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ABSTRACT

This study investigates changes to the Madden—Julian oscillation (MJO) in response to greenhouse gas—
induced warming during the twenty-first century. Changes in the MJO’s amplitude, phase speed, and zonal
scale are examined in five models from phase 5 of the Coupled Model Intercomparison Project (CMIP5) that
demonstrate superior MJO characteristics. Under warming, the CMIP5 models exhibit a robust increase in
the spectral power of planetary-scale, intraseasonal, eastward-propagating (MJO) precipitation anomalies
(~10.9% K 1). The amplification of MJO variability is accompanied by an increase of the spectral power of
the corresponding westward-traveling waves at a similar rate. This suggests that enhanced MJO variability
in a warmer climate is likely caused by enhanced background tropical precipitation variability, not by changes
in the MJO’s stability. All models examined show an increase in the MJO’s phase speed (1.8% K™'-4.5% K1)
and a decrease in the MJO’s zonal wavenumber (1.0% K'-3.8% K '). Using a linear moisture mode frame-
work, this study tests the theory-predicted phase speed changes against the simulated phase speed changes. It is
found that the MJO’s acceleration in a warmer climate is a result of enhanced horizontal moisture advection by
the steepening of the mean meridional moisture gradient and the decrease in zonal wavenumber, which is
partially offset by the lengthening of the convective moisture adjustment time scale and the increase in gross
dry stability. While the ability of the linear moisture mode framework to explain MJO phase speed changes is
model dependent, the theory can accurately predict the phase speed changes in the model ensemble.

the globe, and occasionally contribute to the initiation of
new MJO events over the Indian Ocean (Madden and
Julian 1972; Matthews 2008; Haertel et al. 2015; Powell
and Houze 2015).

The MJO’s effects are felt globally in the weather—
climate system (Zhang 2013). Tropical cyclones have
been shown to be 4 times more likely to occur in the
eastern Pacific, Gulf of Mexico, and Caribbean Sea
when the convective center of the MJO is located over
the Indian Ocean and the low-level winds in the eastern
Pacific are westerly (Maloney and Hartmann 2000a,b).
The eastward propagation of the MJO over the Indian
Ocean can influence the onset of the Asian and Aus-
tralian monsoons (Risbey et al. 2009; Wheeler et al.
2009; Marshall and Hendon 2015). Westerly wind bursts

1. Introduction

The Madden-Julian oscillation (MJO; Madden and
Julian 1972) is a convectively coupled, planetary-scale
disturbance that dominates tropical atmospheric vari-
ability in the intraseasonal time scale (30-90 days). The
MJO’s enhanced precipitation signal typically initiates
within the Indo-Pacific warm pool (60°-180°E; Zhang
and Ling 2017), propagates eastward at approximately
5ms” !, and dissipates in the central Pacific as it en-
counters cooler sea surface temperatures (SSTs; Milliff
and Madden 1996; Matthews 2000). Circulation anoma-
lies associated with the MJO can continue their eastward
propagation beyond the central Pacific, circumnavigating
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associated with the MJO can trigger Kelvin waves in the
Pacific Ocean, which can lead to an initiation of positive-
phase El Niflo-Southern Oscillation (ENSO) events
(e.g., Hendon et al. 1999; Pohl and Matthew 2007,
Marshall et al. 2009). In addition to direct impacts on
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tropical cyclogenesis, monsoon onset, and ENSO, the
MJO has wide-reaching teleconnections via Rossby wave
trains that propagate to the extratropics and affect the
weather in the midlatitudes (e.g., Kim et al. 2006; Lin et al.
2006; Cassou 2008). Given the extensive impacts of the
MJO, understanding changes to the MJO under green-
house gas-induced warming may lend insight into how
other aspects of the weather—climate system will change.

Previous studies that have examined the effects of
greenhouse gas-induced warming on the MJO found
that the amplitude of MJO precipitation variance in-
creases with warming (Subramanian et al. 2014; Schubert
et al. 2013; Maloney and Xie 2013; Arnold et al. 2013,
2015; Adames et al. 2017a; Wolding et al. 2017; Bui and
Maloney 2018). For example, Subramanian et al. (2014)
found that intraseasonal precipitation variance increases
with increasing surface temperatures in Community Cli-
mate System Model, version 4 (CCSM4), while Schubert
et al. (2013) found an increase in the MJO amplitude
under a CO,-driven warming in the Max Planck Insti-
tute Earth System Model (MPI-ESM). While reporting
a similar result—MJO amplification with warming—in
the National Aeronautics and Space Administration
(NASA) Goddard Institute for Space Studies (GISS)
model, Adames et al. (2017a) also showed that intra-
seasonal, planetary-scale, westward-propagating waves
amplify at nearly the same rate as the MJO. They spec-
ulated that the amplification of the MJO could be due to
changes in tropical precipitation variance and not due to
destabilization of the MJO with warming. Interestingly,
the increase in the MJO wind variance with warming is
found to be smaller than that in the MJO precipitation
variance in model simulations because of an increase in
the tropical dry static stability (Maloney and Xie 2013;
Adames et al. 2017a; Bui and Maloney 2018). Some
models that show an increase in the MJO precipitation
variance even show a decrease in the MJO zonal wind
variance (Bui and Maloney 2018).

Further, numerous modeling studies have shown a
robust increase in the phase speed of the MJO (Arnold
et al. 2013, 2015; Chang et al. 2015; Adames et al. 2017a;
Haertel 2018). The increase in the phase speed coincides
with an increase in the frequency of the MJO (Slingo
etal. 1999; Arnold et al. 2013; Chang et al. 2015). Arnold
et al. (2013) showed a shift of the MJO peak in the power
spectrum of outgoing longwave radiation (OLR) toward
higher frequencies when SST was increased in the
superparameterized Community Atmosphere Model
(SP-CAM). Chang et al. (2015) also reported an increase
in the frequency of the MJO spectral power in the
European Centre Hamburg Model, version 5, Snow—
Ice-Thermocline (ECHAMS-SIT) model in the repre-
sentative concentration pathway (RCP) 8.5 simulation.
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Although the modeling studies mentioned above are
insightful, they are limited in that they used a single
model and that they used different warming scenarios to
simulate how the MJO responds to warming (Schubert
et al. 2013; Arnold et al. 2015; Adames et al. 2017a,b;
Maloney and Xie 2013; Arnold et al. 2013; Subramanian
et al. 2014; Chang et al. 2015). A more complete analysis
requires the analysis of a multimodel ensemble simula-
tion performed under a uniform simulation setup. One
of the goals of this study is to obtain a more robust un-
derstanding of how the MJO responds to greenhouse
gas—induced warming by examining five models from
phase 5 of the Coupled Model Intercomparison Project
(CMIPS) that simulate a reasonable MJO. Also, while
the changes in the MJO amplitude and phase speed with
warming have been documented in many of the afore-
mentioned studies, limited efforts have been made to
explain the changes in a quantitative manner. Under-
standing the MJO’s amplitude and phase speed changes
with warming using the linear moisture mode frame-
work proposed by Adames and Kim (2016) is another
goal of the current study.

In the moisture mode theory, moisture is a prognostic
variable and its evolution determines the evolution of
the anomalous precipitation (Fuchs and Raymond 2005,
2007; Raymond and Fuchs 2009; Sugiyama 2009; Sobel
and Maloney 2012, 2013; Adames and Kim 2016). From
the perspective of moisture mode theory, the circula-
tion anomalies associated with the MJO [i.e., the Kelvin
and Rossby wave responses of a Matsuno—Gill response
to a dipole of diabatic heating and cooling along the
equator (Matsuno 1966; Gill 1980)] redistribute anom-
alous moisture such that there is enhanced moistening
(drying) to the east (west) of the enhanced convection.
This moisture tendency, largely due to moisture advec-
tion, induces eastward propagation (Maloney et al.
2010; Pritchard and Bretherton 2014; Kim et al. 2014,
Adames and Wallace 2015; Wolding and Maloney 2015,
among others).

Recently, Adames et al. (2017b) used the linear
moisture mode framework proposed by Adames and
Kim (2016) to explain the warming-induced changes in
MJO propagation documented in the NASA GISS
model. They found that moisture mode theory can
quantitatively explain the increase of the MJO’s phase
speed with CO,-induced warming, albeit with consid-
erable uncertainty. The simulated percentagewise in-
crease in the phase speed with surface warming can be
explained by an increase in the moisture gradient and
decrease in the zonal wavenumber, which is offset by an
increase to both the gross dry stability and convective
moisture adjustment time scale (Adames et al. 2017b).
The combined contribution of these four fields results
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in a change to the advection of moisture by the hori-
zontal winds, which leads to an acceleration of MJO
propagation of ~3.5% K ! in the NASA GISS model
(see section 4 for specific mechanisms).

In our study, the moisture mode framework will be
used to interpret how the MJO responds to warming in
the CMIP5 models. It will be shown that the fields
identified by Adames et al. (2017b) to explain the MJO’s
acceleration with warming in the NASA GISS model
also explain changes in MJO propagation in the five
CMIPS5 models analyzed here.

This study is structured as follows. Data and methods
are described in section 2. Changes to the MJO structure
and propagation in the CMIP5 models will be shown in
section 3. A brief review of the moisture mode frame-
work and the potential of this theory to be used to un-
derstand how the MJO responds to changes in greenhouse
gases is shown in section 4. The moisture mode frame-
work is used to interpret MJO changes in the CMIP5
models in section 5. A summary and conclusions can be
found in section 6.

2. Data and methods
a. Observations

Satellite-based observations of precipitation from the
Global Precipitation Climatology Project (GPCP) from
1997 to 2012 (Huffman et al. 2001) and the Special
Sensor Microwave Imager (SSM/I) version 7 product
(Hilburn and Wentz 2008; Wentz et al. 2012) from 1998
to 2016 are used. GPCP precipitation is used to calculate
power spectra of equatorial precipitation and to esti-
mate the phase speed of the MJO. The simultaneous
observations of precipitation and column-integrated
specific humidity (g) from the SSM/I version 7 product
are used in the calculation of the observed convective
moisture adjustment time scale 7., following Rushley
et al. (2018). Temperature data are obtained from the
European Centre for Medium-Range Forecasts (ECMWF)
interim reanalysis (ERA-Interim) four times daily from
1998 to 2016 (Dee et al. 2011). The ERA-Interim data
have a horizontal resolution of 1.5° X 1.5° and we make
use of the 29 vertical pressure levels that lie within the
troposphere (100-1000 hPa).

b. CMIPS5 simulations

Daily averaged precipitation, temperature, and spe-
cific humidity g for 95 years of the RCP8.5 simulations
are obtained from the CMIPS archive (Taylor et al.
2012). The RCP8.5 scenario is a business-as-usual sce-
nario from the Intergovernmental Panel on Climate
Change (IPCC), where the radiative forcing reaches
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8.5 W m ™2 by 2100 (Taylor et al. 2012). The observations
and model data have been interpolated onto a 2.5° X 2.5°
horizontal grid and restricted to the tropical latitude
band between 30°N and 30°S.

¢. Metrics for MJO characteristics

We obtain MJO amplitude, phase speed, and zonal
wavenumber from the wavenumber—frequency power
spectrum of 20-100-day bandpass-filtered equatorial
(10°S-10°N) precipitation. The raw spectrum is calcu-
lated using 192-day segments that overlap by 96 days,
each window is detrended, and a 15-day cosine taper
is applied to either end of the time window. The
wavenumber—frequency power spectrum (e.g., Hayashi
1971) of each segment is calculated and the resulting
spectra are averaged. The amplitude of the MJO (east
power) is defined as the sum of spectral power over the
MJO band (defined here as eastward wavenumbers 1-6
and periods 20-100 days). We also define the east-to-
west ratio (EWR) as the ratio of east power to its
westward-moving counterpart of the same temporal and
spatial scale (west power). We examine the changes in
the EWR to determine the uniqueness of MJO ampli-
tude changes relative to waves of similar scale.

The MJO’s phase speed and zonal wavenumber are
calculated as the power-weighted mean phase speed and
zonal wavenumber over the MJO band. When applied
to observations, this method yields a mean phase speed
of about 6.5ms ™!, a value that is consistent with that of
previous studies of the observed MJO (Adames and
Kim 2016; Kerns and Chen 2016; Zhang and Ling 2017).
Using this method, a zonal wavenumber k of 2.7 is ob-
tained for the observed MJO convective signal, which is
consistent with the known horizontal scale of the MJO
(Wheeler and Kiladis 1999). Note that we employ the
power-spectrum-based method of estimating the phase
speed and zonal wavenumber of the MJO instead of the
lag-regression-based method used in previous studies
(Adames et al. 2017a; Chang et al. 2015; Arnold et al.
2013, 2015). The changes in the phase speed using the
power-spectrum-based method are consistently smaller
than those found with the lag-regression-based method,
but the power-spectrum-based method shows a more
linear response to warming. We find that the power-
spectrum-based method is more reliable than the lag-
regression-based method, which can change significantly
when parameters are changed (i.e., longitudinal extent
over which the phase speed is calculated).

In the following section, the changes in the charac-
teristics of the MJO are examined as the percentage
difference between the later three 20-yr periods in the
RCP8.5 simulation (2041-60, 2061-80, and 2081-2100)
and an earlier 20-yr period of RCP8.5 (2021-40). For
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simplicity, we will refer to the period from 2021 to 2040
as the reference period. In most models, the linear
changes within the RCP8.5 period cannot be linearly
extrapolated to the historical or preindustrial simula-
tion, presumably because of the effects of aerosol con-
centration or other changes that affect the mean state.

d. Model selection

We apply a set of criteria to all models available in the
CMIPS5 archive to ensure that only those that simulate
a good MJO are used. Specifically, models that fail to
satisfy the following conditions are excluded:

(i) The MJO signal in the wavenumber—frequency
spectrum (e.g., a Wheeler—Kiladis diagram) shows a
distinct peak in the MJO band that is separated from
that of the convectively coupled Kelvin wave, as in
observations (Fig. 1)

(ii) The lag-regression diagram of precipitation (Fig. 2)
shows a continuous eastward propagation from the
Indian Ocean to the west Pacific

(iii) EWR is comparable to or larger than the observed
value in the reference period and remains greater than
1 for the duration of the RCP8.5 simulation (Fig. 3)

(iv) The average phase speed of the MJO in RCP8.5
simulation is larger than 3ms ™' (Table 1). This last
condition is based on the fact that the observed
phase speed of the MJO rarely falls below 3ms™!
(Kerns and Chen 2016; Zhang and Ling 2017)

Five models remain after this selection process:
CMCC-CM, CMCC-CMS, CNRM-CM5, TPSL-CM5B-
LR, and MRI-CGCM3. Table 1 lists the models used in
this study, along with the MJO phase speed and zonal
wavenumber in the reference period of the RCP8.5.
Note that these models that we have defined as good
MIJO models within the CMIP5 archive using these cri-
teria differ from the models defined as good MJO
models in other studies using different criteria (e.g.,
Jiang et al. 2015; Henderson et al. 2017; Bui and
Maloney 2018) and provides a unique suite of models to
examine the MJO’s change in a warmer climate.

3. Changes in the characteristics of the MJO
a. Amplitude

Figure 3 shows the MJO amplitude (east power)
against the west power in the RCP8.5 simulation. East
power ranges from 0.92 to 1.57 mm?day 2 in the refer-
ence period of RCP8.5, which is larger than the ob-
served value (~0.53 mm? day?). East power in RCP8.5
shows a robust, linear increase in all models (colored
symbols in Fig. 3), which is consistent with the results of
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previous studies (Subramanian et al. 2014; Schubert
et al. 2013; Maloney and Xie 2013; Arnold et al. 2013,
2015; Adames et al. 2017a). The MJO amplification rate
in the CMIP5 models ranges from 6.9% K™ t027.3% K ..
This broad range is likely due to the differences in the
parameterization of moist physics among the models and
differences in SST warming patterns (Takahashi et al.
2011; Maloney and Xie 2013; Bui and Maloney 2018).

The increase in MJO amplitude may not necessarily
mean that a warmer climate is more favorable for MJO
growth, but rather that the environment is more favor-
able for stronger convection in general, such that the
MJO amplitude would increase without any unique
changes to the growth or stability of the MJO. It is ex-
pected that the mean moisture and precipitation will
increase as surface temperatures increase (Held and
Soden 2006; Pendergrass and Hartmann 2014; Arnold
et al. 2013). It was shown by Adames et al. (2017a,b) that
fluctuations in moisture will rapidly increase with in-
creasing CO,. These increased fluctuations in moisture
would also result in stronger precipitation variance. One
would expect these fluctuations to enhance power across
scales including those of the MJO even without any
changes that are unique to the maintenance mechanism
of the MJO. Adames et al. (2017b) also found a length-
ening of the moisture residence time scale. The longer
moisture residence time would cause the spatial and
temporal scales of moisture to increase, which will
in turn affect the spatial and temporal scales of
precipitation.

Other studies have shown that the power spectrum of
precipitation will become ‘‘redder” with warming (Arnold
et al. 2013, 2015; Liu et al. 2013), which may be a result of
longer-lasting precipitation events [larger lag-1 autocor-
relation; Eq. (1) in Masunaga et al. 2006; Masunaga 2007
Gilman et al. 1963]. These longer-lasting events will
project more strongly onto the largest temporal and spa-
tial scales, meaning the spectral power in the low fre-
quencies and low wavenumbers increases more rapidly
than larger ones, and hence the redder spectrum. A redder
spectrum implies stronger MJO activity, even without any
changes in the stability of the MJO.

If the increase in MJO amplitude is simply due to an
increase in the duration of precipitation, an increase
in tropical precipitation variability may add power to
both the westward-propagating waves and the MJO east
power. This hypothesis can be verified by comparing the
changes in east power with warming to that of west
power (Fig. 3). The dashed lines in Fig. 3 indicate con-
stant EWR values. While both east power and west
power show a statistically significant increase over the
twenty-first century under the RCP8.5 scenario, none
of the models show notable changes in the EWR. This
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suggests that the same mechanism might be responsible
for the increase in east power and west power. Figure 4
shows that while the increase in east power with warm-
ing is large and statistically significant (10.9% K1), the
EWR shows a small weakening that is not statistically
significant. Adames et al. (2017a) reported similar results
using the simulations from the NASA GISS model.
Pritchard and Yang (2016) also reported a similar result
in SP-CAM, although their study considered SST changes
and not changes in CO, concentrations. Some studies
using individual models have found that the EWR in-
creases with warming (Subramanian et al. 2014; Arnold
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et al. 2015). We find that while some of the CMIP5
models used in our study show an increase in the EWR
(Fig. 4), there was no robust change found when the
multimodel changes in EWR were examined.

b. Phase speed and zonal scale

Figure 5 shows the changes in MJO phase speed and
zonal wavenumber in the RCP8.5 simulation. To eluci-
date these changes, we separate the RCP8.5 period into
four 20-yr chunks (2021-40, 2041-60, 2061-80, 2081-
2100) and analyze how the MJO changes in each of these
periods. The shaded symbols in Fig. 5 represent each
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20-yr period in the RCP8.5 simulation. There is a sys-
tematic increase in the MJO phase speed and zonal
scale, but the rate of change varies between models.
CNRM-CMS5 shows the largest increase in the phase
speed with warming, while IPSL-CM5B-LR shows the
largest changes in the zonal wavenumber.

The robust increase in the MJO phase speed in
CMIP5 models is also consistent with the results of
previous studies (Arnold et al. 2013, 2015; Chang et al.
2015; Adames et al. 2017a). The CMIP5 models com-
pare well with the predicted increase in the MJO’s phase
speed in the NASA GISS model (Adames et al. 2017b),
with the exception of CNRM-CMS5. The increase in
MJO zonal scale is also consistent with previous mod-
eling studies that have examined these changes (Chang
et al. 2015; Pritchard and Yang 2016; Adames et al.
2017a,b).

While there is insufficient evidence to affirm that the
MJO maintenance mechanism changes with warming,
the robust changes to the MJO phase speed indicate that
the processes impacting MJO propagation experience
changes with warming. In the following section, we ex-
amine these processes and how they influence the MJO’s
propagation.
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4. Examining MJO phase speed changes using
moisture mode theory

In this section, we employ the Adames and Kim
(2016) moisture mode framework to understand the
warming-induced MJO acceleration in the CMIP5S
models. Our approach largely follows that of Adames
et al. (2017b). Before presenting the results from the
CMIPS5 model simulations, we briefly summarize the
aspects of moisture mode theory that are relevant to our
study’s examination of the eastward propagation of the
MJO. Readers are referred to Adames and Kim (2016)
and references therein for further details of the theory.

a. MJO’s eastward propagation in the moisture mode
theory

In the moisture mode theories, the evolution of con-
vection is governed by that of column-integrated mois-
ture or moist static energy. This approximation is based
on the observed coupling between moisture and pre-
cipitation in the tropics (e.g., Bretherton et al. 2004;
Holloway and Neelin 2009; Inoue and Back 2015;
Ahmed and Schumacher 2015; Rushley et al. 2018). In
this framework, the MJO’s eastward propagation is the
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result of moistening to the east and drying to the west of
enhanced moisture and convection. That is, for a given
moisture perturbation (dashed line in Fig. 6), the rate of
the moistening and drying (blue and brown circles in
Fig. 6) determines the rate of eastward progression of
the initial perturbation, that is, the phase speed of the
moisture wave. Studies of the MJO’s moisture or moist
static energy budget in observations and in model sim-
ulations have shown that horizontal and vertical mois-
ture advection are responsible for the moistening and
drying (Benedict and Randall 2007; Andersen and
Kuang 2012; Kim et al. 2014; Pritchard and Bretherton
2014; Adames and Wallace 2015; Wolding et al. 2016;
Adames 2017; Jiang 2017; Adames et al. 2017b). Thus,
MJO propagation is the result of interactions between
moisture, diabatic heating, and circulation, as summa-
rized in Fig. 6.

Positive moisture anomalies are associated with
positive precipitation and therefore diabatic heating
anomalies (moisture < diabatic heating). In this rela-
tionship, the convective moisture adjustment time scale
7. plays a central role by scaling the strength of the
precipitation anomaly for a given moisture anomaly
(e.g., Bretherton et al. 2004; Jiang et al. 2016; Rushley
et al. 2018). The enhanced diabatic heating is primarily
balanced by adiabatic cooling due to upward motion
under the weak temperature gradient approximation
(Charney 1963; Sobel et al. 2001). This upward motion
drives horizontal circulation anomalies in the form of
the Matsuno-Gill response (diabatic heating — circu-
lation). Static stability S, and zonal wavenumber k are
the key parameters in this linkage, as static stability
determines the magnitude of vertical motion required
to balance a given diabatic heating while zonal wave-
number affects the magnitude of horizontal wind
anomalies in the Matsuno-Gill response (Fig. 7). The
zonal and meridional wind anomalies in the lower tro-
posphere moisten (dry) the atmosphere to the east
(west) through their impacts on advection of mean
moisture, synoptic-scale eddy activity, and boundary
layer convergence/divergence (circulation — moisture).
The resulting moistening/drying results in the eastward
propagation of the precipitation anomalies. The amount
of moisture advection associated with the horizontal
wind anomalies is set by the mean horizontal and ver-
tical moisture gradients V(g) (where the brackets in-
dicate mass-weighted vertical integration and the overline
indicates the mean) because, for the same wind anomaly,
a steeper moisture gradient would enhance moisture ad-
vection associated with it.

Moisture mode theory (Fig. 6) indicates that a set of
parameters (7., S,, k, and V(q)) control the magnitude
of the moisture advection and thus the eastward
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FIG. 3. Relationship between MJO power (east power) and the
westward-propagating waves of the same size (west power) in the
RCP8.5 simulation: (a) CMCC-CM, (b) CMCC-CMS, (c) CNRM-
CMS5, (d) MRI-CGCMS3, and (e) IPSL-CM5B-LR. Colored sym-
bols indicate different 20-yr periods of RCP8.5. Dashed lines
indicate EWR =1, 1.5, and 2.

propagation of the wave. For example, an increase in the
mean moisture gradient would amplify the magni-
tude of moisture advection, accelerating the MJO. On
the other hand, an increase in the convective moisture
adjustment time scale, static stability, and zonal wave-
number would slow down the MJO by damping the
moisture advection. These relationships between the
key parameters and phase speed of the MJO are rep-
resented in Adames and Kim’s (2016) dispersion re-
lationship for the MJO:

PAg _ PO,{a)
T{,kz ZTCMSkZ’

1)

‘™m10

where cyjo is the phase speed of the MJO, p is the
weighting function for the dissipation of anomalous
winds, Akg is a parameter indicative of the magnitude of
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TABLE 1. List of models used in this study and their MJO phase
speeds cyjo and MJO zonal wavenumbers k. Observations from
the GPCP precipitation (OBS) are included for comparison to the
model values. The phase speed and zonal wavenumber are calcu-
lated for the reference period (2021-40) of the RCP8.5 simulation.

Model cvyo (ms™h) k
CMCC-CM 5.50 3.20
CMCC-CMS 5.57 3.14
CNRM-CM5 6.08 2.74
MRI-CGCM3 5.82 3.09
IPSL-CM5B-LR 5.66 321
OBS 6.47 2.73

moisture advection by the combined Kelvin and Rossby
wave components of the anomalous horizontal winds,
7. is the convective moisture adjustment time scale,
and k is the zonal wavenumber. Note that, in the original
Adames and Kim (2016) dispersion relationship, the
term Agg takes into account changes to the total mois-
ture advection by combining the effects of horizontal
moisture advection, modulation of high-frequency eddy
activity, surface heat fluxes, and frictional convergence.
Following Adames et al. (2017b), we will approximate
Axg in Eq. (1) as the mean meridional moisture gradient
ay@ divided by 2 times the gross dry stability (2M),
which is a measure of the vertically integrated static
stability. As shown in Fig. 9 of Adames et al. (2017b),
this leads to an underestimation of the MJO phase
speed, but it significantly simplifies our calculations. The
zonal moisture gradient a,(q), while important for MJO
propagation (Jiang 2017; Kim 2017; Kim et al. 2017), is
not included here because the dispersion relation of

; a) Percent Change in MJO Amplitude
, - . —y— .
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Adames and Kim (2016) is linearized with respect to a
zonally symmetric state. Additionally, the changes in the
meridional moisture gradient with warming dominate
the changes to the total moisture gradient with warming
(not shown). The gross dry stability represents the static
stability S, felt by the first baroclinic mode in vertical
motion. The gross dry stability is calculated by vertically
integrating the vertical velocity—weighted vertical gra-
dient of dry static energy s from the surface to 100 hPa:

(o3
s ap

where 5 is the mean dry static energy and () is an ide-
alized vertical velocity profile.

By differentiating Eq. (1) with respect to surface
temperature 7, and dividing the result by Eq. (1), we
obtain an expression for estimating the percentagewise
changes in phase speed with warming;:

@

oInd (q) 8InM_  Slnr,  25lnk
8T, 8T, 8T, 8T,

Slncyy,

3T,

®)

where changes in p are small within the parameter range
analyzed here (not shown) and therefore neglected, as in
Adames et al. (2017b). If these relationships remain ap-
proximately exponential (linear when their natural loga-
rithm is taken) in the range of our investigation, we can
directly compare the percentagewise changes in the var-
iables in Eq. (3) per kelvin of warming with our estimated
changes in MJO phase speed. In the following sub-
sections, we will examine the changes in these parameters

: b) Percent Change in East-West Ratio
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FIG. 4. (a) Percentage change in the MJO (east power) during 20-yr periods of RCP8.5 and (b) percentage change in the EWR during
20-yr periods of RCP8.5 with temperature. The shape of the symbols corresponds to the different CMIP5 models, while the color indicates
the different 20-yr periods of RCP8.5. The red lines correspond to the multimodel fit of the (a) east power and (b) EWR, with the
multimodel percentage change with temperature indicated on each line; the asterisk indicates a percentage change with temperature that

is statistically significant.
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with warming in the CMIPS5 models with a particular
question in mind, Can we quantitatively explain the
simulated MJO acceleration by the changes in the factors
that are key to the moistening and drying rates?

b. Changes in the key parameters under the warming

This subsection examines the terms on the rhs of
Eq. (3) in individual CMIP5 model simulations. The
results will then be synthesized in section 5. To quantify
the changes in the MJO due to greenhouse gas warming,
we calculate the percentagewise changes between the
latter three 20-yr periods of RCP8.5 and the reference
period of RCP8.5 and fit a linear relationship to the
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percent changes with temperature. We use data within
the same simulation to minimize the effect of other
differences in the simulations (i.e., aerosol changes) on
the mean state, allowing a closer comparison to the
changes in the NASA GISS model with increasing CO5.

1) MEAN MERIDIONAL MOISTURE GRADIENT

Under global warming, it is expected that moisture
will increase more rapidly in the climatologically wet
regions than in the dry regions of the tropics (Held and
Soden 2006), causing a steepening of the mean meridi-
onal moisture gradients. The contours in Fig. 8 show
the mean column-integrated specific humidity in the

811
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FIG. 6. Schematic of the MJO propagation in the moisture mode
framework. The initial anomalies of precipitation P’ (solid line)
and moisture (g)" (dashed line) show a dipole of positive and
negative anomalies. These anomalies lead to diabatic heating,
which drives anomalous vertical and horizontal motions via the
Matsuno-Gill responses. These circulation anomalies lead to
moisture advection, which leads to drying (brown spots) and
moistening (blue spots) to the west and east, respectively, of the
precipitation anomaly. In the moisture mode framework, the mag-
nitude of the moistening and drying by moisture advection is de-
pendent on the horizontal moisture gradient V{g), the convective
moisture adjustment time scale 7., gross dry stability M, and zonal
wavenumber k of the initial moisture anomalies, and the phase speed
cwmio is proportional to 1/7., 1/M;, 1/k?, and V(g) [see Eq. (1)].

reference period of RCP8.5. In all models, moisture is
highest along the equator and over the Indo-Pacific
warm pool. Figure 8 also shows the changes in the mean
column-integrated specific humidity as the difference
between the average over the last 20 years and the ref-
erence period of RCP8.5 (percentage changes for in-
dividual models are shown in Fig. 8). The changes in
the CMIPS5 models show larger increases in the deep
tropics (peak near the equator between about 10°N
and 10°S) than in the subtropics, indicating a clear
steepening of the meridional moisture gradient. Both
the climatological mean humidity pattern and its changes
show a zonally elongated pattern, indicating that the
changes in meridional gradient are dominant in the warm
pool as the equatorial moisture increases and steepens
the meridional gradient, while smoothing out the zonal
gradient in this region.

To quantify the changes in the meridional moisture
gradient, we calculate the absolute value of the meridi-
onal gradient of the time mean column moisture at each
oceanic grid point, then average the mean meridional
moisture gradient within the Indo-Pacific warm pool
region (20°N-20°S, 60°~180°E). The column moisture is
representative of the lower troposphere as it is weighted
toward the lower troposphere and can be used to ex-
amine moisture transport over multiple levels. With the
exception of MRI-CGCM3, the models show changes in
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F1G. 7. The wind response to (a) a wavenumber-1 and (b) a
wavenumber-2 heating anomaly (contours), plotted on a wave-
number-2 domain (half the radius of Earth). The latitudinal extent
is the distance y normalized by the equatorial Rossby radius of
deformation (Re). Vectors are anomalous horizontal winds; the
maximum vector magnitude is 2.6ms~! for wavenumber 2 and
3.4ms~! for wavenumber 1. The anomalous horizontal winds are
calculated using the Gill (1980) model.

the horizontal moisture gradient that are between 6% K™
and 7% K. MRI-CGCMS3 has the lowest change in
the moisture gradient with warming (4.3% K '), which is
likely due to small changes over the majority of the Indo-
Pacific warm pool (Fig. 8d). The steepening of the mean
meridional moisture gradient would increase moisture
advection for the same meridional wind anomaly, leading
to larger moistening (drying) to the east (west) of the
MIJO heating anomaly. Assuming all other conditions
remain constant, the enhanced moistening and drying to
the east and west of the MJO heating anomaly would
increase the MJO’s phase speed [Eq. (3)].

2) GROSS DRY STABILITY

Under greenhouse gas—induced warming, the largest
warming in the tropics occurs in the upper troposphere,
which leads to increased static stability of the tropical
atmosphere (Collins et al. 2013; Maloney and Xie 2013;
Bony et al. 2006; Bui and Maloney 2018). For example,
Bui and Maloney (2018) found an increase in the static
stability in a different set of CMIP5 models and exam-
ined its role in the relationship between precipitation
variability and low-level wind variability. Here, we fo-
cus on its implications on the magnitude of horizontal
moisture advection. Figure 9 shows potential tempera-
ture changes in the tropics (30°S-30°N) between the
reference period and the last 20 years of RCP8.5. All
models show a warming pattern with the largest warm-
ing in the upper troposphere between 300 and 200 hPa,
which is consistent with previous studies (Collins et al.
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F1G. 8. The climatological mean column-integrated specific humidity for the reference period of RCP8.5 (contours) and the difference
between the last 20 years of RCP8.5 and the reference period (shading): (a) CMCC-CM, (b) CMCC-CMS, (c¢) CNRM-CMS, (d) MRI-
CGCM3, and (¢) IPSL-CM5B-LR. The number in parentheses above each panel represents the percentage change of meridional moisture
gradient per kelvin of warming over the Indo-Pacific warm pool for each model.

2013; Maloney and Xie 2013; Bony et al. 2006). Although
CNRM-CM5, MRI-CGCM3, and IPSL-CM5B-LR have
very similar changes in the lower troposphere, IPSL-
CMS5B-LR diverges from CNRM-CM5 and MRI-CGCM3
around 500hPa and the upper-tropospheric warming is
larger in IPSL-CMS5B-LR than the other two models.
CMCC-CM and CMCC-CMS are nearly parallel and
exhibit larger warming throughout the troposphere than
the other three models.

Results in Fig. 9 indicate that static stability increases
with warming below around 200 hPa, which would act
to slow down the MJO. We will estimate changes in the
gross dry stability by using the approximation 5~ C,6
(where C, is the specific heat at constant pressure and
0 is potential temperature). Additionally, we use the
idealized Q) profile as defined by Adames and Kim
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(2016) for all models [see Eq. (A7) in Adames and Kim
(2016)].

All models show an increase in the gross dry stability
with warming (numbers next to model names in
Fig. 9), with values ranging from 2.6% K to 4.0% K.
CNRM-CMS, which shows the weakest warming in the
upper troposphere, has the smallest rate of change in the
gross dry stability. A more stable atmosphere implies
that less vertical motion is required to offset diabatic
heating and satisfy weak temperature gradient balance.
With reduced vertical velocity anomalies, the divergent
flow associated with deep convection will weaken. With
weaker divergent flow, the vorticity generation from
vortex stretching also weakens, resulting in a weaker
nondivergent flow as well. Therefore, a stronger static
stability will weaken the horizontal wind response and
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cause the advection of moisture by anomalous hori-
zontal winds to decrease (Maloney and Xie 2013;
Wolding et al. 2017; Bui and Maloney 2018). This will
cause less moistening (drying) of the atmosphere to the
east (west) of the MJO’s heating anomaly, slowing the
eastward propagation of the MJO [Eq. (3)].

3) CONVECTIVE MOISTURE ADJUSTMENT TIME
SCALE

The convective moisture adjustment time scale is a
measure of the sensitivity of precipitation to moisture. It
quantifies the hypothetical e-folding time scale of mois-
ture anomalies under the assumption that only precip-
itation is affecting the moisture anomalies (Bretherton
et al. 2004; Jiang et al. 2016; Rushley et al. 2018). We
obtain the convective moisture adjustment time scale
from the four 20-yr segments from RCP8.5 by calculating
an exponential fit from the joint distribution of column
relative humidity (CRH) and precipitation that describes
the relationship between the two variables (Bretherton
et al. 2004; Rushley et al. 2018; see Fig. 10 herein):

P=P exp(a,CRH), (5)

where P, and a, are coefficients of the nonlinear fit to
each dataset. CRH is defined as

CRH = @, (6)
()
where (gq) is the column-integrated specific humidity and
(qs) is the column-integrated saturation specific humidity.
The convective moisture adjustment time scale is ob-
tained from the inverse of the derivative of Eq. (5) eval-
uated at a reference CRH (CRH*):

r o= @ _ @ (7)
¢ 9PIOCRH| gy _cpux  P,a,exp(a,CRH*)’

where CRH¥ is defined as the value of CRH that corre-
sponds to the mean precipitation over the near-equatorial
area of the Indo-Pacific warm pool (10°S-10°N, 60°-
180°E). Therefore, . is affected by the shape of the
exponential fit (P, and a,), the reference CRH value,
and the climatological mean (g;). This method yields an
estimated value of 7.~ 18 h for SSM/I version 7 obser-
vations (Rushley et al. 2018), which is comparable to
previous calculations (Bretherton et al. 2004; Sobel and
Maloney 2012; Adames and Kim 2016).

Figure 10 shows the exponential fits of precipitation
with CRH obtained from the four 20-yr periods of
RCP8.5. (The corresponding joint histograms of mois-
ture and precipitation are shown in Figs. S1-S5 in the
online supplemental material.) The points in Fig. 10
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FIG. 9. Potential temperature difference from the last 20 years of
RCP8.5 and the reference period for the CMIP5 models (colored
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in gross dry stability per kelvin for each model.

indicate the value of the CRH* used in this study. In all
models, precipitation rapidly increases with increasing
CRH, as in observations. However, the shape of these
curves varies significantly between models, implying
large variations in 7. as well (Rushley et al. 2018). CRH*
is dependent on the change of the nonlinear relationship
between moisture and precipitation and the change in
the mean precipitation over the warm pool. An increase
in CRH* in the CMIP5 models is primarily due to an
increase in the mean precipitation, except for the CMCC-
CM simulation in which the effect of the nonlinear fit
is partially responsible for increasing CRH*. The fit in
CMCC-CM becomes steeper with warming such that for
the same mean precipitation, CRH* increases (Fig. 10a).
While the curve shows notable intermodel differences,
its shape remains nearly unchanged throughout the RCP8.5
period in all models. This feature is most pronounced in
IPSL-CM5B-LR, in which four curves from different
simulation periods are nearly indistinguishable from each
other. CMCC-CM shows the largest shift in the curve
toward higher CRH at lower precipitation, while CMCC-
CMS, CNRM-CMS5, and MRI-CGCM3 show the largest
changes in the curve at higher CRH and precipitation.
The wide range of changes in 7. (percentage changes
are noted in the lower-right corners in Fig. 10) indicates
that the drivers of the changes in 7. are not the same for
each model. For instance, IPSL-CM5B-LR shows the
largest changes in 7, but the smallest change in CRH*
and curve, indicating that changes to the curve and
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corresponds to the mean precipitation of the Indo-Pacific warm pool. The colored lines show the
different relationship between CRH and precipitation in the different 20-yr periods of RCP8.5
(colors correspond to the color of the reference CRH). Percentage change of each model with
surface warming is shown in the bottom-right corner of each panel.

CRH* are not enough to explain the large changes to
7.. CMCC-CM, CMCC-CMS, and CNRM-CM5 show
a more modest increase in 7, and larger changes in
CRH*. While it is reasonable to expect that an increase
in CRH* would decrease 7., the change in CRH*
is offset by large changes in (g,), which consistently
increases during the RCP8.5 warming scenario. In
CMCC-CM, CMCC-CMS, CNRM-CMS5, and IPSL-
CMS5B-LR, the changes in (g;) outpace that of the de-
nominator of Eq. (7), leading to an increase in 7. This
result is consistent with the findings of Adames
et al. (2017b). In the case of IPSL-CM5B-LR, the
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small changes in CRH* lead to larger changes in 7. as
the changes are not offset by large changes in CRH*.

An interesting outlier is MRI-CGCM3, which is
the only model to show a decrease in 7. (—1.2% K™ 1).
The joint histogram of this model (Fig. S4) shows a
significantly higher number of values near CRH = 1 than
the other models. Vertical profiles of ¢ and ¢, (not shown)
indicate that this model has very high moisture in the mid-
to upper atmosphere, which is exhibited by the high
number of values at high CRH. MRI-CGCMS3 is the only
model in which the denominator of Eq. (7) outpaces

changes in (g;), leading to a decrease in 7.
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In four out of five models, 7. increases with warming,
indicating that convection becomes less sensitive to mois-
ture in a warmer climate. This suggests that for the same
value of column-integrated specific humidity, a longer 7.
would lead to a lower precipitation anomaly P’ and hence a
weaker diabatic heating anomaly Q. A decrease in Q' will
be balanced by a decreased anomalous vertical velocity,
which will weaken the anomalous horizontal wind re-
sponse and therefore moisture advection, slowing the
MJO. The rate of increase in 7. varies significantly from
model to model, ranging from an increase of 2.1% K™
to 7.9% K~ ' (excluding MRI-CGCM3). The inter-
model spread (despite the limited ensemble size) may
originate from the uncertainty in the parameterized
moist physics in GCMs, which was also found in Rushley
et al. (2018).

4) ZONAL WAVENUMBER

The CMIP5 models simulate a robust decrease in
the MJO’s zonal wavenumber with warming (Fig. 5).
The changes in the zonal wavenumber range from
—0.5% K" to —1.9% K~'. While the mechanism behind
the widening of the MJO’s zonal scale remains unclear,
it has important implications for the phase speed of the
MJO in the Adames and Kim (2016) moisture mode
framework. That is, a larger MJO zonal scale will result
in faster MJO propagation. This is partly because larger
waves will have a greater wind response than smaller
waves with the same heating anomaly (Fig. 7), which is a
characteristic of the Matsuno—Gill solution and repre-
sented in the fourth term in the rhs of Eq. (3).

5. Explaining MJO phase speed changes

In this section, we summarize the results presented in
the previous section and seek to explain changes to the
MJO phase speed by synthesizing the changes in each
term on the rhs of Eq. (3). The multimodel mean
change in the MJO’s actual phase speed with warming is
~2.4%K~' (Fig. 11a). The phase speed has a strong
linear relationship with warming, with a small amount
of intermodel spread. The increase in the meridional
moisture gradient over the warm pool region (Fig. 11b)
has a magnitude of ~6.6% K™, which compares well
with the expected increase in moisture with warming
based on the Clausius—Clapeyron relationship (Held
and Soden 2006). The meridional moisture gradient
explains most of the increase in the moisture gradient in
the CMIPS models (Fig. 8). The gross dry stability and the
convective moisture adjustment time scale increase at a
rate of ~3.7% K (Fig. 11c) and ~3.1% K ! (Fig. 11d),
respectively. In Fig. 11e, we see that there is a decrease in
the zonal wavenumber of ~1.4% K~'. All of the changes
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to these variables show a linear relationship with surface
temperature changes, with varying spread among models.

According to Eq. (3) and the simulated changes, the
changes in the humidity gradient and wavenumber act to
speed up the MJO, while the changes in the gross dry
stability and the convective moisture adjustment time
scale act to slow it down. The percentage changes of
these terms and the predicted and calculated phase
speed are summarized in Table 2. The sum of the change
in the rhs of Eq. (3) indicates that the predicted accel-
eration in MJO propagation is comparable with the
calculated changes for most models and multimodel
changes, with some models overestimating the phase
speed changes and others underestimating the changes.
This indicates that the framework described by Adames
and Kim (2016) works well for examining changes to the
MJO phase speed. The IPSL-CM5B-LR changes show
that from the rhs of Eq. (3), a decrease in the MJO phase
speed would be expected, which is contradictory to the
calculated acceleration of the MJO with warming. This
is likely due to the anomalously large changes in the
convective moisture adjustment time scale in this model.

These changes may be dependent on the model physics,
particularly on the convection schemes of these models
as evidenced by the varying moisture—precipitation rela-
tionships (Fig. 10). IPSL-CM5B-LR shows a high sensi-
tivity of precipitation to moisture, leading to a dearth in
high CRH as the precipitation rapidly removes moisture
from the column (Fig. SS5). Conversely, MRI-CGCM3 has
an extremely moist atmosphere (Fig. S4), leading to low
sensitivity of precipitation to moisture, allowing the
atmosphere to get very moist before rain occurs. The
moisture—precipitation relationship in these models does
not accurately represent the moisture—precipitation re-
lationship in observations (Rushley et al. 2018). As dis-
cussed in section 4a, the tight coupling of moisture and
precipitation in the tropics is a fundamental relationship
for the moisture mode theory. The variety of relationships
seen in these models speaks to the variety of convection
schemes in the CMIPS models and brings to light poten-
tial limitations in calculating changes to the MJO phase
speed in models with differing moisture—precipitation
relationships.

6. Summary and conclusions

This study uses five CMIP5 models to examine changes
to the MJO magnitude and phase speed under green-
house gas-induced warming. Models were selected based
on their superior ability to accurately represent the MJO.
The percent changes in MJO amplitude and west power
in the four 20-yr periods of the RCP8.5 simulation rela-
tive to the reference period are examined. The expected
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FIG. 11. Percentage changes with respect to the reference period (a) phase speed,
(b) humidity gradient, (c) gross dry stability, (d) convective moisture adjustment time scale, and
(e) wavenumber with the amount of surface temperature increase. The colors correspond to the
20-yr periods of RCP8.5 simulation, while symbol shapes correspond to the different CMIPS5
model. The lines are the linear best fit for the percentage changes with temperature over all of
the models. Magnitudes of these fits (i.e., the multimodel mean changes) are in the upper-left
(lower right in the case of the zonal wavenumber) corner of each panel.

changes in the MJO phase speed over the RCP8.5 sce-
nario are compared to the calculated MJO phase speed
in the models following the linear moisture mode frame-
work of Adames and Kim (2016).

Our study reveals that the MJO amplitude increases
with warming in all models, supporting results from
previous studies (Subramanian et al. 2014; Schubert
et al. 2013; Maloney and Xie 2013; Arnold et al. 2013,
2015; Wolding et al. 2017; Adames et al. 2017a). The
amplitude of westward-traveling waves of the same
temporal and spatial scales as the MJO increase at a
similar rate, resulting in an EWR that remains nearly
unchanged throughout the RCP8.5 period in all models.
This result indicates that the amplification of the MJO
and west power may be due to the overall increase in
background tropical precipitation. Though some models
agree with previous studies that show an increase in the
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EWR (Subramanian et al. 2014; Arnold et al. 2015), there
is no robust response in the sign of the EWR changes in the
CMIP5 models. Such an amplification suggests that the
growth mechanism for the MJO is not strongly affected by
greenhouse gas-induced warming. Adames et al. (2017b)
found a similar result in the NASA GISS model.

The MJO phase speed increases with increasing tem-
perature in all five CMIP5 models, which is also consistent
with previous studies (Slingo et al. 1999; Arnold et al.
2013, 2015; Chang et al. 2015; Adames et al. 2017a). By
using the linear moisture mode framework of Adames
and Kim (2016) with respect to surface temperature, we
attempted to quantitatively explain changes to the MJO
phase speed. It is found that the simulated MJO accel-
eration can be explained by the changes in the mean
meridional humidity gradient, gross dry stability, con-
vective moisture adjustment time scale, and MJO zonal



818

JOURNAL OF CLIMATE

VOLUME 32

TABLE 2. Percentage changes per kelvin of surface warming for phase speed calculated from the models [8In(cmj0)/87;], and phase
speed predicted by Eq. (3) [8In(cmjo0)/8T5],- The predicted value is the sum of the percentage changes of the meridional humidity gra-
dient (8Ina, (q)/6T;), gross dry stability (—8InM,/87T), convective moisture adjustment time scale (—8lnr./67), and zonal wavenumber
(—28Ink/8Ty). The first row shows the multimodel mean changes, and subsequent rows are the results for the individual models.

Model {Sln(cwo)} Fln(cwo)] 8Ina, (q) _ 8InM; _8lnr, _ 28Ink

8T, |, 8T, |, 8T, 8T, 8T, 8T,
All models 2.44 2.55 6.56 —-3.67 —-3.14 2.80
CMCC-CM 2.27 2.24 6.47 —3.85 -2.10 1.72
CMCC-CMS 2.33 2.15 7.39 —4.02 -3.87 2.65
CNRM-CM5 4.56 5.49 6.95 —-2.63 —-2.54 3.71
MRI-CGCM3 2.62 3.65 4.29 —2.90 1.24 1.02
IPSL-CM5B-LR 1.80 -1.03 6.67 -3.63 —-7.89 3.82

wavenumber, which determine the rate of moistening and
drying around MJO moisture anomalies. The gross dry
stability and moisture gradient exhibit an increase with
warming, as expected from previous studies (Maloney
and Xie 2013; Chang et al. 2015; Collins et al. 2013; Held
and Soden 2006; Adames et al. 2017b). With the excep-
tion of MRI-GCGM3, the convective moisture adjust-
ment time scale also increases in the CMIP5 models.

The multimodel mean shows that changes to the key
parameters and MJO zonal wavenumber in CMIP5
models can explain changes in the phase speed. The
changes in the gross dry stability and convective mois-
ture adjustment time scale slow down the MJO propa-
gation, while the changes in the mean moisture gradient
and MJO zonal wavenumber lead to an increase in the
MJO phase speed. The latter two variables dominate
the changes to the MJO phase speed in the CMIP5
models, leading to an increase in the phase speed of the
MIJO. Thus, our results suggest that the moisture mode
framework and the Adames and Kim (2016) frame-
work can adequately explain how the MJO responds
to increasing CO,, at least from the point of view of a
multimodel ensemble.

The phase speed increase with warming in the CMIP5
models has a similar rate to the NASA GISS model,
which shows an increase at a rate of ~3.3% K~ ' (Adames
et al. 2017a). The models agree with the NASA GISS
model meridional moisture gradient change (~6.9% K™ 1).
Changes in MRI-CGCM3 are much smaller than the
other CMIP5 models, which shows comparatively small
changes along the equatorial warm pool (Fig. 8). The
gross dry stability in the CMIP5 models increases at a
similar magnitude to the NASA GISS model (~4.0% K™ 1).
The NASA GISS model’s convective moisture adjustment
time scale increases at a rate of ~5% K ' (Adames et al.
2017b), which is larger than the increase in all of the models
considered here, except [IPSL-CM5B-LR. Last, the changes
in the MJO zonal wavenumber are generally smaller than
those found in the NASA GISS model (—2.8% K™
Adames et al. 2017a).
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The convective moisture adjustment time scale can be
altered by overall changes in the moisture—precipitation
relationship as well as changes to the mean precipitation
(which changes the reference CRH) or changes in the
mean saturation specific humidity. The increase in the
convective moisture adjustment time scale seen in
the models can be attributed to large changes in (g,),
in agreement with Adames et al. (2107b). The changes
associated with the moisture—precipitation relationship
may also be affected by the changes to the stability of
the atmosphere and the horizontal advection of mois-
ture, which can act to suppress or drive convection. It
would be of interest to examine in closer detail the
physical driver of changes to the nonlinear moisture—
precipitation relationship.

The MJO zonal wavenumber is another interesting
component of this study, as its changes, in part, drive the
MJO phase speed changes, but it may also be influenced
by the mean state. For instance, changes in the static
stability of the atmosphere or mean moisture gradients
can alter the horizontal scale of moisture and heating
anomalies that would modulate the scale of the MJO.
There is currently no clear mechanism that could ex-
plain why the MJO increases in scale with warming.
Future research may shed some light onto how the MJO
scale is selected and how greenhouse gas—induced
warming affects this scale.
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