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Abstract The 30-60-day boreal summer intraseasonal
oscillation (BSISO) is the predominant intraseasonal vari-
ability in the Asian summer monsoon (ASM) region, repre-
senting the canonical northward and northwestward propa-
gating convective components over South Asia (SA) and
East Asia/western North Pacific (EA/WNP) sectors in con-
junction with eastward propagating convective anomalies.
The objective of this study is to assess possible changes of
the 30-60-day BSISO in future global warming condition
by comparing the twentieth century simulation with the
twenty-first century projection produced by the CNRM-
CMS5 model under the representative concentration path-
way 8.5 (RCP 8.5) scenario. In response to the increase
of sea surface temperature in the tropical and subtropical
Indian and Pacific Oceans, the saturation specific humidity
in the planetary boundary layer (PBL) increases by about
16 %, providing more moisture and moist static energy for
tropical convection. Thus, the BSISO will be intensified,
with large-amplitude events prevailing in a broader range of
the Indo-Pacific region. The convective signal will initiate
over more westward parts of the Indian Ocean and decay
over the more eastward tropical Pacific. As the strength-
ening of northward propagations over the SA and EA/
WNP sectors is intimately related to equatorial enhanced
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convective anomalies, the enhanced convective anomalies
are accompanied by stronger ascents on the top of the PBL,
together with the wetter seasonal-mean PBL background,
resulting in stronger northward propagations through mois-
ture mechanisms. Moreover, due to the increased moisture-
holding capacity of the low-level atmosphere, the phase
speeds of SASM and EA/WNP northward propagation will
decrease.
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1 Introduction

The Fifth Assessment Report (ARS) by the Intergov-
ernmental Panel on Climate Change (IPCC 2013) sug-
gests that the trend of global warming will continue in the
twenty-first century even under the lowest greenhouse gas
concentration scenario of the representative concentration
pathway 2.6 (RCP 2.6). Due to the inertia of climate sys-
tems, the global mean surface temperature for 2081-2100
relative to 1986-2005 is projected to possibly increase at
least in the range of 0.3-1.7 °C. Under this global warm-
ing projection, changes in the boreal summer rainfall will
not be uniform, with rainfall over the Asian monsoon areas
likely to increase (Turner and Annamalai 2012; Seo et al.
2013), while rainfall over mid-latitude and subtropical dry
regions are likely to decrease. As an important indicator of
the Asian summer monsoon (ASM), the significant increase
in the ASM rainfall implies a modification to the Asian
monsoon climate system. Besides the seasonal variation,
the ASM also possesses considerable variability on a wide
range of timescales. Within the annual cycle, intra-seasonal
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oscillation is a dominant variability of the ASM, charac-
terized by several active and break sequences occurring
within each summer season (Webster et al. 1998; Mao et al.
2010). An ill-timed active episode or lull in the monsoon
rains may have devastating effects on agriculture even if the
summer seasonal-mean rainfall is normal (Webster et al.
1998). Therefore, assessing potential impacts of global
warming on the boreal summer intraseasonal oscillation
(BSISO) over the entire ASM area is of great importance.

Compared to its wintertime counterpart, the Madden—
Julian Oscillation (MJO; Madden and Julian 1971, 1972),
BSISO over the ASM region has a more complex structure
(e.g., Sperber et al. 2013), with northward propagation of
convective anomalies over the South Asia (SA) sector in
conjunction with the eastward propagation (Wang and Xie
1997; Annamalai and Slingo 2001; Jiang et al. 2004; Zhang
2005; Lee et al. 2013), and the northwestward propaga-
tion over the East Asia/western North Pacific (EA/WNP)
sector (Annamalai and Slingo 2001; Kemball-Cook and
Wang 2001; Seo et al. 2007; Mao et al. 2010; Lee et al.
2013). Such complex propagations result in regional heat
sources and sinks (Annamalai and Slingo 2001), particu-
larly a northwest to southeast tilted rainband (Sperber and
Annamalai 2008). Over the SA summer monsoon (SASM)
region, there are two prominent modes within the broad
range of subseasonal periods, one being the 10-20-day
westward propagating mode (Krishnamurti and Ardanuy
1980; Chen and Chen 1993; Fukutomi and Yasunari 1999)
and another being 30-60-day oscillation with striking
northward propagation from 5°S to 25°N (Yasunari 1980;
Wang and Rui 1990; Jones et al. 2004). The intraseasonal
variations over the EA/WNP monsoon region are also con-
trolled primarily by 30-60-day and/or 10-20-day oscilla-
tions (Lau et al. 1988; Annamalai and Slingo 2001; Mao
and Chan 2005).

As an integrated system, the 30-60-day BSISO is char-
acterized by the quadrupole pattern (Kemball-Cook and
Wang 2001; Annamalai and Sperber 2005; Seo et al. 2007;
Lee et al. 2013): active (suppressed) convection anomalies
dominate the Indian subcontinent and extend over the Bay
of Bengal (BOB), maritime continent and equatorial west-
ern Pacific (EWP; 5°S-5°N, 100°-140°E), while convec-
tion anomalies with the opposite sign occupy the equato-
rial Indian Ocean (EIO; 5°S-5°N, 70°-100°E) and WNP
(10°-20°N, 100°-140°E). This quadrupole structure, which
indicates the 30—60-day BSISO along the Indian and west-
ern Pacific longitudes being interactive and intertwined,
arises from the complex propagations over the entire ASM
region. As shown in Lee et al. (2013), the northward prop-
agation over the SASM area leads to the south-north ori-
ented dipole pattern between the EIO and the Indian sub-
continent—-BOB. Similarly, the northward/northwestward
propagation over the EA/WNP area gives rise to another
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dipole pattern. The equatorial eastward propagation from
the Indian Ocean to the western Pacific connects the dipole
over the Indian longitudes with the complementary dipole
over the EA/WNP sector (e.g., Annamalai and Sperber
2005), thus forming the quadrupole pattern.

The 10-20-day BSISO mode features an elongated
and front-like convection band extending from the WNP
through the South China Sea (SCS) to the EIO, with a
northeast to southwest slope (Lee et al. 2013). Since the
evolution of 10-20-day BSISO greatly differ from that of
the 30-60-day BSISO, changes of these two intraseasonal
modes should be discussed separately. In the present study,
we mainly focused on how the 30-60-day BSISO will
behave in the warmed climate.

So far, most studies have paid more attention to the pos-
sible changes of the boreal wintertime MJO in a warmer
climate system (Jones and Carvalho 2011; Liu 2013; Yang
et al. 2013; Subramanian et al. 2014), while how and to
what extent BSISOs will be modified under global warming
conditions have not been investigated. While the wintertime
MJO is mainly confined to the equatorial areas, BSISOs
propagate poleward prominently over monsoon regions,
thereby influencing the ASM monsoonal weather and cli-
mate more directly (Goswami et al. 2003; Bhat 2006; Ko
and Hsu 2006, 2009; Ding and Wang 2009; Li et al. 2015).
BSISOs are noted to modulate the occurrences of extreme
synoptic events, especially the genesis of tropical cyclones
(Goswami et al. 2003; Ko and Hsu 2006, 2009). They are
also responsible for seasonal-mean droughts or floods
(Bhat 2006; Ding and Wang 2009; Li et al. 2015). There-
fore, studying the modifications of BSISOs in the future
climate has profound implications.

Yang et al. (2013) and Sabeerali et al. (2014) suggested
that the northward propagating BSISO over the SASM area
will intensify under the global warming condition due to
the enhanced air-sea interaction. Sabeerali et al. (2014) also
found that the northward propagation tends to slow down
and attributed this change of phase speed to the reduced
easterly vertical shear and the reduced moisture gradient
across the equator. However, changes of BSISOs over the
EA/WNP area are unclear. Moreover, because BSISOs over
the SASM and EA/WNP areas are interconnected, modifi-
cations of the spatial distribution and life cycle evolution
over the entire ASM region deserve further investigation.

Because coupled general circulation models (CGCMs)
are essential tools for predicting future climate change,
the ability of a CGCM to realistically simulate the present-
day climate is very important for the reliability of climate
projections. Although current models still have difficulties
in simulating all characteristics of BSISOs (Waliser et al.
2003; Lin et al. 2008), great improvements have been made
from the third to the fifth phases of the Coupled Model
Inter-comparison Project (CMIP3 to CMIPS) (Hung et al.



Changes in the boreal summer intraseasonal oscillation projected by the CNRM-CMS5 model under... 3715

2013; Sperber et al. 2013). The CNRM-CMS5 model stands
out among the CMIP5 models for the following reasons.
First, the CNRM-CM model has long been one of the few
CGCMs participating in the CMIP3 and CMIPS5 that has
a reasonable representation of the MJO (Lin et al. 2006;
Hung et al. 2013; Jiang et al. 2015). This CGCM captures
the realistic vertical structures of key dynamical and ther-
modynamical variables, which are essential for a quality
representation of MJO. It can realistically represent the
interactions between small-scale cumulus convection and
large-scale circulation, with such interactions being the core
of intraseasonal oscillation theory. Second, Sperber et al.
(2013) and Sabeerali et al. (2013) stated that the CNRM-
CMS5 model produced a reasonable pattern of the seasonal-
mean rainfall and 850-hPa winds during the boreal sum-
mer, with a high resemblance to the observations. Again,
as the simulation performance of BSISOs depends on real-
istic reproduction of the seasonal-mean ASM circulation
(Ajayamohan and Goswami 2007), the results of Sperber
et al. (2013) and Sabeerali et al. (2013) provide another
piece of evidence that the CNRN-CM5 model has prior-
ity in simulating the BSISOs. Third, Sabeerali et al. (2013)
and Jiang et al. (2015) showed that the CNRM-CMS5 model
not only captures the 30-60-day eastward propagation over
the EIO but also reproduces the secondary amplification
over the EWP and the eastward movement beyond 100°E,
while most of the other CMIP5 models fail to simulate the
eastward propagation east of 100°E. This reasonable repre-
sentation of 30-60-day BSISO in the CNRM-CM5 model
suggests that the simulation results of this model are reli-
able for studying the changes of 30-60-day BSISO over the
ASM region in a global warming scenario.

Because most of the existing work about the changes of
intraseasonal oscillations under the global warming scenario
is mainly focused on the wintertime MJO or BSISO over
the SASM area, paying less attention to the BSISO over
the EA/WNP region, the objective of the present study is to
investigate the possible changes of the 30-60-day BSISO
over the entire ASM region, in terms of spatial distribution
and propagation characteristics. We approach this goal by
conducting a comparative analysis between the historical
run (also referred to as “twentieth century simulation™) and
the global warming projections (also referred to as “twenty-
first century simulation”) by the CNRM-CM5 model.

Section 2 briefly describes the CNRM-CMS5 model, the
observational datasets, and the methods used to diagnose
the modifications of the 30-60-day BSISO. The changes
in summertime seasonal-mean climate in terms of dynami-
cal and hydrological fields in a global warming scenario
are outlined in Sect. 3. Section 4 presents the changes of
the 30-60-day mode in the warmed climate and provides
related mechanisms for the changes. Finally, a summary
and discussion are given in Sect. 5.

2 Model simulations and methods
2.1 CNRM-CMS5 model

The CNRM-CMS is the new version (Voldoire et al. 2013)
of the CGCM (CNRM-CM) developed jointly by CNRM-
GAME (Centre National de Recherches Météorologiques-
Grouped’études de 1" Atmosphere Météorologique) and
Cerfacs (Centre Européen de Rechercheet de Formation
Avancée). The atmospheric component of CNRM-CMS is
a spectral model that operates on a T127 triangular trunca-
tion, equivalent to a spatial resolution of about 1.4° in both
longitude and latitude, with 31 vertical layers. The oce-
anic component is based on the ocean part of the Nucleus
for European Modelling of the Ocean (Madec 2008). The
atmospheric, oceanic, and other components (the land sur-
face and sea ice models) are run as separate executables,
with the OASIS3 coupler (Valcke 2006) used to synchro-
nize, interpolate and exchange the coupling fields.
Compared with the previous version CNRM-CM3,
CNRM-CMS has improved dynamics and physical parame-
terizations (Voldoire et al. 2013). Horizontal resolution was
increased both in the atmosphere (from 2.8° to 1.4°) and in
the ocean (from 2° to 1°) components. A new long-wave
radiation scheme (Mlawer et al. 1997) was introduced, and
the treatments of tropospheric and stratospheric aerosols
were improved. The land surface scheme ISBA (Interaction
between Soil Biosphere and Atmosphere) (Noilhan and
Planton1989; Noilhan and Mahfouf 1996) was externalized
from the atmospheric model through the SURFEX (SURF-
face EXternalisée) platform and included new develop-
ments such as a parameterization of sub-grid hydrology
(Decharme and Douville 2006, 2007), a new freezing
scheme and a new bulk parameterization for ocean surface
fluxes. These developments generally improve the simula-
tion of present-day climate in terms of near surface tem-
perature and large-scale circulation (Voldoire et al. 2013).

2.2 TPCC ARS scenarios

For the [IPCC ARS, four scenarios were designed: RCP 2.6,
RCP 4.5, RCP 6.0 and RCP 8.5. All of these are consid-
ered likely changes in future anthropogenic greenhouse gas
emissions, with a possible range of radiative forcing in the
year 2100 relative to 1850 of 2.6, 4.5, 6.0, and 8.5 W m~2,
respectively. The RCP 2.6 is a mitigation scenario and the
RCP 4.5 and RCP 6.0 represent stabilization scenarios,
while the RCP 8.5 is a scenario of extremely high green-
house gas emissions (IPCC 2013). The historical simu-
lation forced by the observed atmospheric composition
changes was integrated from 1850 to 2005. We extracted
the simulation results over the recent 20 years from 1981
to 2000 to demonstrate present-day climate. The RCP 8.5
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simulation was integrated from 2006 to 2100, and the out-
puts over the last 20 years from 2081 to 2100 were used
to reflect future climate. The historical and RCP 8.5 simu-
lations of CNRM-CMS5 were compared to investigate the
changes of BSISOs under the global warming context. The
reason for choosing RCP 8.5 rather than RCP 4.5 or RCP
6.0 is that more pronounced changes are likely to be identi-
fied in this extreme warming scenario.

2.3 Validation data

To validate the simulation of the CNRM-CMS5 model for
the present-day climate, we compared the results of the
CNRM-CMS5 simulation with those of observational data
in terms of seasonal-mean circulation and rainfall for the
period 1981-2000. Monthly gridded rainfall and horizontal
winds at 850-hPa were extracted from the Japanese 55-year
Reanalysis project conducted by the Japan Meteorologi-
cal Agency (Kobayashi et al. 2015). Both the precipitation
and horizontal wind data have a horizontal resolution of
1.25° x 1.25°.

2.4 Methods

We first examined the changes of summertime (1 May to
31 October) seasonal-mean rainfall, 850-hPa winds, sea
surface temperature (SST) and moisture at the planetary
boundary layer (PBL; below 700-hPa), since these are sea-
sonal-mean background closely related to BSISOs. Daily
anomalies for key variables (such as rainfall and 850-hPa
zonal winds) of BSISOs were obtained by removing the
seasonal cycle (time-mean and the first three harmonics of
the daily-resolved climatology) and interannual and dec-
adal variability (the mean of the last 120 day) (Lee et al.
2013) for the twentieth and the twenty-first century sim-
ulations. A 10-day running mean was then applied to the
anomaly time series for each variable to remove the high-
frequency components not of interest here, thus isolating
the intraseasonal signals (Li et al. 2015). Both rainfall and
zonal winds at 850-hPa were used to represent the BSISO
activities in the CNRM-CMS5 model because the coupling
between low-level atmospheric circulation and tropical
convection is the major feature of BSISOs (Hsu and Weng
2001; Jiang et al. 2004). Although satellite-observed out-
going longwave radiation (OLR) is a good proxy for tropi-
cal convection (Liebmann and Smith 1996), the OLR in
the CNRM-CMS5 model is calculated from the temperature
at the top of model clouds that have a number of uncer-
tainties (Arakawa 2004). Therefore, the modeled OLR is
not as good as the satellite-based OLR to represent tropi-
cal convective situation. Instead, the modeled rainfall is a
commonly used variable to reflect the intraseasonal behav-
iors of tropical convection (Hung et al. 2013; Jiang et al.
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Fig. 1 Regression coefficients (shading) of OLR anomalies againstp
the a South Asian Dipole Index (SADI) and b East Asian Dipole
Index (EADI) during the boreal summer (May—October) for the
period 1981-2000. Stippling indicates the regions where the coeffi-
cients are statistically significant at the 5 % significance level. ¢ Com-
posite evolutions of OLR (color scale, W m™2) and 850-hPa wind
(vectors, m s~!) anomalies based on the quadrupole pattern index
(QPI) during a BSISO cycle for phases 1-8. Only shown are the OLR
and wind anomalies that are statistically significant at the 5 % signifi-
cance level. The magnitude of the reference vector is provided at the
bottom right. The four rectangular areas denote the key regions used
for calculating the SADI and EADI

2015), thus it is utilized to reveal the changes of BSISO
activities.

Wavenumber-frequency spectra of rainfall and 850-hPa
zonal wind intraseasonal anomalies under different climate
conditions were compared to study the changes in ampli-
tude and frequency of the equatorial eastward propagation.
We also used the longitude—lag—time correlation diagram,
in which anomalies of the associated variables at each grid
point were regressed at the different time lags against the
reference time series to confirm the changes of eastward
propagation along the equator. The statistical significance
for regression or correlation coefficients was tested on the
basis of two-tailed probabilities.

Lee et al. (2013) conducted the multivariate empirical
orthogonal function (MV-EOF) of OLR and 850-hPa zonal
wind anomalies over the ASM region and used the first
and second principal components of MV-EOF to represent
the evolution of the 30-60-day BSISO in the form of the
characteristic quadrupole pattern of convection anomalies.
Given that the quadrupole pattern actually consists of the
SASM dipole and the complementary EA/WNP dipole,
which are connected by the equatorial eastward-propagat-
ing component (Annamalai and Slingo 2001; Annamalai
and Sperber 2005), we proposed an alternative method to
represent this quadrupole pattern and its evolution: first, the
South Asian Dipole Index (SADI) and East Asian Dipole
Index (EADI) were constructed, respectively; then, the
quadrupole pattern index (QPI) was defined as the differ-
ence between the SADI and EADI, so as to represent the
complementary phase relationship between two dipoles
over the SASM and EA/WNP areas.

Because the meridional dipole pattern along the Indian
longitudes is actually a time-lagged dipole pattern, with
the wettest convection anomalies over the EIO lagging the
driest convection anomalies around 15°N by about 10 days,
the SADI was defined in the following procedure: (1) lead-
lag correlation coefficients between the area-averaged
30-60-day filtered OLR anomalies over the EIO and the
Arabian Sea—Indian subcontinent-BOB (10°-25°N, 70°-
100°E) were calculated, and (2) the SADI at a particular
time 7 was defined as the difference between the 30-60-day
filtered OLR anomalies over the EIO at time (7 + 7,,,) and
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the 30-60-day filtered OLR anomalies over the Arabian
Sea-Indian subcontinent-BOB at the time 7, with 7,,, being
the lag at which the negative correlation coefficient peaks.
Figure la displays the regression coefficients of the 30—60-
day filtered OLR regressed against the SADI. The regres-
sion coefficients exhibit a seesaw pattern between the EIO
and Arabian Sea—Indian subcontinent—BOB, indicating that
the above-defined SADI sufficiently represents the north-
ward propagation over the SASM region.

The northward/northwestward propagation over the
EA/WNP area also gives rise to the lagged dipole pattern
within the western Pacific longitudes, with the convec-
tion anomalies over the EWP lagging those of the opposite
sign over the WNP by 10 days. Therefore, we similarly
defined the EADI at time ¢ as the difference between the
area-averaged 30—60-day filtered OLR anomalies over the
EWP at time (7 + 7,,,) and the area-averaged 30-60-day fil-
tered OLR anomalies over the WNP at the time 7, with 7;,,
being the lag at which the correlation coefficient reaches
the minimum. The spatial distribution of regression coef-
ficients against the EADI also supports the definition of
EADI (Fig. 1b).

To test the feasibility of QPI, composites of OLR and
850-hPa wind anomalies were made during phases 1-8 of
standardized QPI (Fig. 1c). Phase 1 represents the transi-
tion of QPI from negative to positive, while phase 3 repre-
sents the maximum of QPI. Phase 5 is the transition from
positive to negative QPI, while phase 7 indicates the mini-
mum of QPI. Phase 2 and phase 4 (phase 6 and phase 8)
occur at times when QPI reaches 0.5 standard deviation
above (below) zero. As shown in Fig. Ic, the structure and
evolution of the 30-60-day BSISO reflected by QPI are
similar to those in Lee et al. (2013), see fig. 9 in that study),
confirming that the definition of QPI is reasonable.

Although the CNRM-CMS5 model reproduces the north-
ward propagations over both the SASM and EA/WNP
areas, the complementary relationship between these two
dipoles is not well captured, with the SASM dipole being
accompanied by convection anomalies with the same sign
over the EWP and SCS (see fig. 11k of Sabeerali et al.
2013). Therefore, changes of northward propagation over
the SASM and EA/WNP regions were analyzed sepa-
rately in the present study. As mentioned above, the mod-
eled rainfall is better at reflecting tropical convection than
modeled OLR, the SADI and EADI of the CNRM-CMS5
simulation were defined using modeled rainfall instead of
OLR. Based on the standardized SADI (EADI), northward
propagation of the BSISO over the SASM (EA/WNP) area
was also divided into eight phases. Composite analyses for
the rainfall-associated variables (such as vertical motions
and moisture) were made according to the above phase
classification to further examine the changes of northward
propagation characteristics of the BSISO and to explore the
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mechanisms behind the modifications. The statistical sig-
nificance for composite fields of anomalous variables was
estimated based on Student’s ¢ test. Note that in testing the
statistical significance of composite anomalies as well as
regression or correlation coefficients, the effective sample
size of the intraseasonal time series for a particular vari-
able was recalculated using the method of Bretherton et al.
(1990), since the time filtering could reduce the degree of
freedom of the filtered time series.

3 Changes in boreal summer climate

Reasonable simulations of BSISOs depend on a well-
reproduced summertime seasonal-mean state (e.g.,
Sperber and Annamalai 2008). Figure 2 compares the
distributions of climatological summer rainfall and
850-hPa winds derived from the reanalysis data and the
simulation results to show how well the CNRM-CMS5
model reproduces the seasonal-mean background. Dur-
ing the boreal summer, as shown in Fig. 2a, the belts of
subtropical high break into anticyclone centers in both
hemispheres. The northeasterlies on the southern side of
the subtropical anticyclone in the Northern Hemisphere
and the southeasterlies on the northern side of the sub-
tropical anticyclone in the Southern Hemisphere con-
verge toward the equator, leading to the inter-tropical
convergence zones (ITCZ) over the Pacific and Atlan-
tic Oceans. Strong Somali cross-equatorial flows that
originate from the Mascarene anticyclone in the South-
ern Hemisphere veer toward the east on the north side
of the equator, forming a low-level westerly jet from the
Arabian Sea to the BOB and a large-scale cyclonic vor-
ticity extending from the northern BOB to the EIO. This
low-level circulation over the SASM region leads to a
rainfall center (>8 mm day~') from the northern BOB
to the eastern EIO. Over the EA/WNP sector, there is a
distinct northeast-southwest oriented extratropical rain-
belt along the East Asian coast, which is associated with
the subtropical EASM. This extratropical rain-belt is
separated by the WNP subtropical anticyclone from the
tropical rain-belt, in a band stretching from the SCS into
the EWP, which results from the monsoon trough. The
tropical rain-belt is also related to cross-equatorial flows
from Australia and upstream westerlies from the north-
ern Indian Ocean. The extratropical rain-belt is caused
by the Meiyu (in China)-Baiu (in Japan)-Changma
(in Korea) front, in association with the southwester-
lies on the northwestern side of the WNP subtropical
anticyclone.

Compared with Fig. 2a, the CNRM-CMS5 model suffi-
ciently captures the present-day climate during the boreal
summer, reproducing all the rain-belts and main circulation
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Fig. 2 Distributions of climatological summer (1 May to 31 Octo-
ber) rainfall (color scale, mm dayfl) and 850-hPa winds (vectors,
m s~!) in the twentieth century derived from a JRA-55 reanalysis
data for the period 1981-2000, b historical simulations for the period
1981-2000, and c in the twenty-first century derived from global

systems, especially over the ASM region (Fig. 2b),
although the simulated rainfall over the EIO is weaker and
extends more westward to near the eastern African coast.
The global pattern correlation between observed and sim-
ulated rainfall reaches 0.87, consistent with the result of
Sabeerali et al. (2013). Note the underestimation of simu-
lated rainfall over global tropical and subtropical zones in
the Northern Hemisphere, while rainfall over mid-latitudes
in the Southern Hemisphere is overestimated. This implies
that the CNRM-CMS5 model may underestimate rainfall
over the ASM area. Also overestimated is the rainfall in the
tropical Pacific south of the equator, which is associated
with the so-called double ITCZ (Lin et al. 2006; Voldoire
et al. 2013).

In the global warming scenario, while the spatial pat-
tern of large-scale circulations is similar to that in the
twentieth century (Fig. 2c), the rainfall over the northern
Indian Ocean, including the Indian and Indochina penin-
sulas, and the ITCZs in the tropical Pacific and the tropi-
cal eastern Atlantic increase significantly. This can be
identified more clearly by the differences in summertime
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warming simulations for the period 2081-2100. The magnitude of
the reference vector is provided at the bottom right. d The differences
(color scale, mm day~') of simulated climatological summer rainfall
between c the twenty-first century and b the twentieth century

seasonal-mean rainfall between the twenty-first and the
twentieth century (Fig. 2d), with an increase being on the
order of 1.5 mm day~'. The increase of rainfall over both
the Arabian Sea and the equatorial eastern Pacific implies
that tropical convection will take place in a broader region
in the twenty-first century. Note that the rainfall over the
EIO south of the equator is decreased unexpectedly. A sim-
ilar phenomenon is also derived from other models such as
CCSM4 under the identical global warming scenario, as
shown in Subramanian et al. (2014).

Based on a moist static energy budget analysis, Neelin
and Held (1987) stated that tropical convection centers gen-
erally correspond with the oceanic areas of higher SSTs.
The warmer ocean can transport more water vapor into the
lower atmosphere, increasing the moist static energy, thus
favoring occurrence of deep convection. As a consequence,
under the warmed climate condition, the intensified rain-
belt is likely to result from the changes of SSTs and result-
ant increased moisture in the lower atmosphere. Therefore,
Fig. 3 displays the seasonal-mean SST and PBL saturation
specific humidity during summertime in the historical and
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Fig. 3 Distributions of climatological sea surface temperatures
(shading, °C) and 1000-hPa saturation specific humidity (contours,
g kg~ !; contour interval is 2.5 g kg™!) during the boreal summer (1
May to 31 October) in a the twentieth century for the period 1981—
2000 and b the twenty-first century for the period 2081-2100

RCP 8.5 runs. For the present-day climate simulation, the
Indo-Pacific warm pool (enclosed by the 28 °C isotherm),
which is closely related to the rain-belt from the BOB
through the SCS to the tropical WNP, is well simulated
(Fig. 3a), indicating that the close connection between rain-
fall and SST is reasonably reproduced in the CNRM-CM5
model.

In the extreme warming scenario, both the tropical and
subtropical Indian Ocean—western Pacific get warmer sig-
nificantly, with SSTs in the entire northern Indian Ocean
and western North Pacific rising universally from 28 °C in
the twentieth century to 30 °C (Fig. 3b). As a result, the
actual Indo-Pacific warm pool covers a much larger area as
compared with the present-day situation. Note that several
higher SST centers above 31 °C exist in the Arabian Sea,
the northern BOB, and the SCS where the ASM monsoon
prevails. Because the warm pool serves as an important
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source of moisture for the atmosphere, it is conceivable that
the future changes in tropical SSTs may affect the hydro-
logical cycle. Based on the Clausius—Clapeyron equation
for the atmospheric water vapor, the warmed SSTs indicate
a new equilibrium between the ocean and atmosphere, with
the saturation specific humidity increasing by about 7 %
for each 1 °C warming in SSTs (Held and Soden 2006). As
the Indo-Pacific warm pool gets warmer by around 2.5 °C,
the area-averaged saturation specific humidity in the near
sea surface atmosphere over the warm pool may increase
by about 16 % (Fig. 3b). Because the saturation specific
humidity denotes the water-holding capacity of the atmos-
phere, the increased saturation vapor pressure of the near
sea surface atmosphere over the warm pool will enhance
the upward latent heat fluxes, transporting more moisture
into the lower-level atmosphere, thus providing a favora-
ble condition for rainfall occurrence. Note that over the
EIO, the mean rainfall will tend to decrease (Fig. 2d) in
the future, even though the local SST increases (Fig. 3b).
This may be attributed to the decreased vertical velocity
at 500-hPa over the EIO in the warmer climate (Subrama-
nian et al. 2014). Why the atmospheric response over the
EIO differs from that over other oceanic areas needs further
investigation.

Because seasonal-mean and intraseasonal variations
share the same spatial modes of variability (Molteni et al.
2003), the significant modifications of seasonal-mean back-
ground by global warming implies that intraseasonal oscil-
lations may also behave differently in the warmed climate.
Liu (2013) and Subramanian et al. (2014) pointed out that
in response to the increase of low-level water vapor, MJO
activities are enhanced significantly by global warming.
Thus, the moister lower troposphere may lead to modifi-
cations of convection activities on the intraseasonal time-
scale. Will the amplitude of BSISOs also intensify under
global warming? Will there be changes of periodicity and
propagating patterns of the BSISOs? These questions are
addressed in the next section.

4 Changes in the BSISOs

4.1 Changes in the spatial distribution and amplitude
of BSISOs

Figure 4a presents the simulated standard deviations of
BSISOs in the present-day climate. Consistent with the
observations (see fig. 1b in Lee et al. 2013), most BSISO
activities are reproduced over the EIO, the BOB and the
SCS—tropical WNP (Fig. 4a), although the strength of
intraseasonal rainfall anomalies over these centers is under-
estimated. The twentieth-century simulation also properly
represents the spatial distribution of 850-hPa zonal wind



Changes in the boreal summer intraseasonal oscillation projected by the CNRM-CMS5 model under... 3721

45°N

30°N

15°N

00

15°S

90°E 120°E 150°E 180°

2 4 6 8 10

45°N

30°N

15°N

00

15°S

1 2 3 4

(6]

7 v s
45°N -

30°N

15°N

15°S -

f?°E 1 2i°E 1 ii°E 180°

1 2 3 4 5

Fig. 4 Standard deviations of the a unfiltered, ¢ 30-60-day filtered
and e 10-20-day filtered intraseasonal rainfall anomalies (color scale,
mm day~!) during the boreal summer (1 May to 31 October) derived

anomalies on the intraseasonal timescale (not shown), with
a high pattern correlation (0.89) with the observations.
These indicate that the CNRM-CMS5 model provides a rea-
sonable representation of the intraseasonal coupled circula-
tion—convection systems over the entire ASM region dur-
ing the boreal summer. In the extreme warming scenario,
amplitudes of BSISOs over the eastern EIO, the BOB as
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from the twentieth century simulation for the period 1981-2000. b, d,
f As in (a), (c) and (e) except for the twenty-first century simulation
for the period 2081-2100

well as the tropical western Pacific increase significantly
(Fig. 4b), in agreement with the results of Sabeerali et al.
(2014). Moreover, the BSISO activities are confined mostly
to the west of 150°E in the present-day simulation (Fig. 4a)
due to water vapor deficiency over the tropical central-
eastern Pacific, while the future warmer and wetter PBL
will promote the BSISO activities more eastward, with the
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isoline of 8 mm day~' extending to around the dateline
(Fig. 4b).

The BSISO activities over the ASM are mainly made
up of 30-60-day and 10-20-day modes. How and to what
extent does each of these two dominant modes change in
the warming scenario? As shown in Fig. 4c, e, both 30—60-
day and 10-20-day oscillations share the same spatial dis-
tribution with total BSISO activity. However, amplitudes of
major activity centers of the 30-60-day BSISO are much
larger than those of the 10-20-day BSISO. This is con-
sistent with the observation that the 30-60-day BSISO
explained about 67 % of the overall intraseasonal vari-
ability over the ASM area (Annamalai and Slingo 2001),
implying that the CNRM-CMS5 model again captures the
intraseasonal feature that the 30—60-day BSISO predomi-
nates over the 10-20-day mode.

In the twenty-first century, the intensities of 30-60-
day rainfall anomalies will increase significantly over the
eastern EIO and the BOB as well as the tropical western
Pacific under the RCP8.5 scenario (Fig. 4d), with the iso-
line of 3 mm day ' covering a larger area. In contrast,
intensifications of 10-20-day BSISO (about 0.5 mm day ')
are not significant compared with the 30-60-day mode
(1-2 mm day~!) (Fig. 4d, f), indicating that the intensi-
fied BSISO activities under global warming are contributed
more by the 30—60-day mode. Therefore, in the following
subsections, we mainly examine the possible changes of
the 30—60-day BSISO over the ASM in a warmer climate.

4.2 Changes in the equatorial eastward propagation

The evolution of the 30-60-day BSISO over the ASM
region comprises three components: the equatorial eastward
propagation, northward propagation over the SASM and
northwestward/northward propagation over the EA/WNP
regions (Annamalai and Slingo 2001; Lee et al. 2013). As
the meridional propagation components are considered as
Rossby wave responses to the equatorial eastward propaga-
tion modulated by the seasonal-mean monsoon circulation
(Wang and Xie 1997; Annamalai and Sperber 2005), the
change of the equatorial eastward propagation is crucial for
the life cycle of 30-60-day BSISO activities over the ASM
area.

Frequency-wavenumber power spectra of equatorial
intraseasonal rainfall and 850-hPa zonal wind anomalies
(Fig. 5a) show that the CNRM-CMS5 model successfully
reproduces the equatorial eastward propagation, with the
spectral peaks concentrating at zonal wavenumbers 1-2
and a frequency band of 0.016-0.033 cycle per day (equiv-
alent to a period of 30—60 days). There is also a westward
propagating component in the 850-hPa zonal winds, with
a period of 30-60 days, but the amplitude is much weaker
than its eastward counterpart. Under the global warming
scenario, power spectra in both equatorial rainfall and 850-
hPa zonal wind anomalies are increased evidently within a
broader frequency band of 0.01-0.033 cycle per day (equiv-
alent to the period of 30-100 days) and zonal wavenumbers
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Fig. 5 Wavenumber-frequency power spectra of the boreal summer
(1 May to 31 October) equatorial (10°S-25°N) intraseasonal rainfall

(shading, mm? dayfz) and 850-hPa zonal wind (contours, m*> s
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the contours start from 0.01 with an interval of 0.03) anomalies for a
the twentieth century and b the twenty-first century simulations. The
periods used to calculate are the last twenty years from each century
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Fig. 6 Lagged—time-longitude diagram of correlation coefficients
between 30 and 60-day band-pass filtered rainfall (color scale) and
850-hPa zonal wind (contours) anomalies over the equatorial regions
(10°S-10°N) against area-averaged 30-60-day filtered rainfall over
the EIO (10°S-5°N, 75°-100°E) for the boreal summer (1 May to
31 October) for a the twentieth century simulation computed from

1-2 (increased by 0.12 mm? day 2 and 0.25 m? s 2, respec-
tively) (Fig. 5b), indicating a strengthening of the intra-
seasonal coupled circulation—convection system. Note that
the increases of power spectra occur mostly in the fre-
quency band corresponding to 30-60 days, with increased
spectra within the 30-60-day frequency band being about
0.098 mm? day~2 (0.2 m®> s~2) for intraseasonal rainfall
(850-hPa zonal wind), accounting for 81.6 % (80 %) of the
totally increased spectra of 0.12 mm? day 2 (0.25 m* s
in the entire (30-100-day) frequency band. Since the spec-
tral peak concentrates within the 30-60-day frequency
band in the present-day climate and since the maximum
spectral increase again appears within the 30-60-day fre-
quency band in the global warming scenario, it is implied
that the phase speed of the equatorial eastward propagation
will not change significantly in the warmed climate.

To further confirm the changes of the fundamental
propagating and time-varying nature of the equatorial
component, Fig. 6 presents the time-lag—longitude dia-
grams of simulated 30—60-day rainfall and 850-hPa zonal
wind regressed against the area-averaged rainfall over the
EIO. The evident eastward propagation across the East-
ern Hemisphere is reproduced well in the historical simu-
lation (Fig. 6a), with strong signals originating from the
central Indian Ocean and then moving eastward across
the Maritime Continent and quickly decaying beyond the
120°E. The eastward phase speed is about 7.4 m s~!, with
the positive rainfall anomaly leading the anomalous west-
erly by 4-5 days. In the RCP 8.5 run, the origin of the
equatorial eastward propagation extends westward to the

the period 1981-2000 and b the twenty-first century simulation cal-
culated from the period 2081-2100. The contour interval is 0.1, with
the zero contour omitted and negative contours dashed. The stippling
indicates the regions where both correlation coefficients are statisti-
cally significant at the 5 % significance level. Thickened solid lines
indicate the equatorial eastward propagation

western Indian Ocean. Moreover, strong rainfall anomalies
propagate more eastward to 135°-140°E in the RCP 8.5
run (Fig. 6b). Consistent with Fig. 4d, the BSISO activi-
ties are observed in a broader area along the equator under
the warmer climate. Note that the phase speed is about
7.26 m s~!, also implying that the phase speed of the equa-
torial eastward propagation will remain almost unchanged
in the global warming scenario. It has been stated in Sect. 3
that the warmer SSTs of the Indo-Pacific warm pool lead to
a wetter PBL (Fig. 3b), with a significant increase in mois-
ture-holding capacity. This increase in the residence time of
atmospheric moisture delays the triggering of convection,
and thus tropical convections have more time to accumulate
energy (Trenberth 2011). Therefore, the equatorial BSISOs
intensify significantly.

4.3 Changes in the northward propagation over the
SASM region

Lawrence and Webster (2002) suggested that the northward
propagating BSISO over Indian longitudes occurs mostly
in conjunction with the equatorial eastward propagating
component. The diagnostic results in Sect. 4.2 indicate a
stronger eastward movement along the equator in the global
warming scenario. We will further examine the changes of
the associated poleward propagation in the warmer climate.

As the 30-60-day BSISO over the Indian Ocean longi-
tudes is confined mainly to latitudinal zone between 10°S
and 30°N, it is assumed that the BSISO activities nearly
vanish around the most southern and northern latitudes
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Fig. 7 Finite domain wavenumber-frequency power spectra of the
boreal summer (1 May to 31 October) intraseasonal rainfall (shading,
mm? day’z) and 850-hPa zonal wind (contour, m? s2, the contours
start from 0.05 with an interval of 0.05) calculated over the SASM
area (10°S-30°N, 70°-100°E) for a the twentieth century and b the
twenty-first century simulations. The period used to calculate is the
last 20 years from each century. Lagged—time-latitude diagram of
correlation coefficients between 30 and 60-day band-pass filtered

of this zone, thus we conduct finite domain wavenumber-
frequency analysis in the meridional direction. Because
the series of intraseasonal rainfall or 850-hPa zonal wind
in the meridional direction is not cyclic, a split-cosine-bell
tapering is applied before the Fourier transform to reduce
the leakage from spectral peaks, with 10 % of the series
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rainfall (color scale) and 850-hPa zonal wind (contours) anomalies
over the Indian Ocean longitudes (70°-100°E) against the area-aver-
aged 30-60-day filtered rainfall over the EIO (5°S-5°N, 70°-~100°E)
for ¢ the twentieth century and d the twenty-first century simulations.
The contour interval is 0.1, with the zero contour omitted and nega-
tive contours dashed. The stippling indicates the regions where both
correlation coefficients are statistically significant at the 5 % signifi-
cance level

tapered (Teng and Wang 2003). In the present-day climate,
the maximum spectra are found in meridional number 1 at
the northward propagating direction (Fig. 7a). Note that
the meridional number here indicates the spatial scales
within the above mentioned latitudinal domain. Therefore,
the maximum spectra in meridional number 1 indicate that
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the BSISO activities over the EIO are always out of phase
with those over the Indian Subcontinent. The latitude—time
diagram further confirms the poleward propagation from
the equator to 20°N along the Indian longitudes (Fig. 7c),
with anomalous rainfall leading the zonal wind anomalies
by 6 days. This phase relationship between the zonal wind
and rainfall anomalies is similar to the analytical solution
of heat-induced tropical circulation for asymmetric heating
around the equator (Gill 1980).

In the twenty-first century, the amplitudes of both rain-
fall and zonal wind anomalies intensify in the northward
propagation, with the power spectra of intraseasonal rain-
fall (850 hPa zonal wind) within the frequency band of
0.01-0.04 cycle per day (equivalent to 25-100 days) and
meridional numbers 1-2 increasing by 38.6 % (11 %) rela-
tive to the present-day climate. The lagged—time—latitude
diagram also shows that the northward-propagating coupled
convection—circulation system strengthens in the global
warming scenario, especially between 10°N and 15°N
(Fig. 7b, d). Note that the power spectra of intraseasonal
rainfall are increased by 0.52 mm? day~2 within the 0.01—
0.025 frequency band (equivalent to the period of 40-100-
day), but the increased magnitude of the spectra within the
0.025-0.04 frequency band (equivalent to the period of
25-40-day) is only 0.26 mm? day 2. The power spectra of
intraseasonal 850-hPa zonal wind are also increased more
evidently within the 0.01-0.025 frequency band. These
indicate that the relatively slower components propagat-
ing northward will enhance more significantly. Such dif-
ferent increases of power spectra from different frequency
components of the BSISO imply that the phase speed of
the northward propagation possibly becomes slower under
the global warming scenario. Similar results were revealed
by Sabeerali et al. (2014), who studied the changes of the
meridional propagation of BSISOs over the Indian Ocean.
Note also that the same phase relationship of the 30-60-day
convection—circulation system exists in the global warming
scenario, with positive rainfall anomalies still leading the
anomalous 850-hPa westerlies by 5-6 days in the north-
ward propagation, indicating that the climate change hardly
modifies the mechanism for northward propagation.

Due to the northward propagation, the 30-60-day con-
vection anomalies exhibit a lagged south-north oriented
seesaw pattern along the Indian longitudes (e.g., Anna-
malai and Slingo 2001), with the active convection anoma-
lies over the EIO peaking 10 days after the northern pole
(10°-25°N) reaches its driest phase. In the historical simu-
lation, negative correlation coefficients between the two
poles reach their maximum absolute value at the time when
the northern pole leads the southern one by 7 days (Fig. 8),
implying that the CNRM-CMS5 model is to some extent
capable of representing the dipole pattern in convection
anomalies over the SASM region. Because the time lag of
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Fig. 8 Lead-lag correlation coefficients between the area-averaged
rainfall anomalies over the EIO (5°S-5°N, 70°-100°E) and over the
Arabian Sea-Indian Subcontinent-BOB (10°-25°N, 70°-100°E) in
the twentieth century simulation (solid line) computed for the period
from 1 May 1981 to 31 October 2000, and in the twenty-first century
simulation (dashed line) computed for the period from 1 May 2081 to
31 October 2100

maximum negative correlation is determined by the north-
ward propagation speed, the shorter time lag in the histori-
cal simulation compared with the observations indicates
that the model has overestimated the northward propaga-
tion speed. Under global warming conditions, the negative
correlation between these two poles reaches the maximum
at a time lag of 9 days. This prolonged time lag suggests
that the 30-60-day BSISO will move poleward more
slowly in the future.

Based on the time—lag relation of CNRM-CM5 simu-
lated rainfall, we similarly defined the model SADI. The
significant regression coefficients of rainfall anomalies
against the model SADI exhibit a distinct north—south ori-
ented dipole over the SASM area (Fig. 9a, c), indicating
that CNRM-CMS5 well captures the northward propagation
of the 30-60-day BSISO. Therefore, composite evolutions
of rainfall and 850-hPa wind anomalies based on SADI
were made to further investigate the reasons for the above
changes in amplitude and phase speed of northward propa-
gation along the Indian longitudes.

In the present-day climate (Fig. 10a), active convec-
tion anomaly accompanied by strong zonal wind conver-
gence originates from the EIO in phase 3 and then moves
eastward to the eastern Indian Ocean along the equator
in phases 4-5. From phase 6, active convection anoma-
lies start to extend poleward, with a cyclonic circulation
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Fig. 9 Regression coefficients (shading) of rainfall anomalies against
a the SADI and b the EADI during the boreal summer (1 May to 31
October) from the twentieth-century simulations. ¢, d As in (a) and
(b) except for the twenty-first century simulations. Stippling indicates

to the northwest. Subsequently, active convection peaks
over the Indian subcontinent and the BOB, with a huge
cyclone occupying the area between 15°N and 20°N in
phase 7. Meanwhile, a newly developed suppressed con-
vection occurs over the EIO. While the active convection
anomalies over the Indian Subcontinent and the BOB rap-
idly decay in phases 8 and 1, the suppressed convection
anomalies propagate eastward and strengthen significantly,
preparing for the northward propagation of the suppressed
convection in phases 2-3. The above evolution again sug-
gests that the northward propagation over the SASM is
closely associated with the equatorial eastward-propagat-
ing signal.
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the regions where the regression coefficients are statistically signifi-
cant at the 5 % significance level. The rwo rectangles represent the
domains over which the time series of area-averaged intraseasonal
rainfall anomaly are produced to calculate the SADI and EADI

In the RCP 8.5 scenario (Fig. 10b), the equatorial active
convection originates from the western Indian Ocean in
phase 3, also implying that the equatorial signal extends
more westward under the global warming condition
(Fig. 5b). This equatorial active convection then develops
significantly while moving eastward to the eastern Indian
Ocean in phases 4-5. Note that the equatorial signals in
the RCP 8.5 run are much stronger than those in the pre-
sent-day simulation. This stronger equatorial convec-
tion begins to propagate northward in phase 6, leading to
the northwestern Indian subcontinent and the BOB being
occupied by stronger active convection in phase 7. The
above comparison again suggests that the intensification
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Fig. 10 Composite evolutions of the 30-60-day filtered rainfall
(color scale, mm dayfl) and 850-hPa wind (vectors, m s~') anoma-
lies based on the SADI during a BSISO cycle for phases 1-8 for the
period 1 May-31 October from a the twentieth century and b the
twenty-first century simulations. The periods used to calculate are the

of off-equatorial northward propagation is related to the
enhanced equatorial signal. However, how the equatorial
signal influences the off-equatorial signal deserves further
investigation.

The northward-propagating BSISO over the SASM
region is characterized by meridional asymmetry of PBL
convergence with respect to convection center. This key
PBL convergence ahead of convection center could be
caused by barotropic vorticity in the free atmosphere (Jiang

last twenty years from each century. Only shown are the rainfall and
horizontal wind anomalies that are statistically significant at the 5 %
significance level. The magnitude of the reference vector is provided
at the bottom right

et al. 2004; Bellon and Sobel 2008). Jiang et al. (2004)
proposed an easterly shear mechanism, stating that the
seasonal-mean vertical easterly shear causes the generation
of barotropic vorticity in the free-atmosphere and the con-
sequent PBL convergence, thus leading to the northward
propagation. Bellon and Sobel (2008) suggested that the
meridional advection of anomalous baroclinic vorticity by
the seasonal-mean meridional baroclinic flow also induces
barotropic vorticity north of the convection center. It should
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Fig. 11 Meridional-vertical cross sections of anomalous vertical
motion (contour, 107> Pa s™!) and specific humidity (color scale,
¢ kg~!) regressed against the SADI during the northward propagation
of active convection in phases 5-7 for the period 1 May—31 October
derived from a the twentieth-century and b the twenty-first century
simulations. ¢, d As in (a) and (b) but for anomalous vertical motion
(contour, 1073 Pa s7!) and divergence (color scale, 107% s~1. Con-

be noted that both the vertical easterly shear mechanism
and the vorticity advection mechanism are only valid away
from the equator (north of 5°N). The northward propaga-
tion near the equator results from the low-level moisture
advection by the mean or anomalous winds, which is char-
acterized by a positive moisture anomaly located to the
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tours start from —5 and the interval is —5, with only negative val-
ues plotted. The stippling indicates the regions where either vertical
motion or moisture (divergence) anomalies are statistically significant
at the 5 % significance level. The horizontal axis is the meridional
distance (expressed as the number of 1.4° grid cells) relative to the
convective center, with positive (negative) values denoting the north
(south) of convective center. The vertical axis is pressure (hPa)

north of the convection center. In general, the northward
propagation of convection results from low-level moisten-
ing and PBL convergence ahead of convection, which are
the result of multi-scale interactions between seasonal-
mean background and intraseasonal variability. In order
to examine whether the above mechanisms are applicable
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to the simulated northward propagation over the SASM
area, we first reconstructed the similar meridional-vertical
cross sections of the BSISO-related key variables (verti-
cal motion, specific humidity and divergence) in the north-
ward propagation of active convection (phases 5-7). As
the meridional-vertical cross sections at different latitudes
were very similar, we composed the meridional-vertical
cross sections with respect to the convection center at dif-
ferent latitudes for phases 5-7 (Fig. 11). The ascending
motion is observed to coincide with the convection center,
with the maximum vertical motion occurring in the mid-
dle troposphere (400-600 hPa) (Fig. 11a, ¢), which results
from anomalous convergence in the low-levels and strong
anomalous divergence aloft (Fig. 11c). Notice that the con-
vergence in the lower troposphere exhibits a meridional
asymmetry, with the convergence covering about 6 lati-
tudes north of the central convection. Although the maxi-
mum moisture anomalies occur around the central area of
anomalous convection, the area of positive moisture anom-
aly to the north is larger than that to the south (Fig. 11a).
Thus, the presence of low-level convergence and specific
humidity meridional asymmetry indicates that the simu-
lated northward propagation over the SASM region may be
the combined outcome of easterly vertical shear, vorticity
advection and moisture mechanisms.

Because the northward propagation over the SASM is
the result of multi-scale interactions, we further examine
the changes of season-mean vertical easterly shear (defined
as the difference of zonal wind between 100 and 850-hPa),
vertical northerly shear (defined as the difference of meridi-
onal wind between 100 and 850-hPa), meridional wind in
the PBL (defined as the meridional wind averaged between
1000 and 850-hPa), meridional gradient of PBL specific
humidity and the associated intraseasonal variations, so as
to determine the key physical processes responsible for the
modifications of northward propagation. Over the SASM
region, the vertical meridional wind shear intensifies sig-
nificantly in the future climate simulation, with a large
magnitude of increase (68 %) in the area-averaged north-
erly wind shear over SASM area relative to the present-day
simulation. However, there is no considerable change in the
vertical zonal wind shear, PBL meridional wind or meridi-
onal gradient of specific humidity over the SASM area (not
shown), with the change rate in each of these factors less
than 10 %. Note that the intensified equatorial convection
(Figs. 5b, 6b) provides a stronger source for the north-
ward propagation. The enhanced equatorial convection and
northerly vertical shear are expected to lead to a stronger
barotropic vorticity and PBL convergence ahead of convec-
tion through vorticity advection mechanism. However, the
PBL convergence north of convection center is strength-
ened slightly (Fig. 11d), indicating that vorticity advec-
tion mechanism is not the main reason for the intensified

northward propagation. Notice that the enhanced equatorial
convection again strengthens the upward motions at the top
of the PBL and the low-level moisture, thus intensifying
the amplitude of northward propagation through moisture
mechanisms (Fig. 11b).

Note that in response to the warmer SSTs, the moisture-
holding capacity of the low-level atmosphere increases
during the climatological boreal summer, indicating that it
takes more time to accumulate enough moisture anomalies
for triggering convections. Therefore, the phase speed is
slowed down (Figs. 7b, 8), albeit the amplitudes of north-
ward propagating BSISOs increase.

4.4 Changes in the northward propagation over the
EASM region

In this subsection, we discuss the potential impact of global
warming under the RCP8.5 scenario on the northward prop-
agation of the 30-60-day BSISO over the EA/WNP region.
As shown in Fig. 12, the CNRM-CM5 model properly
simulates the northward propagation of anomalous rainfall
and zonal wind over the western Pacific longitudes, with
the most prominent spectra appearing at meridional num-
bers 1-2 and periods in the range of 40-80 days (Fig. 12a).
Although the 850-hPa zonal wind anomalies also exhibit
a southward propagation, the amplitude of the southward
propagating component is much weaker than that of the
northward propagating counterpart (Fig. 12a). The latitude—
time-lag diagram further confirms the northward propaga-
tion over the EA/WNP area, with rainfall anomalies lead-
ing zonal wind anomalies by 10 days (Fig. 12c). Due to the
northward propagation in the EA/WNP section, anomalous
convection in the EWP and WNP exhibits a lagged south-
north oriented dipole pattern on the 30-60 day timescale
(Fig. 9b), with the negative correlation coefficient peaking
at the 6-day time lag (Fig. 13). This again implies that the
CNRM-CMS model captures the northward propagation
over the EA/WNP region, although the northward-propa-
gating phase speed is overestimated.

In the global warming context, the amplitudes of both
rainfall and low-level winds become stronger, indicating
the intensification of the coupled convection—circulation
system in the northward propagation (Fig. 12b, d). Note
that the time lag of the dipole pattern in the EA/WNP area
(Fig. 9d) will prolong from 6 to 10 days (Fig. 13), indicat-
ing a considerable slow-down of northward propagation
under global warming condition.

Based on the above time lag, we defined the model
EADISs and constructed composite evolutions of the 30-60-
day BSISO during phases 1-8 of the model EADI for the
present-day climate (Fig. 14a). When the upstream active
convection propagates eastward from the EIO into the Mar-
itime Continent in phase 3, a huge anomalous anticyclone
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d As in Fig. 7c, d except for northward propagation along the western

exists to the north of 10°N, dominating a large off-equa-
torial area from the Indochina peninsula to around 150°E.
Note that the anomalous easterlies of the anticyclone are
accompanied by suppressed convection. Subsequently,
active convection further propagates eastward to the EWP;
the suppressed convection and the accompanying anti-
cyclone decay while moving further northward to reach
20°-25°N (phases 4-5). In response to active convection,
anomalous westerlies are instead induced over the southern
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0.2 0.4 0.6 0.8

Pacific longitudes (100°-140°E), with the reference time series as the
area-averaged 30-60-day filtered rainfall over the EWP (5°S-5°N,
100°-140°E)

SCS and the Philippines in phase 6, which, together with
the anomalous easterlies around 20°N, forms an anomalous
cyclone. By phase 7, the anomalous cyclone develops into a
dominant system with the strongest active convection, pos-
sibly due to the positive feedback between convection and
wave dynamics (Gill 1980). Meanwhile, suppressed con-
vection anomalies appear to its south, which actually come
from the upstream Indian Ocean. The suppressed convec-
tion anomalies will subsequently intensify and migrate
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northward in the next cycle. The above composite analy-
sis again indicates that the northward propagation of the
30-60-day BSISO over the EA/WNP region is intimately
tied to the equatorial component.

In the twenty-first century under the RCPS8.5 scenario
(Fig. 14b), the anomalous active (suppressed) convec-
tion along with associated low-level zonal wind conver-
gence (divergence) over the EWP becomes much stronger
as compared with the historical simulation. In association
with the intensified equatorial convection, the northward-
propagating cyclone (anticyclone) also intensifies.

To understand what mechanisms are responsible for
the modifications of northward propagation over the
EA/WNP area in the global warming scenario, we again
examine whether the northward propagation mechanisms
proposed by Jiang et al. (2004) and Bellon and Sobel
(2008) are also applicable for the BSISO over the EA/
WNP region. As shown in Fig. 15a, c, for the twentieth
century simulation, maximum ascents occur in the middle
troposphere (400-600 hPa), coinciding with the convec-
tive center, and striking meridional asymmetry exists in
the low-level moisture and PBL convergence. It is indi-
cated that the northward-propagating BSISO over the EA/
WNP area is also associated with the low-level moisture
and PBL convergence ahead of convection center. Note
that over the EA/WNP region, the seasonal-mean easterly
shear is rather weak and is mostly confined to south of
15°N, while the magnitude of meridional wind shear is
twice as large as that in the SASM region (not shown).

Therefore, the vorticity advection mechanism predomi-
nates over the easterly shear mechanism in the EA/WNP
area (Chou and Hsueh 2010).

In the twenty-first century simulation, the enhanced
equatorial convection and the associated intensified ascend-
ing motion at the top of the PBL, together with the wet-
ter PBL background over the EWP, strengthen the positive
moisture anomaly ahead of the convection center through
the moisture mechanism (Fig. 15b). Moreover, the EA/
WNP northerly vertical shear is strengthened by 13 % in
the global warming scenario (not shown). This enhanced
meridional baroclinic flow is expected to induce a stronger
barotropic mode north of convection through vorticity
advection mechanism (Chou and Hsueh 2010), and fur-
ther lead to an enhanced PBL convergence ahead of cen-
tral convection. As shown in Fig. 15d, however, the PBL
convergence north of central convection will not intensify
significantly in the RCP 8.5 run, indicating that the vorti-
city advection mechanism is not the major reason for the
stronger northward propagating signals over the EA/WNP
area. Also analyzed are changes of other key background
fields (seasonal-mean meridional wind in the PBL, zonal
vertical shear and meridional gradient of PBL specific
humidity) that influence the northward propagation. There
is no significant change in any of these three fields over the
EA/WNP region, with the change rate in each of these fac-
tors less than 10 %. These indicate that the stronger north-
ward-propagating BSISO in EA/WNP sector may result
mostly from the enhanced equatorial convection and wetter
PBL through moisture-convection mechanism (Jiang et al.
2004).

In a situation similar to the SASM region, the slower
northward propagation over the EA/WNP area also
results mainly from the delay of convection occurrence
due to increased moisture-holding capacity. Moreover, in
the present-day simulation, although the maximum mois-
ture anomalies occur around the central area of anoma-
lous convection, the area of positive moisture anomaly
to the north is larger than that to the south (Fig. 15a),
indicating significant meridional asymmetry of low-level
moisture. Notice that moisture anomaly on both sides
of convection center strengthens evidently in the global
warming scenario (Fig. 15b), with the magnitude of the
increase rate south of convection being larger than that to
the north of convection (not shown). This implies that the
meridional asymmetry in the low-level specific humid-
ity decreases in the warmed climate. Since moisture-
convection mechanism is the dominant mechanism of
the BSISO in EA/WNP, this decreased meridional asym-
metry of low-level moisture may also contribute to the
slower phase speed of northward propagation (Jiang et al.
2004).
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5 Summary and discussion

Given that the 30-60-day BSISO is the predominant intra-
seasonal variability in the ASM region that determines the
active and break sequences in rainfall over different sub-
ASM areas, especially the SASM and EA/WNP sectors, and
it represents the canonical northward and northwestward
propagating components over the ASM region in conjunc-
tion with the eastward propagating convective anomalies.
The objective of this study is to assess possible changes of
the 30-60-day BSISO under global warming condition by
comparing the twentieth century simulation with the twenty-
first century projection under the RCP8.5 scenario, with
these simulations derived from the CNRM-CMS model.
The CNRM-CMS model is capable of simulating both the
climatology and intraseasonal variability of the ASM, with a
reasonable representation of the 30-60-day BSISO.
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From the observations, the 30-60-day BSISO is char-
acterized by a quadrupole convective structure, with two
meridional dipole patterns of convection anomalies over
the Indian longitudes and the EA/WNP longitudes, respec-
tively. The eastward propagating convective anomalies
from the Indian Ocean to the western Pacific connect the
upstream dipole with the complementary dipole over the
EA/WNP sector. The South Asian Dipole Index (SADI) and
the East Asian Dipole Index (EADI) are defined based on
the time lag of maximum correlation between the two poles
of each dipole convective pattern. In turn, the quadrupole
pattern index (QPI) is defined as the difference between the
SADI and EADI to represent quadrupole structures of the
30-60-day BSISO and its evolution.

Although the CNRM-CMS5 model reproduces the north-
ward propagations over both the SASM and EA/WNP
areas, the complementary relationship between the two
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140°E) during the active phases (phases 5-7)

dipole patterns is not well captured, with the SASM dipole
accompanied by convection anomalies with the same sign
over the EWP and SCS. Therefore, changes in northward
propagation over the SASM and EA/WNP regions are
examined with SADI and EADI separately in the present
study.

As compared with the BSISO behaviors in the present-
day climate, the twenty-first century simulations show
that under future global warming conditions, significant
changes of the 30-60-day BSISO may take place in terms

of amplitude, activity range, and phase speed. The evi-
dently increased variances in 30-60-day rainfall over the
EIO, the BOB and the tropical western and central Pacific
indicate that the amplitude of the 30-60-day BSISO over
these regions may intensify significantly. In response to
future warmer SSTs over the tropical Indo-Pacific region,
a new equilibrium between the ocean and atmosphere will
be established, with the PBL saturation specific humid-
ity increasing by about 16 %, which will provide more
moisture and moist static energy for tropical convection.
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Consequently, the equatorial frequency-wavenumber power
spectra and longitude—time diagram show that the ampli-
tude of eastward propagation intensifies significantly in
terms of both rainfall and zonal wind anomalies. Moreo-
ver, the 30-60-day BSISO will prevail in a broader area,
with the equatorial eastward-propagating convective sig-
nals originating over a more westward area in the western
Indian Ocean and decaying more eastward to 140°E.

Composite evolutions based on the proposed SADI
(EADI) further illustrate that in the global warming sce-
nario, the SASM (EA/WNP) northward-propagating com-
ponents of the BSISO also strengthen, and they are inti-
mately connected to the enhanced equatorial convective
anomalies. The enhanced equatorial convective anomalies
accompanied by stronger upward motions at the top of
the PBL, together with a wetter seasonal-mean PBL back-
ground, cause a stronger positive moisture anomaly ahead
of convection through moisture advection mechanism, thus
strengthening the northward propagating components. The
seasonal-mean northerly wind shear will increase by 68 %
(13 %) over the SASM (EASM) region in the warmed cli-
mate, which is expected to intensify the northward propa-
gating signals through vorticity advection mechanism.
However, the PBL convergence north of convection center
is only increased slightly over both two regions, implying
the enhanced northerly wind shear do not strengthen the
vorticity in the free-atmosphere or the PBL convergence
through vorticity advection mechanism. Therefore, it is
indicated that the moisture mechanism plays a dominant
role over the vorticity advection mechanism in influencing
the amplitude of northward propagations.

Moreover, wavenumber-frequency analyses show that
the phase speeds of both SASM northward propagation
and EA/WNP northward propagation will become slower
in the global warming scenario. As the SSTs increase sig-
nificantly in the tropical Indo-Pacific oceans, the climato-
logical moisture-holding capacity of the low-level atmos-
phere during the boreal summer will increase, indicating
an increase of the moisture threshold for triggering tropi-
cal convection. As a consequence, it will take more time to
accumulate sufficient moisture anomalies to trigger con-
vection, thus slowing down the evolution of the 30—60-day
BSISO over the entire ASM area.

Note that although the CNRM-CM5 model qualita-
tively reproduces the major behaviors of observed 30-60-
day BSISOs, the intensity of the simulated BSISO in the
present-day climate is weaker compared with observa-
tions (Lee et al. 2013). Similar discrepancies also exist
in the seasonal-mean rainfall (Fig. 2a, b). These appar-
ent underestimates of present-day variability may imply
that model projections of BSISOs in response to global
warming are also underestimated. In the future, we need
to verify the above results with other model simulations
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from CMIPS. While our present study focuses mainly
on the roles of atmospheric internal dynamics in causing
the modulations of the BSISO in a warmed climate, pre-
vious works (e.g., Fu and Wang 2004; Yang et al. 2013;
Sabeerali et al. 2014) suggested that air-sea interactions
also contribute to enhancing the northward propagation
over the SASM area. How the air-sea interactions modify
the BSISO evolution over the entire ASM area under the
global warming condition demands further investigation.
Because the CNRM-CMS5 model is unable to well repro-
duce the 10-20-day oscillation, the present work only
investigates the changes of the reasonably represented
30-60-day mode. The modifications of the 10-20-day
oscillation by global warming deserve further studies with
other models.
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