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Abstract Madden-Julian Oscillation (MJO) in the past (nineteenth century) and present day (twentieth
century) is examined using preindustrial and historical experiments of Centre National de Recherches
Météorologiques-Coupled Models, version 5 (CNRM-CM5) in Coupled Model Intercomparison Project
Phase 5 (CMIP5). The present-day MJO is stronger than the past MJO by 33% and it is ~10% more
frequent. In particular, the MJO phases 4-7 signifying deep convection situated over the Maritime
continent and western Pacific (WP) are considerably enhanced. These changes are due mainly to
greenhouse gas forcing with little impact from nature forcing. Dynamical mechanisms for this change are
investigated. A peculiar strengthening of MJO over WP comes from increased basic-state sea surface
temperature (SST) over the Central Pacific (CP) and EP. The increase in precipitation over WP results from
both the response to enhanced SST over CP and the inverted Walker circulation induced by the EP and
CP SST increase. The latter causes a pair of anticyclonic Rossby waves straddling the equator, leading to
moisture convergence over WP.

1. Introduction

Long-term changes or interdecadal variations of the Madden-Julian Oscillation (MJO) [Madden and Julian,
1994; Zhang, 2005], which is the most prominent physical mode in tropical intraseasonal variability, have
been investigated by several studies. Slingo et al. [1999] and Lee and Seo [2011] showed that compared to
the earlier period (before 1977), the recent period (after 1977) shows an increase in MJO amplitude by
17% to 20%. Jones and Carvalho [2006] demonstrated that MJO frequency increases from 3-4 to 4-5 events
per year during 1948-2004.

In addition, climate simulations under future climate scenarios suggested the apparent increase in MJO activ-
ity during end of the 21st century [Liu et al., 2012; Subramanian et al., 2014; Chang et al., 2015]. These studies
showed that MJO activity (in terms of wave power) increases by as much as 30-60% compared to end of the
twentieth century. MJO frequency is estimated to rise to 5-6 events per year (about 25% increase) [Jones and
Carvalho, 2011]. Due to the stronger activity in the future, MJO-induced teleconnection to higher latitudes is
expected to strengthen [Seo and Wang, 2010; Seo and Son, 2012], implying the higher impacts on circulation,
temperature, and precipitation anomalies in extratropical regions as well as tropics.

However, the MJO during the preindustrial period (the nineteenth century) has not been examined due to the
scarcity of the observed or assimilated global data and difficulty in realistically simulating the MJO in climate
models. Recent improvements in simulating the MJO, however, provide an opportunity to explore the charac-
teristics of the MJO during this period. Using a superparameterized global climate model (CESM), Arnold et al.
[2015] present a near double increase in intraseasonal outgoing longwave radiation variance between a prein-
dustrial control run and a CO,-quadrupling run. The Centre National de Recherches Météorologiques-Coupled
Models, version 5 (CNRM-CM5) has been suggested as one of the best performing models among those
participating in the phase 5 of the Coupled Model Intercomparison Project (CMIP5) [Hung et al.,, 2013] and
the World Meteorological Organization’s Working Group for Numerical Experimentation/Global Energy and
Water Experiment Atmospheric System Study (WGNE and MJO-Task Force /GASS) global model comparison
project [Jiang et al., 2015]. So the objective of this work is to estimate possible MJO changes during the past
two centuries and to suggest dynamical mechanisms for these changes. In addition, a major contributor to
the changes (and a resulting fraction explaining total variation) is presented by analyzing greenhouse forcing
or natural forcing simulation output. Estimation of MJO activity for the past two centuries and warming future
provides a whole picture of the changing MJO'’s strength and spatial properties.
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Figure 1. MJO-band filtered (wave numbers 1-5 and 30-90 days) variance . .
in (a) GPCP (1997-2005) and (b) CNRM-CMS5 historical precipitation forcing set as year 1850 values. This
(1976-2005). Contour intervals are 0.3 mm? day 2. simulation output corresponds to the

past climate. (2) “Historical” is run with

changes estimated by anthropogenic
and natural forcing, and land use changes for the record period. This simulation is considered as the current
climate, so it can be used to evaluate the model performance against observation. (3) “HistoricalNat” is a
historical run imposed by only external natural forcing, which is solar and volcanic variability (SI and VI) for-
cing in CNRM-CM5. (4) “Historical GHG” is run forced with a time-evolving historic reconstruction of observed
well-mixed greenhouse gases concentration. More experimental information is found in Taylor et al. [2009].
In this study, 30 years of data are analyzed for piControl during the period of 1870-1899 and for the other
simulations during 1976-2005.

Except for historical run, all other simulations provide only seven variables in the current archive, which include
precipitation, sea level pressure (SLP), surface temperature, surface specific humidity, maximum/minimum
surface temperature, and maximum surface wind speed. Due to this limited availability in output variable,
precipitation is used for MJO convective activity.

The difference between historical and piControl demonstrates changes due to the industrial effect, and that
between historicalGHG (historicalNat) and piControl represents the effect of GHG (natural, respectively) forcing.

3. Results
3.1. Precipitation Simulated by CNRM-CM5

Again, in this study, only CNRM-CM5 is analyzed because it reproduces MJO characteristics (i.e., propagation
and spectral peak) realistically [Hung et al., 2013]. A prior examination of mean states shows that in general
the mean states are properly represented in CNRM-CM5 historical runs (not shown). Figures 1a and 1b show
the variance fields of the MJO-band precipitation in the Global Precipitation Climatology Project (GPCP) 1
daily (1DD) precipitation from 1997 to 2005 [Huffman et al., 2001] and CNRM-CM5 historical run from 1976
to 2005. Using Lanczos filtering [Duchon, 1979], the MJO band signal is extracted for the wave with zonal
wave numbers 1-5 and frequencies from 1/90 to 1/30 cpd in both symmetric and antisymmetric eastward
propagating components as in Wheeler and Kliadis [1999]. CNRM-CMS5 well simulates the strongest variance
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Figure 2. Wave number-frequency power spectra (mmzdayfz) for 30-90 day band-pass filtered precipitation averaged

over 15°5-15°N from (a) GPCP (1997 to 2005), (b) historical (1976 to 2005), and (c) piControl (1870 to 1899). Differences
in power between (d) historical and piControl, (e) historicalNat and piControl, and (f) historicalGHG and piControl.
Figures 2a, 2b, and 2c have a unit of mmzdayfz. In Figures 2d, 2e, and 2f, contour interval is 1 mmzday72 and values above
90% confidence level based on two-tailed Student’s t test are shaded.

in the warm pool and western Pacific similarly to the observation. The pattern correlation between the two
fields is 0.90.

Figure 2 shows the space-time power spectra and differences. As shown in Figures 2a and 2b, CNRM-CM5
historical run simulates a peculiar, isolated MJO signal similar to the observation with a maximum power
at zonal wave number 1. A slight underestimation is seen in power (from 18 to 15 mm?day 2) and a major
propagation speed is slowed by ~10days (from 40-50 to 50-60 days). These findings suggest that CNRM-
CM5 reproduces reasonably well the major features of the MJO (and the mean state).

3.2. The MJO in the Past and Present

Figure 2c¢ shows that a domain of the strongest spectral peak in piControl is not different from historical
(Figure 2c). They are located at periods of 50-60days and zonal wave number 1. However, the peak
amplitude of spectral power in piControl (12 mm? day‘z) weakens by ~33% compared to historical run
(16 mm?day ™). Such a substantial change is represented in Figure 2d, where a statistically significant
difference in wave power is concentrated on the range of 40-70 days and wave numbers 1-2. Therefore,
the MJO has been strengthened since the late-1800s due to the intensifying global warming.

To investigate a major cause of this increase in the present climate, difference in power spectra of
historicalNat and historicalGHG with piControl is calculated (Figures 2e and 2f). It is evident that natural
forcing has little influence on this change (Figure 2e), whereas the GHG forcing simulation has a remarkably
similar pattern (Figure 2f) to that from all forcing (Figure 2d). This indicates that the MJO changes during the
past century are mainly caused by the GHG forcing. The conclusion is also supported by another independent
model in CMIP5 (e.g., IPSL-CM5A-LR, not shown). Calculation of changes in power due to GHG forcing and
total forcing suggests that the GHG forcing-induced change explains as much as 75% of total spectral power
variation. Natural forcing contributes to the change by only 6%.

SONG AND SEO

MJO: PAST AND PRESENT 4044



@AG U Geophysical Research Letters 10.1002/2016GL068771

(a) Differences between forced and control runs

3.0t M historical-piControl
historicalNat-piControl

sk
oM historical GHG-piControl I I
, ' [

10 (phases 2-3) MC+WP (phases 4-7) AF (phases 8-1)

Changes in frequencies of MJO events
between the two periods are calculated
by selecting an MJO event using the
following five conditions according to
Jones [2009] and Arnold et al. [2015]:
(1) an MJO amplitude is always larger
than 0.35; (2) it propagates to the east

Lol

Frequency of occurrence (%)
o

MIO Phases so the daily longitudinal displacement
(b) Composite differences at phases 4-7 (MC+WP) is greater than 0° and less than 30°; (3)
oo m historical-piControl ] the entire duration of the event is

historical GHG-piControl
M historic piontro 1 greater than 30days; (4) the average
03| 1

] amplitude of the event is greater than

-0;_,[\ /\ p 0.8; and (5) if moving distance of the
oaf v ] event is greater than 360°, it is counted
02 W ] as a multiple MJO event. The numbers
04 of MJO events for piControl, historical,
historicalNat, and historicalGHG are

107, 117, 102, and 123. The present-
day MJO is about 10% more frequent

MIJO precipitation (mm/day)
o

20E 40E 60E 8OE 100E 120E 140E 160E 180 160W 140W 120W 100W
Longitude

tandard deviation differences (historical GHG - piControl)
o RS Ty =00

§ ST
£ compared to the past.
3
- To examine a more detailed property of
30E 60E 90E 120E 150E 180 150W 120W . . K .
Longitude changes in MJO activity, differences in
STD of MJO filtered precipiataiton (mm/day)
q I [ ) the frequency of occurrence between
005 0.10 015 020 025 030 each of individual forced runs and

Figure 3. Differences in (a) frequency of occurrence of MJO events for differ- piControl for different MJO phases are

ent phases, (b) composite fields of the MJO-band-filtered (wave numbers 1-5  plotted in Figure 3a. The frequency of
and 30-90 days) precipitation averaged over (10°5-10°N) at phases 4-7,and  occurrence is defined as a ratio of MJO
(c) standard deviation of the MJO-band-filtered precipitation between active days to the total days, where
historicalGHG and piControl runs. Asterisks in Figure 3a denote significant
changes at the 95% confidence level. Blue, green, and red bars represent
changes of historical, historicalNat, and historical GHG from piControl, respec-
tively. Blue (red) line in Figure 3b indicates precipitation changes averaged lysis across all simulation outputs, MJO
over (10°5-10°N) at phases 4-7 in historical (historicalGHG) from piControl. amplitude indices are reconstructed

by time series of coefficients produced
by projecting the anomaly fields onto the empirical orthogonal function pattern for GPCP data averaged over
30°S-30°N. A notable increase in active day frequency in the historical and historicalGHG runs (blue and red
bars in Figure 3a) is seen for phases 4-7 (referred as the Maritime continent (MC) + western Pacific (WP)
phase), which exceeds the 95% confidence level estimated by a Monte Carlo test based on 1000 random
samplings. Even for phases 8 and 1 the historical run shows a significant increase. On the contrary, a slight
or moderate decrease appears for phases 2-3, which is statistically insignificant. Phases 4-7 represent the
enhanced precipitation located over the Maritime continent and the western Pacific.

the active day has an MJO amplitude
larger than 1.0. For the consistent ana-

The spatial distribution in changes of precipitation on the intraseasonal band for phases 4-7 (blue line in
Figure 3b) suggests the significant increase in this quantity over the Maritime continent and the western
Pacific (100°-180°E) and decrease over the central 10. A similar increase of the MJO precipitation in the
historical run is seen in the composite field of precipitation for phases 8-1 over the equatorial African region
(not shown). In particular, it is evident that for this MC+ WP phase, the increased frequency in active day is
mainly due to the GHG forcing (see red bar in Figure 3a). The natural forcing affects little (green bar in
Figure 3a). Similar to the total (historical) forcing (blue line in Figure 3b), the GHG forcing-induced increase
in precipitation appears over the WP region (red line in Figure 3b). The significant increase in precipitation
frequency (Figure 3a) and strength (Figure 3b) in the current climate for phases 4-7 is confirmed by the
difference in variance of intraseasonal precipitation (which represents changes in both strength and
frequency) between historicalGHG and piControl as shown in Figure 3¢, which demonstrates that the peak
increase of intraseasonal precipitation variability occurs over (140°-170°E), as similarly as in the red line of
Figure 3b. All these indicate that GHG forcing leads to an enhanced MJO convection over the WP region.
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Figure 4. Differences between historicalGHG and piControl of the annual

mean (a) precipitation, (b) surface temperature, (c) SLP, and (d) surface
specific humidity (contour) and SLP-driven convergence (shading).

3.3. Dynamical Mechanisms for MJO
Changes Due to GHG Forcing

Then, a question arises as to how this
increase in MJO convection appears
over the WP region. For this, differences
in basic states between historicalGHG
and piControl are presented in Figure 4,
where the increase of the precipitation
is seen over the WP (Figure 4a). This area
is exactly the same area where variance
of the MJO-band-filtered precipitation
is maximized. As in Maloney and Xie
[2013], processes resulting in changes
of the mean precipitation are likely to
work for inducing changes in intraseaso-
nal precipitation variability.

Sea surface temperature (SST) changes
by GHG forcing also appears as the El
Nifio-like warming structure (Figure 4
b). A signal representing the enhance-
ment of Central Pacific (CP)-type El
Nifo is prominent with a widespread
positive SST difference field over the
EP. This pattern is in agreement with
the observed SST difference measured
with Extended Reconstructed SST
(ERSST v3). Also, in some sense, this
SST pattern has some similarity with
changes in the 21st century due to the
global warming in CMIP future simula-
tion data [e.g., Yeh et al.,, 2012]. This CP
SST induces the positive precipitation
over the WP shown in Figure 4a.
However, beside of this direct SST

forcing from the CP SST area, there seems an indirect contribution to this precipitation increase in the WP.
That is, due to the SST increase in the CP and EP, the Walker circulation weakens, leading to downward motion
over the MC and Eastern |0 so that an increase in SLP develops over those regions as shown in Figure 4c. The
suppressed convection region induces the anticyclonic off-equatorial Rossby waves, which act to generate moist-
ure convergence over the WP (Figure 4d). The wind convergence estimated from the SLP field [Stevens et al.,
2002; Back and Bretherton, 2009; Maloney and Xie, 2013] shows the clear collocation of the convergence area with
that of increase in the precipitation over this WP (Figure 4a). The surface moisture also increases in this area
(Figure 4d). It is of interest to notice a significant reduction in the precipitation over the southeastern tropical
IO; this is attributed by the sinking motion of the reversed Walker circulation forced by the Pacific SST increase.

A 3)
/ Rossby wave response

i

c 4)convergence

// =

Figure 5. Schematic diagrams illustrating the dynamical mechanisms for

the increase of precipitation over the WP due to GHG forcing.

The processes involved in this increase
in the precipitation over the WP are
presented in Figure 5. To sum, the GHG
forcing results in the increases in
convective activity of both the MJO
and mean state over the WP. These
increases come from the enhanced CP
SST forcing and inverted Walker circula-
tion with the latter producing Rossby
wave response in both sides of the
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subtropics and ensuing moisture convergence over the WP. However, the question of which mechanism prevails
is not addressed in this study.

4, Summary and Discussion

In this study, the past- (nineteenth century) and present-day (twentieth century) MJO is compared. The cur-
rent MJO is stronger than the past MJO by as much as 33% and it is about 10% more frequent. In particular,
the MJO phases 4-7 signifying deep convection located over the Maritime continent and western Pacific are
considerably enhanced. These changes are mainly due to GHG forcing (explaining 75% of changes from total
forcing) with the nature forcing producing little impact. A different model in CMIP5 also shows the similar
results. Note that if considering that a wave power increases by ~50% between the ends of the 20th and
21st centuries, strength of the MJO in the future climate will be nearly doubled compared to the end of
the nineteenth century.

Dynamical mechanisms for an increase in MJO variance over the WP is explained by differences in mean states
between the past- and present-day climates. This increase arises from the increased SST over the CP and EP
regions during the current period compared to the past. In response to the enhanced SST over the CP, precipi-
tation over the WP increases. Meanwhile, the inverted Walker circulation induced by the EP and CP SST increase
in the present-day climate generates suppressed convection over the MC and southwestern |0, leading to a pair
of anticyclonic Rossby waves straddling the equator and the low-level moisture convergence over the WP.

This result is of great implication in interpreting the recent studies on the present-day and future MJO and its
impact. For example, Yoo et al. [2011] reported more enhanced MJO activity for the phases 4-6 during 1994—
2008 compared to 1979-1993, which through the increased poleward Rossby wave propagation, contributes
to amplification of the Arctic warming in recent years. Likewise, Subramanian et al. [2014] showed in the CMIP5
warmest global warming projection that future MJO is expected to have a much stronger convection anomaly
over the WP for phases 4-6. Hence, as in the present study, these share the same feature: enhancement in con-
vective activity over the WP as time progresses. Impacts of the warming SST over the equatorial Pacific and Indian
Ocean on the MJO or feedback between atmosphere-ocean should be elucidated more in detail in the future.
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