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Emergence of Madden-Julian oscillation precipitation and
wind amplitude changes in a warming climate
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The Madden-Julian oscillation (MJO) has profound impacts on weather and climate phenomena, and thus changes in its activity
have important implications under human-induced global climate change. Here, the time at which the MJO change signal emerges
from natural variability under anthropogenic warming is investigated. Using simulations of the Community Earth System Model
version 2 large ensemble forced by the shared socioeconomic pathways SSP370 scenario, an increase in ensemble mean MJO
precipitation amplitude and a smaller increase in MJO circulation amplitude occur by the end of the 21°* century, consistent with
previous studies. Notably, the MJO precipitation amplitude change signal generally emerges more than a decade earlier than that
of MJO wind amplitude. MJO amplitude changes also emerge earlier over the eastern Pacific than other parts of the tropics. Our
findings provide valuable information on the potential changes of MJO variability with the aim of improving predictions of the MJO

and its associated extreme events.
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INTRODUCTION

The Madden-Julian oscillation (MJO) is the dominant source of
intraseasonal variability in the tropics'™ and has profound
impacts on weather and climate. MJO activity can modulate
tropical-extratropical interactions and extreme events in the
extratropics>®, tropical cyclone genesis’, and cooling trends in
the Antarctic®, among many impacts. Previous work has shown
that MJO precipitation amplitude can increase, decrease, or
remain little changed in climate change simulations, depending
on competing effects of an increased lower tropospheric moisture
gradient and more top-heavy MJO diabatic heating profile®. In
contrast, the change in MJO circulation amplitude is projected to
weaken or increase at a slower rate than MJO precipitation
amplitude'®. Increases in MJO precipitation amplitude have been
found in aquaplanet models'’, single climate models'*'3, multi-
model analyses from the Coupled Model Intercomparison Project
(CMIP) phase 3/5/6'%'*15, and also observations'®. Projected
increases in MJO precipitation and weakening or slower increases
of MJO wind anomaly amplitude with warming are consistent with
increases in dry tropical static stability, which are proportional to
increases in tropical sea surface temperature (SST)'”. Readers are
referred to Maloney et al.'® for more discussion about MJO
changes under anthropogenic warming.

Although future changes in the MJO amplitude in response to
global warming are likely, it remains unclear when and how these
anthropogenic signals will emerge out of the background noise of
natural variability. By analyzing the spread derived from a group of
CMIP5 models, Bui and Maloney (2019b) noted that individual
changes in multimodel mean MJO precipitation and circulation
amplitude are only detectable late in the 21st century'’. Before
then, internal climate variability associated with decadal/inter-
decadal climate variations prevents the attribution of MJO change
signals to greenhouse gas forcing. However, the authors also
argued that decreases in the ratio of MJO wind to precipitation
anomaly amplitude can be detected as early as 2021-2040,

controlled by increases in dry tropical static stability with warming.
Jenney et al. (2021) added that multi-model uncertainty, which
may come from the uncertainty in the parameterized moist
physics in the model as mentioned by Rushley et al. (2019), also
contributes to the uncertainty in future detection of the MJO
characteristics®?°. In addition to the model results above,
observational evidence also suggest that detecting MJO changes
is complicated by interannual-to-multidecadal climate variations
in the past few decades'®?.

Given the challenges in assessing MJO changes in the presence
of natural variability in the climate system, we will define an index
that isolates the global warming signal on the MJO from the
impacts of internal climate variability. Our method is closely
related to the concept of time of emergence (ToE), the time when
changes in a quantity in response to anthropogenic greenhouse
gas emissions deviate from natural variability>>=2%. Using this
concept, Mora et al. (2013) showed that mean SST change signals
emerge earlier in a business-as-usual scenario than a stabilization
scenario, and unprecedented climates show the earliest emer-
gence in the tropics regardless of scenario®®. On interannual
timescales, Ying et al. (2022) reported that changes in El Nifo/
Southern Oscillation (ENSO)-related rainfall variability are pro-
jected to emerge by the mid-21st century, earlier than the
emergence of ENSO-related SST variability?®. On weather time-
scales, Sippel et al. (2020) suggested that the fingerprint of climate
change can be detected in the observed record of temperature
since early 2012 and this detection is robust even when ignoring
the long-term global warming trend?®. However, on intraseasonal
timescales, timing of the emergence of MJO-related change
signals has received less emphasis, possibly because of compli-
cated interactions between the MJO and other climate timescales.

Here, we will use the latest climate simulations from the
Community Earth System Model version 2 large ensemble
(CESM2-LE?’) to (1) estimate the projected timing of when MJO
change signals deviate from internal climate variability in response
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Absolute responses of MJO precipitation and wind amplitude to global warming. a, b Spatial distribution of the standard deviation

of 20-100 days and eastward wavenumber 1-5 filtered precipitation (shaded, units are mm/day) and 850 hPa zonal wind (contour, units are
m/s) for a historical simulation (1986-2005) and b difference between SSP370 (2081-2100) and historical simulations. ¢, d Probability
distribution of ¢ MJO precipitation amplitude (units are %/mm/day) and d MJO wind amplitude (units are %/m/s) averaged over the domain
of 15°S-Eq., 60°E-180° for the historical (blue) and SSP370 (red) simulations. The light blue and red shadings in ¢, d represent +1 standard
deviation calculated across the 100 ensemble members relative to the ensemble mean. The small blue dot in a is the sample grid cell (5°S,
110°W) used to estimate time of emergence of MJO changes in Fig. 2.

to anthropogenic forcing and (2) examine how this projected
timing of emergence varies across regions of the tropics. In
addition, we will also re-assess how the MJO precipitation and
wind amplitude are expected to change with global warming. The
CESM2 has been documented to produce a much-improved
simulation of the MJO?, especially compared to CESM1. Doing
this analysis with an ensemble from a single model is preferable,
as we discussed in Bui and Maloney (2019b), given a substantial
internal variability in the climate system that may make
conclusions drawn from single ensemble member misleading?®-3,
Compared to analysis with ensembles constructed from a single
member from multiple models, using an ensemble from a single
model avoids the differences in model architecture and para-
meterization?’. Using a large ensemble with different initial
conditions not only allows us to better characterize the entire
distribution of climate variability, but also creates an improved
characterization of the seasonal cycle and complex long-term
trends>4,

RESULTS

Absolute responses of MJO precipitation and wind amplitude
to global warming

Before examining the time of emergence of MJO climate changes
signals, we first examine the change of MJO amplitude at the end
of the 21st century under global warming by comparing the
historical (1986-2005) and SSP370 (2081-2100) simulations.
Figure 1a shows the ensemble mean MJO-filtered precipitation
and 850-hPa zonal wind standard deviation over the tropics in the
historical simulation. Large MJO precipitation and zonal wind
variability are found over the Indian Ocean, Maritime Continent,
and western Pacific. Under global warming, the MJO precipitation
amplitude increases in most regions but particularly over the
Pacific and especially the East Pacific relative to historical
simulation (Fig. 1b) while MJO wind amplitude shows a small
increase over the central and eastern Pacific and little change over
the Indo-western Pacific warm pool, consistent with previous
studies using the CMIP5 models'®'”. On a percentage basis, MJO
precipitation amplitude changes are generally greater than wind.
In addition to the change in amplitude, MJO also tends to expand
further into the central and eastern Pacific, consistent with the
further eastward extension of MJO activity in a warmer climate’®.
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Changes in MJO precipitation and wind amplitudes are further
supported by an analysis of probability distributions (Fig. 1c, d).
Compared to the distribution of historical period, a shift of the
distribution towards a stronger amplitude of MJO precipitation
and a small positive increase in wind amplitude at the end of 21st
century can be seen. The shift of distribution is much larger on a
percentage basis for MJO precipitation amplitude versus MJO
wind amplitude, consistent with an increase in tropical dry static
stability with warming'’. The spread among model ensemble
members (represented as standard deviation across ensemble
members) is large, suggesting that natural climate variability
contributes to uncertainty in determining the climate change
signal of the MJO.

Timing of MJO variability change signal under anthropogenic
warming

We now examine the time of the emergence of MJO climate
change signals in the tropics. Figure 2 shows an example
timeseries of MJO amplitude at 5°S and 110°W (see the blue dot
in Fig. 1a) from one ensemble member (i.e., cmip6.1251.002). Both
MJO precipitation and wind amplitudes are relatively steady in the
20th century, with notable increases after the 2030s (cf,
Fig. 2a, b). The slope of increasing trend in MJO precipitation
amplitude is larger than that in the MJO wind amplitude (i.e.,
29.8% versus 6.2% change per year calculated from 2030 to 2100),
supporting previous research showing that MJO wind amplitude
increases at a slower rate than MJO precipitation amplitude. Based
on this example, MJO precipitation amplitude (Fig. 2a) exceeds
historical bounds for 3 consecutive years starting in 2027 (black
arrow), 10 consecutive years starting in 2036 (blue arrow), and
around 2051 (red arrow) for all subsequent years staying outside
the bounds. On the other hand, MJO wind amplitude (Fig. 2b)
exceeds historical bounds for all subsequent years about two
decades after MJO precipitation amplitude at about 2075. Note
that we estimate the year at which an individual MJO variable
moves out of the historical bounds (i.e., exceed the 95th percentile
of historical period) using data from the SSP370 simulation, which
includes the period from 2015 to 2100 (see Methods for details).
For reference, we also examine the change of dry static energy
(DSE) gradient, which is proportional to change in SST (Fig. 2c),
showing that a deviation from historical bounds occurs as early as
the 2020ss.
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Considering that natural variability is different in magnitude in
different regions, which generate different historical climate
bounds that can be easier or more difficult to surpass for
relatively small climate changes, we examine the spatial distribu-
tion of the timing of MJO amplitude change signals. Figure 3
shows the ensemble mean spatial distribution of timing for MJO
precipitation and wind amplitude change signals and for different
consecutive years criteria. Here, the year of emergence is first
calculated for each ensemble member individually before any

a) Precipitation

10 consecutive years
3.0 first exceed historical bou
3 consecutive years
first exceed historical bound

Al consecutive
years exceed historical bound

., 95" percentile of histori

1860 1900 1940 1980 2020 2060 2100
*°" b) 850hPa zonal wind
25
20
15 W
1.0
05
0.0
1860 1900 1940 1980 2020 2060 2100
0.700 "
¢ c) DSE gradient
0.650
0.600
0.550
0.500
0.450
0.400
1860 1900 1940 1980 2020 2060 2100

Fig. 2 Estimating the projected timing of MJO amplitude. a MJO
precipitation amplitude (units are mm/day), b 850 hPa zonal wind
amplitude (units are m/s), and c vertical dry static energy (DSE)
gradient integrated from 400-600 hPa (units are J/kg/Pa). Also
indicated are the times of emergence relative to the historical
bound (gray area). Fields are shown for one example member (i.e.,
cmip6.1251.002) at 5°S and 110°W (small blue dot in Fig. 1a). A
similar plot for 5°S and 70°E is shown in Supplementary Figure 3.
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ensemble averaging is done. There are several interesting points
that can be derived from this analysis:

® There is a pattern mismatch between the absolute change in
the MJO amplitude expected by the end of 21st century and
the year at which the MJO would surpass historical
precedents, especially for MJO wind (cf, Fig. 1b and
Fig. 3a-f). As previous studies mostly focused on the absolute
changes of the MJO°'® (for example, MJO precipitation
amplitude change from —10% to +20% relative to the current
climate, while MJO circulation anomalies increase at a slower
rate or weaken), the result here suggests that uncertainties in
MJO prediction and its teleconnection impacts may be higher
because both absolute changes and emergence time need to
be considered.

® The projected timing of MJO precipitation amplitude changes
tends to occur more than a decade earlier than MJO wind
amplitude for the same consecutive year thresholds consid-
ered in regions of strongest MJO amplitude near and to the
south of the equator (the time of emergence of MJO
amplitude changes is also sensitive to the number of
consecutive years out of historical bounds considered). An
exception is over the eastern north Pacific Intertropical
Convergence Zone (ITCZ) region, where MJO wind amplitude
change signals tend to emerge earlier (red shaded in
Fig. 3g-i). The later emergence of MJO precipitation amplitude
over this region may be related to a strong anthropogenic
aerosol cooling in the Northern hemisphere during
1960-1980s (i.e., interdecadal climate shift®®) that further
induce a stronger historical variability range in MJO precipita-
tion. The earlier emergence of MJO precipitation amplitude
change signals suggests that some aspects of climate change
related to the MJO precipitation amplitude (or heating) should
be expected to arrive earlier than those related to MJO
circulation amplitude change.

® Unprecedented MJO activity is expected to experience the
earliest occurrence over the eastern Pacific, regardless of
number of consecutive years out of historical bounds (c.f., two
boxes in Fig. 3). In fact, MJO precipitation amplitude over the
eastern Pacific emerges about 2060s, more than a decade
earlier than over the Indo-Pacific warm pool about 2080 s (e.g.,
Fig. 3c). This is likely because of the relatively small MJO
activity in the historical period in this region (cf., Fig. 2 and
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Fig. 3 Timing of MJO variability change signal under anthropogenic warming. a-f Ensemble mean of the projected year when MJO
precipitation and wind amplitudes exceed the historical bounds with a, d 3 consecutive years, b, e 10 consecutive years, and ¢, f all
subsequent years thresholds. g-i Differences between the left and right panels. The number in the parentheses shows the averaged projected
year over the two boxes a for the Indo-Pacific warm pool (15°S-Eq., 60°E-180°) and central-eastern Pacific (15°S-Eq., 90°W-160°W), respectively.
See Supplementary Figure 4 for the standard deviation across ensemble members.
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central-eastern Pacific (solid dot, 15°S-Eq., 90°W-160°W) for three different consecutive year thresholds to defined emergence. The bars
represent the standard deviation calculated across all ensemble members from CESM2-LE. The dotted line shows a 1:1 relationship.

Supplementary Figure 3) and also the mean state changes of
temperature that resembles an El Nifio-like warming pattern
(see also Fig. 2 in Rodgers et al., 2021). One other possibility is
the southward shift of ITCZ3%37 in a warmer climate, which
decreases the mean precipitation in the northern tropical
Pacific and is accompanied by decreases in variability. The
earlier emergence of MJO amplitude change signal over the
eastern Pacific may be important for impacts in the western
hemisphere and teleconnections over North America®,

® To further elucidate these results, Figure. 4a shows a
scatterplot of the emergence timing between MJO precipita-
tion and MJO wind amplitude change signals averaged over
the Indo-Pacific warm pool and central-eastern Pacific. Timing
of emergence of MJO precipitation amplitude relative to MJO
wind amplitude change signals fall along a straight line but
offset from the 1:1 line, implying an earlier emergence of MJO
precipitation amplitude changes compared to MJO wind
amplitude changes. The earlier emergence of MJO amplitude
change signals over the eastern Pacific than Indo-Pacific warm
pool is also clear. The multi-model ensemble uncertainty (i.e.,
variability among ensemble members in the predicted year -
defined as standard deviations across all ensemble members)
shows a large spread (around 25 years) among ensemble
members for a 3 consecutive year threshold, but a smaller
spread (less than 10 years) for the 10 consecutive year and the
all subsequent year thresholds (see also Supplementary Fig. 4).

Finally, to understand the differences in timing of emergence
between MJO precipitation and wind amplitude change signals,
we further examine the changes in mean dry static stability which
is proportional to the changes in SST. On the absolute change,
previous studies have shown that, a larger increase in MJO
precipitation amplitude relative to MJO wind amplitude is
controlled by increases in dry static stability under weak
temperature gradient theory with warming'®. Here, dry static
stability changes emerge earlier than individual MJO precipitation
and wind amplitude change signals (Fig. 2c and Fig. 4b),
supporting previous arguments that dry static stability can be
used to predict change in ratio of MJO precipitation and wind
amplitude'”. In addition, Fig. 4b shows that the timing of
emergence of ratio MJO precipitation to MJO wind amplitude
changes (i.e, we first calculate the ratio of MJO precipitation
amplitude to MJO wind amplitude, then find the time of
emergence of changes in that ratio) and the timing of dry static
stability changes both occur as early as 2020-2050, and fall
approximately along a 1:1 line, especially for 10-year and all
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consecutive year thresholds. The result suggests that the earlier
timing of emergence of MJO precipitation relative to MJO wind
amplitude changes signals can be explained by earlier emergence
of dry tropical static stability. The dry static stability changes over
the central-eastern Pacific tend to emerge slightly later than those
over the Indo-Pacific warm pool, possibly because of large ENSO
variability there that creates relatively high natural variability in
SST24'26.

DISCUSSION

Understanding when the MJO at a given location will shift wholly
outside the range of historical precedents with anthropogenic
warming is important, given the profound impacts of MJO on
extreme weather around the globe. In this study, time of
emergence has been employed to isolate the impacts of internal
climate variability from the global warming signal for the MJO. We
have estimated the year at which MJO precipitation and wind
amplitude change signals will exceed the bounds of historical

climate variability (i.e.,

signals exceed the 95th percentile of

historical periods from 1861 to 2005) using a climate change
projection from the CESM2-LE under SSP370. Our primary
conclusions are as follows:

Our assessment of absolute changes in MJO amplitude in
the CESM2-LE shows that MJO precipitation amplitude
tends to increase with warming, while MJO wind amplitude
tends to increase at a slower rate, consistent with previous
studies (Fig. 1).

The MJO precipitation amplitude change signal is detectable
about a decade earlier than the MJO wind amplitude
change signal, regardless of the threshold of number of
consecutive years exceeding historical bounds used in the
analysis (Fig. 3).

The climate change signals of both MJO precipitation and
wind amplitude tend to occur earlier over the eastern Pacific
than other parts of the tropics (Fig. 3).

Since the MJO drives tropical and extratropical teleconnections
through heating of the atmosphere and propagation of atmo-
spheric waves, MJO amplitude change signals may trigger wide-
ranging impacts on both the mean state and extremes events
across the globe. Knowing when such MJO change signals may
occur aids preparation for such changes. Our results showing an
earlier emergence of MJO amplitude over the eastern Pacific (this
region also has the largest precipitation amplitude change) imply
increased risks of extreme events associated with MJO in this
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region. Providing information on the timing of detectable MJO
changes provides additional information beyond simply examin-
ing absolute changes, especially given differences in the spatial
distribution between the two quantities (c.f, Fig. 1b and Fig. 3).

We admit that our estimations of time of detection of the MJO
change signal depend on many factors, including the future
emission scenarios used and the thresholds for the number of
consecutive years out of historical bounds. However, the earlier
occurrence of MJO amplitude change signals over the eastern
Pacific relative to other part of the tropics is likely to be robust,
especially if the pattern of SST change in the tropics looks El Nifio-
like. It is worth noting that while the current study focuses on the
MJO, the results may imply a similar change for all daily to
subseasonal timescale events. However, we note from the
observed distribution of convective variance associated with
various convectively coupled modes of variability that their
convective variance maxima are not necessarily co-located®,
and so examining implications for other convective disturbances
are a topic for further research. Further, although our current
methods likely remove most of the impacts of ENSO and other
modes of climate variability, with the results shown mainly
reflecting MJO changes, the complexity of climate system and
multiscale interactions suggest that these issues require further
scrutiny. Ensemble members having different initial conditions
reflecting distinct timing of natural/internal variability can also
generate a range of MJO change emergence times. We also note
that our results may have model dependence and are worth
testing with other climate models beyond CESM2. Hence, further
work using ensembles from other CMIP6 models and other
datasets is necessary to affirm the validity of our results and to
provide more confidence in the timing of externally forced signals
in MJO behaviour.

METHODS
Model

Here we consider 100 ensemble members from the National
Center for Atmospheric Research (NCAR) CESM2-LE?’. From each
ensemble member, 240 years (i.e, from 1861 to 2100) of daily
mean fields with a horizontal resolution of 0.9°x 1.25° from the
historical forcing (HIST) and the shared socioeconomic pathway
(SSP) with fossil-fueled development combined with a 7 W/m?
forcing scenario (SSP370%°) are analyzed, where global mean
surface temperature is projected to increase by about 4.4 °C with a
likely range of 3°-5° by the end of 21st century relative to current
climate. We only consider the boreal winter season
(November-April) when the MJO is more active.

Analytical methods

To examine the time of emergence of the MJO, we first create a
timeseries of MJO amplitude, defined as standard deviation taken
every 5 years from 1861-2100 of the 20-100 day and eastward
wavenumber 1-5 filtered precipitation and 850-hPa wind at each
location. This wavenumber and frequency filtering band follows
the definition of the MJO domain as defined in previous studies>®.
While more than half of the variability in this band has been
shown to be related to the MJO*', we cannot rule out that some
variance associated with activity unrelated to the MJO is retained
by this filter, including longer-timescale variability associated with
ENSO. For example, at ENSO warm event initiation, the MJO and
eastward movement of the warm pool edge associated with the
growing warm event may be highly interrelated*?. A filter with
more narrowly confining frequency band (such as 30-80 days)
produces quantitatively similar results, although the time of
emergence occurs slightly later. Note that the main conclusions
do not change when standard deviation is taken every 1, 10, or 20
years, although the timeseries looks noisier when standard
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deviation is defined over only one year (see Supplementary
Figure 1). The conclusions are also remained unchanged when
using a running standard deviation rather than calculating
standard deviation for discrete time chunks (Supplementary
Figure 2). We then define a natural climate variability as a 95th
percentile of the historical period from 1861 to 2005 for each
ensemble member individually. With a larger number of years
used as the historical period, a broader bound of climate
variability can be archived®. Finally, we estimate the year at
which an individual MJO variable moves out of the historical
bounds (i.e., exceed the 95th percentile of historical period) using
data from the SSP370 simulation, which includes the period from
2015 to 2100 (see Fig. 2 for details). These steps produce maps
that indicate the time of emergence of a local MJO climate change
signal (Fig. 3).

To define the timing of an MJO change signal emergence, we
also consider the number of consecutive years out of historical
bounds. As discussed by Mora et al.>* the timing of a climate
change signal emergence will occur sooner when fewer con-
secutive years out of historical bounds are considered in the
definition. In fact, we will show that MJO change signals start to
emerge during the 2050s when using the threshold of 3
consecutive years lying out of the historical bounds, while MJO
signals tend to emerge after the 2060s when using a 10
consecutive years threshold. Admittedly, the year at which the
MJO exceeds the bounds of historical variability also depends on
the projection scenario. A fossil-fueled development combined
with 8.5 W/m? forcing scenario (e.g.,, SSP585) might produce an
earlier emergence/occurrence relative to a more sustainable
scenario (e.g., SSP126 or SSP245), as previously reported by Mora
et al. (2013) and Ying et al.2#25, The choice of the SSP370 scenario
forcing of the CESM2-LE used here follows CMIP6 recommenda-
tions*® that emphasize the relatively high forcing level for the
purpose of quantifying forced changes in natural variability®’.

Following previous studies®'%*®, we also examine the impacts
of basic state changes with warming on MJO changes. In
particular, the climatological static stability defined as the monthly
mean vertical average from 400 hPa to 600 hPa dry static energy

(DSE) gradient <g—;, where s =c,T+ gz, with T is temperature, g is

gravity, z is the height, and ¢, is specific heat of dry air at constant
pressure) is analyzed to explain the timing of changes in the ratio
of MJO wind to precipitation amplitude (Fig. 4).
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