortcomings remain in simu-
lating its amplitude, period, seasonality, and geographical dependence (e.g., Hung et al., 2013; Jiang
et al., 2015). A common shortcoming, for example, is that the eastward propagation of convections across
the Maritime Continent is poorly represented in many general circulation models (GCMs) with standing
oscillations of convective activity over the Indian Ocean or western Pacific (Jiang et al., 2015). Similar biases
in the ocean are also evident in contemporary coupled GCMs (CGCMs). Zhu and Kumar (2019) identified
large biases in simulating the climatological BL distribution and intraseasonal SSS variability in CFSv2
(Saha et al., 2014). These model deficiencies could limit the utility of CGCMs in scientific explorations. In
this study, improved simulation of the MJO and intraseasonal SSS variability was achieved by applying mod-
ifications to the operational CFSv2 (Saha et al., 2014), and thus, the use of simulations based on this model
results in a more realistic assessment of the SSS variability in different ocean basins.

2. Model, Experiments, and Analysis Methods
2.1. Model and experiments

The model used is the NCEP CFSv2 (Saha et al., 2014; see the supporting information for a brief description
of CFSv2). In this paper, the operational version of CFSv2 (Saha et al., 2014) is referred to as CFSv2SAS to
highlight its application of simplified Arakawa‐Schubert scheme (SAS; Pan & Wu, 1995) for parameterizing
atmospheric convections. For the application of CFSv2 in this study, two modifications were introduced in
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the operational version. The first one is a replacement of its convection scheme with the relaxed
Arakawa‐Schubert (RAS; Moorthi & Suarez, 1992) scheme, and the configuration is referred to as
CFSv2RAS to distinguish from CFSv2SAS. Zhu et al. (2017) suggested that the adoption of RAS significantly
improves the MJO simulations, particularly its eastward propagation through the Maritime Continent.

The second model modification is an enhancement of ocean vertical resolution to 1 m near the ocean sur-
face. In both CFSv2SAS and CFSv2RAS, the ocean component has a vertical resolution of 10 m for the upper
200 m, as in most climate models. Considering that a 10‐m vertical resolution is too coarse to represent the
mixed layer diurnal cycle (Bernie et al., 2005; Li et al., 2013) which has been suggested to be important in
modulating MJO convection (e.g., Bellenger et al., 2010) and its prediction (e.g., Woolnough et al., 2007),
the oceanic vertical resolution of CFSv2 was increased to 1 m near the ocean surface (the upper 10 m; Ge
et al., 2017). To facilitate the resolution change, the oceanic component of CFSv2 is also replaced by the
newer MOM5. The new configuration is hereafter referred to as CFSm501, which includes both atmospheric
and oceanic modifications as described above. Zhang et al. (2019) found that the application of 1‐m vertical
resolution predicted intraseasonal SST anomalies with larger amplitudes and produced higher prediction
skill in both intraseasonal SST and rainfall anomalies.

In this study, the above three CFSv2 configurations (i.e., CFSv2SAS, CFSv2RAS, and CFSm501) were inte-
grated for more than 20 years, starting from a CFSR (Saha et al., 2010) initial state. All diagnostics are based
on the last 15‐year simulations by treating the early years as spin‐up periods.

2.2. Mixed layer salinity budget analysis

To provide a quantitative description of the role of ocean dynamics versus E − P in intraseasonal salinity
variability, a budget analysis is performed for mixed layer salinity in CFSm501. The budget analysis is formu-
lated as follows (e.g., Cronin & McPhaden, 1998):

∂Sa
∂t

¼ 1
h
S0 E − Pð Þ − va ·∇Sa −

1
h
∇ · ∫

0

−h
bvbSdz − 1

h
Sa − S−hð Þ dh

dt
þ w−h

� �
−
1
h
F−h; (1)

with symbols explained in the supporting information. As described in Cronin and McPhaden (1998), the
local change in the vertically averaged salinity can be due to the dilution effect of the surface freshwater
flux (evaporation minus precipitation), horizontal advection by the vertically averaged currents, stratified
shear flow convergence, vertical entrainment process, and turbulent diffusions.

2.3. Data Sets

Some observations were adopted to validate model simulations, including daily SSS from the Aquarius Level
3 product based on the Combined Active‐Passive algorithm (Yueh, 2013), rainfall estimate from the CPC
CMORPH product (Joyce et al., 2004), and 850‐hPa zonal winds from the CFSR (Saha et al., 2010). The
MJO events in both observations and simulations are tracked by the real‐time multivariate MJO (RMM)
index (Wheeler & Hendon, 2004), with the observed daily RMM index values obtained through http://
www.bom.gov.au/climate/mjo/. Validations are mostly made for January 1998 to December 2014 but for
August 2011 to June 2015 (the Aquarius record period; Lagerloef, 2012) for SSS.

3. Results

As the focus of this study is theMJO‐related SSS variability, a prerequisite for usingmodel simulations is that
the MJO is realistically simulated by the model. Figure 1 examines the simulated MJO features with three
CFSv2 configurations, with the focus on its zonal propagation and is documented by the lag‐longitude dia-
grams of equatorial properties regressed against the Indian Ocean precipitation.

In observations (Figure 1a), the MJO‐related convection tends to propagate eastwards across the Maritime
Continent from the eastern equatorial Indian Ocean to the western Pacific. Contemporaneous GCMs, how-
ever, still have different levels of fidelity in representing the propagation, and many of them simulate stand-
ing oscillations of convective activity over the Indian Ocean or western Pacific (e.g., Inness et al., 2003; Jiang
et al., 2015). This propagation simulation bias is also present in CFSv2SAS (Wang et al., 2014; Zhu et al., 2017)
in which the intraseasonal convection activity stops propagating when encountering the Maritime
Continent (color shading in Figure 1b). Our previous studies (Zhu et al., 2017) suggested that the
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propagation bias in CFSv2SAS might be related to its misrepresentation of overlying SSTs. Specifically, in
observations, warm SST anomalies corresponding to convective activity in the Indian Ocean were present
to the east of the Maritime Continent (e.g., Krishnamurti et al., 1988; Kumar et al., 2013; Shinoda
et al., 1998; Figure 1a). This SST signal, however, was absent in CFSv2SAS (Figure 1b). Zhu et al. (2017)
further found that the misrepresented SST conditions ahead of convections in CFSv2SAS could be
attributed to its simulation bias in surface latent heat fluxes that were affected by surface winds in both
zonal and meridional directions.

When the atmospheric convection scheme in CFSv2SAS is replaced with the RAS scheme (i.e., CFSv2RAS),
the zonal propagation of MJO convections was significantly better reproduced (Figure 1c). For CFSv2RAS,
the phase relationships among precipitations, low‐level winds, SSTs, and surface heat fluxes associated with
theMJOwere all realistic, as demonstrated in Zhu et al. (2017). In CFSm501, theMJO (particularly the zonal
propagation of its associated convection) was also well simulated, which is significantly better than
CFSv2SAS (Figure 1d vs. Figure 1b) and has a similar fidelity as CFSv2RAS despite some difference in fine
structures (Figure 1d vs. Figure 1c). The comparison among the three CFSv2 configurations confirms a pre-
vious finding, that is, among various model configuration factors, the atmospheric convection parametriza-
tion is the foremost for simulations of the MJO (Zhang et al., 2006).

While the above validation suggests that CFSv2RAS and CFSm501 can realistically capture the observed pro-
pagation of MJO convections, they are not guaranteed to achieve a realistic simulation of associated oceanic
variability, for example, the simulation of intraseasonal SSS variability. Figure 2 presents the spatial distri-
bution of intraseasonal SSS variations in simulations by CFSv2RAS and CFSm501 and the observational
counterpart based on Aquarius, with climatological SSS distributions superimposed. Note that the intrasea-
sonal SSS variations are related not only to the MJO but also to other factors like ocean internal variability in
the form of eddies and instability waves. In Aquarius observations (Figure 2a), larger intraseasonal SSS var-
iations are present over the central‐eastern tropical Indian Ocean (including the Bay of Bengal) and the wes-
tern equatorial Pacific Ocean where the amplitude of variation can reach 0.2 psu (and even larger in parts of

Figure 1. November–April lag‐longitude diagram of 10°S to 10°N averaged intraseasonal (20–100‐day filtered)
precipitation anomalies (colors) and SST anomalies (contours) regressed against the Indian Ocean precipitation
(70–100°E, 10°S to 10°N) for (a) observations (CMORPH precipitation and OI SST), (b) CFSv2SAS, (c) CFSv2RAS, and (d)
CFSm501. SST contours are plotted at −0.09, −0.06, −0.03, −0.02, −0.01, 0.01, 0.02, 0.03, 0.06, and 0.09°C/(mm/day).
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the Indian basin). The observed spatial pattern is generally captured by CFSv2RAS (Figure 2b vs. Figure 2a),
but the amplitude is clearly too weak over the whole tropical Indian and western Pacific region. In
particular, over the central‐eastern tropical Indian and western equatorial Pacific Oceans, the SSS
variation magnitude is 0.1–0.15 psu in CFSv2RAS (Figure 2b), which is around 40–50% weaker than the
Aquarius counterpart. In CFSm501 (Figure 2c) that has 1‐m vertical resolution near the ocean surface, the
spatial pattern of intraseasonal SSS variations is similar to that in Aquarius (Figure 2a) and CFSv2RAS
(Figure 2b), but its simulated magnitude demonstrates significant improvements over CFSv2RAS
(Figure 2c vs. Figure 2b). Over the central‐eastern tropical Indian and western equatorial Pacific Oceans,
for example, the magnitude of intraseasonal SSS variations in CFSm501 is around 0.2 psu, which is
comparable to the Aquarius estimate. Thus, the commonly used 10‐m vertical resolution is not fine
enough for a realistic simulation of intraseasonal SSS variability, and the 1‐m vertical resolution generally
has the capability. Our experiments with only two choices of vertical resolutions (i.e., 10‐ and 1‐m),
however, are too limited to provide a more definite requirement for an oceanic vertical resolution to
realistically capture the intraseasonal SSS variability. In addition, both simulations clearly underestimate
the intraseasonal SSS variability over the northern Bay of Bengal and the northern South China Sea, which

Figure 2. Standard deviation of intraseasonal (20–100‐day filtered) SSS anomalies (psu) in (a) Aquarius, (b) CFSv2RAS,
and (c) CFSm501. The superimposed contours are climatological SSS (contour interval: 0.4 psu). The four black boxes in
Figure 2c are used for analysis in Figure 4.
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might be related to factors like unrealistic local salinity front (see contours in Figure 2 over the northern Bay
of Bengal), river discharge plume, or mesoscale eddies.

Figure 3 further illustrates the intraseasonal SSS evolution over the composite MJO cycle in CFSm501 and
compares it with its Aquarius (Lagerloef, 2012; Yueh, 2013) counterpart. Similar calculations were also per-
formed by Guan et al. (2014) (their Figure 2) for the Aquarius SSS based on a shorter period (i.e., August 2011
to May 2013) and by Zhu and Kumar (2019) (their Figure 3) for the CFSv2RAS simulation. As pointed out
previously by Zhu and Kumar (2019), the Aquarius‐based analyses of Guan et al. might include large uncer-
tainties because of a relatively short SSS record (around 22 months) applied for their MJO composites. For
example, while the near 4‐year Aquarius SSS record presents a clear eastward‐propagating feature over
the composite MJO cycle (Figure 3a), the propagating signal is not well organized in Guan et al. (2014) (their
Figure 2), which, instead, is dominated by stationary oscillations. CFSm05 (Figure 3b) realistically captures
the SSS eastward‐propagating feature over the composite MJO cycle. In comparison with CFSv2RAS (Figure
3b in Zhu and Kumar, 2019), the magnitude of composite SSS anomalies in CFSm501 (Figure 3b) is stronger
and closer to the Aquarius estimate (Figure 3a), which is consistent with the variance comparison made in

Figure 3. Composite MJO lifecycle of intraseasonal SSS anomalies (psu) in (a) Aquarius observations and (b) CFSm501. For each phase, the composite value is the
average of the days when the MJO is in a particular phase and the MJO amplitude is greater than 1, which range from 78 days for Phase 8 (374 days for Phase 2) to
126 days for Phase 1 (442 days for Phase 4) in Aquarius (CFSm501). Values in shadings are significant at the 90% level based on two‐tailed Student t test.
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Figure 2. Therefore, with the adoption of the RAS convection scheme and the 1‐m vertical resolution near
the ocean surface, CFSm501 demonstrates high fidelity in simulating the MJO‐related SSS variability. In
the following analysis, we will further investigate the mechanisms attributed to the MJO‐associated SSS
variability in CFSm501.

When compared against the intraseasonal convection (Figure S2) over the composite MJO cycle, the above
intraseasonal SSS signal (Figure 3) roughly follows the propagation of convections in both observation and
CFSm501. This relationship, in a qualitative sense, seems to suggest an important role played by the fresh-
water flux in modulating the MJO‐related SSS variability (e.g., Grunseich et al., 2013). Over some regions
(e.g., the eastern Indian and western Pacific Oceans), however, the relationship between precipitation and
SSS seems more complex, suggesting a possible contribution from ocean dynamics in the SSS variability
(e.g., Guan et al., 2014; Matthews et al., 2010).

To provide a more quantitative description of the influence of factors (e.g., surface freshwater fluxes and
ocean dynamics) contributing to the intraseasonal salinity variability in CFSm501, a budget analysis
(Equation 1; Cronin & McPhaden, 1998) is performed for the mixed layer salinity. The mechanisms for
the MJO‐related SSS variability in CFSm501 are investigated by Figure 4, which illustrates composite
MJO lifecycle of upper‐ocean salinity budget terms averaged over four regions in the equatorial Indian
and Pacific Oceans (the same regions defined in Guan et al., 2014). The analyses extend the observational
counterpart of Guan et al. (2014; Figure 3) by including the explicit contributions from ocean dynamics.
Another difference from Guan et al. is that the tendency of salinity other than salinity itself is presented
in this analysis. Note that in their illustrations, leads/lags must be considered to identify a causal linkage
when examining phase relations between salinity and other budget terms; the calculations presented here,
however, could directly give a quantitative description of contributions by different factors.

Figure 4. Composite MJO lifecycle of upper ocean salinity budget terms in CFSm501 for (a) the western Indian Ocean
(57.5–67.5°E, 5°S to 5°N), (b) the central Indian Ocean (70–80°E, 5°S to 5°N), (c) the eastern Indian Ocean (82.5–92.5°E,
5°S to 5°N), and (d) the western Pacific Ocean (155–165°E, 5°S to 5°N). Sa_tendency (black), EmP (red), ADVz
(green), ADVm (blue), ENT (magenta), and ShCON (aqua) respectively stand for budget terms related to tendency, E − P,
zonal advection, meridional advection, vertical entrainment, and stratified shear flow convergence.
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First, we make a more careful comparison with the observational analyses by Guan et al. (2014). In the
western Indian Ocean (Figure 4a), the MJO‐related SSS anomalies are dominantly controlled by the
E − P forcing despite a small mismatch in their peaks, and contributions from ocean dynamics are gen-
erally negligible. The nearly in‐phase relation between SSS tendency and E − P is consistent with the
near‐quadrature relation between SSS and E − P in Guan et al. (2014). In the central Indian Ocean
(Figure 4b), the mismatch between the peaks of E − P flux and salinity tendency becomes larger, but
the E − P forcing is still a major contribution to the SSS anomalies. The peak mismatch seems to corre-
spond to a complex phase relationship between observational E − P and salinity anomalies suggested by
Guan et al. (2014), who concluded a different phase lag during the MJO wet versus dry phases. Besides, in
this region, the role of zonal advection term becomes evident, but contributions from other oceanic terms,
including meridional advection, vertical entrainment, and stratified shear flow convergence, are
still small.

In the eastern Indian Ocean (Figure 4c), the contribution from the zonal advection term becomes even larger
and replaces the E− P flux as the dominant term. The E− P flux term becomes in a quadrature relation with
the salinity tendency, which is consistent with the nearly in‐phase relation between E − P and salinity in
Guan et al. (2014). The contribution from the meridional advection term also becomes nonnegligible, while
those from other terms are still small. In the western Pacific Ocean (Figure 4d), ocean dynamics also play a
dominant role in the local SSS changes, with the contribution by zonal advection complemented by the mer-
idional advection term. For the E − P flux, as in Guan et al. (2014), it plays a complex role: It is generally in
an opposite phase with the salinity tendency during Phases 1–6, but in the same phase during Phases 7–8.

Overall, it is encouraging that in CFSm501 the roles of E − P in the MJO‐related SSS anomalies over the
Indo‐Pacific basin are consistent with the observational findings by Guan et al. (2014). Particularly, the com-
parison between the four regions suggests that different factors play different roles. Moving eastwards from
the western Indian Ocean (Figure 4a) to the western Pacific Ocean (Figure 4d), for example, the E − P flux
becomes less important in contributing the local MJO‐related SSS changes, which even makes a negative
contribution in the western Pacific Ocean during the MJO wet phase. Our further diagnostics also suggest
that over all the four regions, the dominant contribution to E − P is from the precipitation (P) component
(Figure S4). On the other hand, when moving eastwards, the role of ocean dynamics becomes more impor-
tant, which is consistent with the inference by Matthews et al. (2010) and Guan et al. (2014). Specifically,
while the zonal advection term is negligible in the western Indian Ocean (Figure 4a), it plays a dominant role
in the eastern Indian (Figure 4c) and western Pacific Oceans (Figure 4d).

4. Conclusion and Discussion

This study is to complement previous observational studies (Grunseich et al., 2013; Guan et al., 2014;
Matthews et al., 2010) about the mechanisms of intraseasonal SSS variability over the Indo‐Pacific basin.
In the previous studies, mostly due to the sparsity of ocean observations (particularly ocean currents), a sim-
plified salinity budget equation, ignoring the contribution from ocean dynamics, was used, and mechanisms
were suggested qualitatively based on the relationship between salinity and E− P anomalies associated with
the MJO. Despite the efforts, inconsistencies were reported by the studies about roles of E − P versus ocean
dynamics in the MJO‐related SSS variability over the region.

In this study, by explicitly calculating the contributions from ocean dynamics, a more quantitative descrip-
tion of salinity/freshwater budgets related to the MJO was made based on outputs from a modified CFSv2.
Compared to the operational CFSv2 (Saha et al., 2014), the CFSv2 applied in this study has a different atmo-
spheric convection scheme and a higher vertical resolution in the near‐surface ocean. The modifications
resulted in more realistic simulations of the MJO and intraseasonal SSS variability. The budget analysis
about the MJO‐related SSS variability indicates a strong regional dependency on physical processes control-
ling the local SSS variability. Particularly, as moving eastwards from the western Indian Ocean to the wes-
tern Pacific Ocean, the E − P flux becomes less important in controlling the local MJO‐related SSS
changes, and ocean dynamics, in contrast, become more important. A similar finding was also achieved
in forced ocean‐alone experiments (e.g., Li et al., 2015). Besides, by comparing with previous observational
studies (e.g., Guan et al., 2014), it is also encouraging to see that CFSm501 generally captured the relation
between the MJO‐related E − P and SSS anomalies over the Indo‐Pacific basin.
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Our diagnostics also suggest that the modified CFSv2 might be a good tool to address other salinity‐related
scientific questions. A particular example will be how salinity (BL) could feedback onto theMJO evolution, a
hypothesis being investigated by the Dynamics of the Madden‐Julian Oscillation (DYNAMO; Yoneyama
et al., 2013) field campaign. So far, some studies (e.g., Drushka et al., 2014; Guan et al., 2014) have implied
that salinity can feedback ontoMJO variability by modulating upper ocean stratification variability (e.g., BL)
and further intraseasonal SST. However, it seems challenging to discover direct evidence proving such feed-
back because of significant model biases (Zhu & Kumar, 2019). The modified CFSv2 with improved salinity
and BL (not shown) simulations could be a better candidate for such explorations, which are hard to be
addressed by forced ocean‐alone experiments. Besides, we also plan to utilize the model for some observing
system simulation experiment (OSSE) studies in support of TPOS 2020 (Cravatte et al., 2016).
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