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Abstract: The Madden—Julian Oscillation (MJO) is a large-scale tropical weather system that gen-
erates heavy rainfall over the equatorial Indian and western Pacific Oceans on a 40-50 day cycle.
Its circulation propagates eastward around the entire world and impacts tropical cyclone genesis,
monsoon onset, and mid-latitude flooding. This study examines the mechanism of the MJO in the
Lagrangian atmospheric model (LAM), which has been shown to simulate the MJO accurately, and
which predicts that MJO circulations will intensify as oceans warm. The LAM MJO’s first baroclinic
circulation is projected onto a Kelvin wave leaving a residual that closely resembles a Rossby wave.
The contribution of each wave type to moisture and moist enthalpy budgets is assessed. While the
vertical advection of moisture by the Kelvin wave accounts for most of the MJO'’s precipitation,
this wave also exports a large amount of dry static energy, so that in total, it reduces the column
integrated moist enthalpy during periods of heavy precipitation. In contrast, the Rossby wave’s
horizontal circulation builds up moisture prior to the most intense convection, and its surface wind
perturbations enhance evaporation near the center of MJO convection. Surface fluxes associated with
the Kelvin wave help to maintain its circulation outside of the MJO’s convectively active region.

Keywords: Madden-Julian oscillation; equatorial Rossby wave; equatorial Kelvin wave

1. Introduction
1.1. MJO Overview and Impacts

The Madden Julian Oscillation (MJO) is a large-scale tropical weather disturbance
that produces heavy rainfall over the equatorial Indian and western Pacific Oceans on
a 45-50 day cycle [1-4]. The MJO's circulation, which includes low-level cyclonic gyres
and an upper-level quadrapole [5], is strongly coupled with moist convection over the
western Pacific warm pool and more weakly coupled with convection in the eastern Pacific
and western hemisphere [6-8]. Although the MJO’s convective envelope generally moves
slowly eastward, it contains smaller-scale convective systems that propagate in a variety
of directions, including eastward and westward in the equatorial west Pacific [9-11] and
northward in Asian monsoon regions [12].

The MJO has important impacts on weather and climate all over the world. First, it
modulates tropical cyclones over the Atlantic, Indian, and Pacific Oceans [13,14]. Second, it
affects the timing of active and break periods in Asian, Australian, and North American
Monsoons [15,16], as well as the frequency and intensity of monsoon disturbances [17].
Third, it is known to impact mid- and high-latitude weather, modulating atmospheric rivers
that can cause extreme flooding [18], and interacting with the stratospheric polar vortex
and North Atlantic Oscillation [19]. Finally, westerly wind bursts associated with the MJO
can impact the development of El Nino events, including their timing and diversity [20,21].
In particular, extreme El Nino events (in 1982, 1997, and 2015) all started after a strong
sequence of westerly wind bursts generated within the MJO [22].

Geosciences 2022, 12, 314. https:/ /doi.org/10.3390/ geosciences12090314 https:/ /www.mdpi.com/journal /geosciences


https://doi.org/10.3390/geosciences12090314
https://doi.org/10.3390/geosciences12090314
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://doi.org/10.3390/geosciences12090314
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences12090314?type=check_update&version=1

Geosciences 2022, 12, 314

20f22

1.2. Proposed MJO Mechanisms

Despite decades of study and numerous modeling attempts and theoretical interpreta-
tions, the mechanisms of the Madden—Julian Oscillation (MJO) are not fully understood.
Many different MJO theories have been put forward to explain the MJO’s instability and /or
slow eastward propagation, and they do not agree on which physical processes are the most
important [23-25]. The processes these theories emphasize include enhanced surface evap-
oration in the MJO’s perturbation easterlies [26,27] or westerlies [28,29]; frictional surface
convergence to the east of the MJO’s convection [25,30,31]; perturbations to atmospheric
radiation [29,32-35]; momentum transport, moistening, and/or convective triggering due
to smaller-scale disturbances [36-38]; and baroclinic instability [39] to name a few.

The various MJO theories also differ in the roles played by the two key dynamical
components of the MJO’s circulation: the Kelvin wave and the Rossby wave [40-42]. Early
on, the MJO was essentially interpreted as a convectively coupled Kelvin wave, gaining
energy from wind-induced surface heat exchange where MJO perturbation easterlies
increased surface wind speed [26,43,44]. In later theories, the role of the Kelvin wave
shifted to being a region of low pressure, where frictionally induced meridional moisture
convergence helped convection move eastward [25,30], and/or enhanced surface fluxes
where it contributed perturbation westerlies in regions of basic state westerly winds [7,29].
While there has generally been a consensus that the MJO’s low-level Rossby gyres on
the western edge of its precipitation envelope cause drying by pulling in off-equatorial
air (e.g., [45,46]), there have been diverse perspectives on the role of the Rossby wave in
initiating the MJO and/or causing eastward propagation, which include moistening where
the Rossby wave contributes off-equatorial flow [21,47], advection from suppressed MJO
phase Rossby waves over the Indian ocean [48], and eastward advection of the MJO’s
moisture perturbation by Rossby wave perturbation westerlies [49,50]. Moreover, in many
MJO theories, the individual roles of Kelvin and Rossby waves are hard to discern, as both
are included in the dynamics, and only the effects of their superposition are considered.

1.3. Modeling the MJO

For decades, the MJO has been a challenge to simulate, with models often having too
little variance in the MJO wavenumber/frequency band and/or lacking sufficient eastward
propagation [51-53]. While improvements in modeling the MJO have been obtained by
either using embedded two-dimensional cloud-permitting models to represent the effects of
convection [54,55] or increasing convective entrainment to make parameterized convection
more sensitive to atmospheric moisture, the former approach is much more computationally
intensive than traditional convective parameterizations, and the latter technique can lead
to inaccuracies in modeling the atmosphere’s basic state [56]. Moreover, despite recent
advances in modeling the MJO, even cutting edge forecast models have substantial room
for improvement in predicting rainfall on MJO time scales [57].

1.4. MJO Changes with Global Warming

There is growing evidence that the MJO is becoming more frequent and intense with
time as the oceans warm. Slingo et al. [58] used zonally integrated equatorial zonal wind as
a metric of MJO activity, and noted a substantial increase in the late 1970s, which seemed
to be associated with warming in the Indian Ocean. Jones and Carvalho [59] examined
changes in the MJO starting in 1958, and found positive trends in lower- and upper-level
zonal wind anomalies and the number of summer and winter MJO events, some of which
were statistically significant at the 95 percent confidence level. Moreover, many simulations
suggest that the MJO will become more frequent and intense and will propagate more
rapidly as the climate warms [55,60-66]. Possible mechanisms for these changes include
sharper vertical and horizontal gradients in basic state moisture, changes to dry and moist
stratifications, and enhanced evaporation over warmer oceans [46,55,64,67-69].

A changing MJO could lead to many significant climate impacts. First, its influence on
tropical cyclones, Asian, Australian, and American monsoons and mid- and high-latitude



Geosciences 2022, 12, 314

30f22

weather could all increase with time. Second, the momentum transport associated with the
MJO could also increase, leading to fundamental changes in the atmospheric circulation,
such as equatorial superrotation [62]. Third, combined direct effects of changes to MJO
wind perturbations, and indirect effects such as MJO-induced changes to tropical cyclonic
disturbances, could alter the wind stress on equatorial oceans [70], possibly even causing
structural changes to equatorial ocean SSTs [71].

1.5. Motivation

Because of the importance of the MJO for global weather and climate, and the growing
evidence that it is intensifying as the oceans warm, it should be a high priority to warn
society about the potential impacts of a strengthening MJO. Both future MJO changes
and their impacts depend on the mechanism(s) of the MJO, which are still a matter of
debate, and which are not adequately represented in many climate and forecasting models.
Therefore, in this study, we use a novel Lagrangian atmospheric model (LAM) that has been
tuned to simulate robust and realistic MJOs, and recently developed dynamical analysis
techniques, to better understand the mechanisms of the MJO. In particular, we use the
Kelvin/Rossby dynamical decomposition developed by [42] to isolate the contributions
of Kelvin and Rossby waves to moisture and moist enthalpy budgets for the LAM MJO.
Because the structure of the LAM MJO closely resembles that of the observed MJO [49],
particularly its decomposition into Kelvin and Rossby components [42], we expect that
many of the conclusions drawn about the mechanisms of the LAM MJO will also apply to
the observed MJO. Moreover, we also hope this analysis will shed light on why Lagrangian
models predict the MJO’s circulation will intensify with ocean warming [64,66], whereas
some other models do not predict such intensification [65].

This paper builds directly on the results of Haertel [42], who developed a method of
decomposing MJO circulations into components associated with Kelvin and Rossby waves.
That study also established that the Kelvin wave portion of the MJO’s circulation is well
represented by simple linear dynamics, and that it can be simulated as a linear response to
a heat source. In contrast, the Rossby wave component of the circulation has important
deviations from linear theory for a basic state of rest: gyres become centered much farther
from the equator than simple linear theory predicts, and they move eastward instead of
westward during the life cycle of the MJO. Haertel [42] did not consider how Kelvin and
Rossby wave circulations feed back on the moisture and moist enthalpy budgets of the
MJO, however, which is the focus of this paper.

This study is organized as follows. Section 2 describes the Lagrangian model and meth-
ods for creating a composite MJO, decomposing circulations into Kelvin and Rossby compo-
nents, and computing moisture and moist enthalpy budgets. In Section 3, we compare the
dynamical structure of the LAM MJO to that of the observed MJO, and then isolate contri-
butions of Kelvin and Rossby waves to the moisture and moist enthalpy budgets. Section 4
discusses the results in light of other studies, and Section 5 provides the conclusions.

2. Materials and Methods
2.1. Lagrangian Atmospheric Model

The Lagrangian Atmospheric Model (LAM) simulates atmospheric circulations by
predicting the motions of individual air parcels [72]. It includes a unique convective param-
eterization in which vertical positions of parcels are exchanged in convectively unstable
regions [49,73]. The LAM has been shown to simulate MJOs with realistic horizontal
structure, vertical structure, and convective life cycles [8,49,64,66,73,74]. In this study, we
use a 4-year simulation with prescribed sea surface temperatures (SSTs) that are monthly
averages for the years 1998-2009. The equivalent Eulerian horizontal resolution is approxi-
mately 3.75 degrees in longitude and 1.875 degrees in latitude, with average vertical spacing
of parcels of about 29 hPa. Nineteen MJOs occur during this simulation. Haertel [42] previ-
ously used this simulation to show that the LAM reproduces the observed partitioning of
MJO circulations between Kelvin and Rossby Waves, which is why it was selected as the
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primary data source for this study. However, in that study, fields were analyzed on pressure
surfaces, whereas here, we use a sigma coordinate system for more precise calculations of
column integrated moisture and moist enthalpy budgets.

2.2. Composite M]Os

In previous research, we found it useful to create an observational composite of MJO
wind, temperature, and moisture perturbations in the vicinity of the MJO’s convective
envelope using only raw atmospheric sounding data [8]. This composite depicts MJO
circulations for each of the developing, mature, and dissipating stages of the MJO’s convec-
tive envelope, and it uses a coordinate system centered on the MJO’s convective envelope,
and not a particular location. This is important because the formation and dissipation
locations for the convective envelope vary from one MJO to the next, and MJO circulations
are intimately connected to convection. This approach also puts particular sounding lo-
cations in different positions (in the MJO-centered coordinate system) for different MJOs,
which increases the spatial coverage of the observations. Soundings for the observational
MJO composite were taken from the Integrated Global Radiosonde Array for the period
1996-2009 [75]. There were 44 MJOs that occurred over a 13-year period (3.4 MJOs per year).

In this study, we use the same basic approach to create an MJO composite for the
LAM simulation. Here, we use the objective tracking algorithm developed by [66] for
identifying MJOs. We analyze MJO perturbations to wind, temperature, and moisture on
sigma surfaces with a 0.05 resolution for each of the developing, mature, and dissipating
stages of the MJO in a MJO-centered coordinate system following Haertel et al. [8]. We plot
data for the corresponding pressure surface (e.g., sigma = 0.2 corresponds to p = 200 hPa)
for ease of comparison with observational data and other studies. Nineteen MJOs occur
during the 4-year LAM simulation (4.75 MJOs per year).

2.3. Moisture and Moist Enthalpy Budgets

In order to understand the mechanisms of the LAM MJO, we examine how different
components of the MJO’s circulation bring moisture and heat to the center of convection.
The column integrated moisture budget is as follows:

Bﬂz—[uéii—i—ﬂ?j%—wgz +E—-P 1)
where g is specific humidity, u is zonal velocity, v is meridional velocity, w is pressure
velocity, E is evaporation, P is precipitation, f is time, and [| denotes column integration,
with mass as the metric (e.g., dp/g). Now, let h = CpT + Lq, where Cp is the specific heat
at constant pressure for dry air and L is the latent heat of vaporization. Then, the column
integrated moist enthalpy budget is as follows:

[i]:_{ugz+v$+w;}; + [aw] + [R]+S+E )
where T is temperature, « is specific volume, R is radiative heating, and S is the sensible
heat flux. The first three terms on the right hand side of (2) represent the column integrated
advection of moist enthalpy, compressional warming, and radiative heating, respectively.
Note that precipitation does not change the moist enthalpy (other than through unbalanced
melting /freezing effects), but rather converts enthalpy from the moisture term to the
temperature term. Equation (2) can be derived by combining (1) with the thermodynamic
equation [76] without any approximations beyond the hydrostatic equation and neglecting
melting/freezing effects. The compressional warming ([aw]) can be written as the vertical
advection of geopotential (gz), so that it is the vertical advection of moist static energy
that changes the column integrated moist enthalpy. In contrast, the horizontal advection
terms involve moist enthalpy itself (see also [45]). This distinction is often not made in
applications of moist static energy budgets to tropical convection systems, but here, we
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choose to include only those terms provided by combining the column integrated moisture
and thermodynamic equations for accuracy.

2.4. Kelvin/Rossby Decomposition

In order to isolate the contributions of Kelvin and Rossby waves to the moisture and
moist enthalpy budgets of the MJO, we project its vertical structure onto an empirical
deep convective mode (DCM) and then project the horizontal structure of the DCM onto
an equatorial Kelvin wave and subtract out the Kelvin wave component to obtain the
Rossby wave structure following [42]. Let ¢;.(p) be the average, mass-balanced horizontal
divergence within 10 degrees longitude and 5 degrees latitude of the LAM MJO's convective
center during the mature stage (Figure 1). We normalize ¢;,:

200 -
o 400 -
o
<
)
p -
o}
?
B 600 -
p —
o
800
1000 . i .

-0.5 0 0.5
divergence (1/day)

Figure 1. The average horizontal divergence perturbation within 10 degrees longitude and 5 degrees
latitude of the MJO’s convective center during the mature stage. This function defines the vertical
structure of the deep convective mode.

@dc = dec/ VA ¢dc1 ¢dc > (3)

where <> denotes an inner product applied over the vertical coordinate, and we then
project MJO wind perturbations onto ¢;,:

1=<u, (Isdc > (4)
0 =<0v,P4. > (5)
Up = ﬁ@dc (6)

Up = 73(lsdc )
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where u,, v, are the zonal and meridional components of the projected flow. We then
compute the mean tropospheric temperature, and 850-200 hPa wind shear for the projected
flow, and apply the method described in the Appendix of [42] to these fields to separate
Kelvin and Rossby wave components. Note that this only partitions the portion of the
MJO’s circulation that projects onto the deep convective mode into Rossby and Kelvin
waves; however, as we show below, the deep convective circulation accounts for most of
the moisture and moist enthalpy transport. Note also that the deep convective mode would
likely project strongly onto 2-3 vertical normal modes of a dry tropical troposphere [77-79].
However, previous research has shown that in tropical deep convective systems, the partial
cancelation of adiabatic cooling due to vertical motion by convective heating varies in such
a way that these modes have the roughly same “moist” equivalent depth [11,79], and that
a single mode such as that shown in Figure 1 can capture the gross flow structure of the
MJO [42].

3. Results
3.1. Composite MJO and Kelvin/Rossby Projection

As previously noted by [42], the LAM reproduces the observed life cycle of Kelvin
and Rossby wave circulations in the MJO for the developing, mature, and dissipating
stages of the convective envelope. In that study, the total flow was used to analyze the
Kelvin and Rossby wave components. Here, we show that the same can be said for the
projection of the flow onto the deep convective mode (Figure 1). During the developing
stage, in both the LAM DCM (Figure 2a) and the observations (Figure 2b), westerly low-
level flow occurs in a cool troposphere to the west of the convective center near the
equator, and anticyclonic low-level flow encircles negative off-equatorial temperature
perturbations centered 70-100 degrees east of the convective center. Kelvin—-Rossby (K-R)
decomposition reveals that these two circulation components are Kelvin (Figure 3a,b) and
Rossby (Figure 4a,b) waves, respectively. The K-R decomposition also shows a positive-
phase Kelvin wave with easterly low-level flow starting to grow eastward from the MJO’s
convection (Figure 3a,b), as well as a positive phase Rossby wave growing on the western
side of MJO'’s precipitation region (Figure 4a,b).

During the mature and dissipating phases, in both the LAM DCM and the observations,
the cool-phase Kelvin wave to the west of the MJO shrinks, and the warm-phase Kelvin
wave to the east of the MJO grows (Figures 2c—f and 3c—f). Similarly, the amplitude of
the cool-phase Rossby waves to the east of the MJO decreases, and the positive-phase
Rossby waves to the west of the MJO strengthen (Figures 2c—f and 4c—f). The growth of
positive-phase Rossby waves to the west of the MJO’s convection, as well as the positive-
phase Kelvin wave to the east, is consistent with the predictions of linear theory [41,42].
However, at later times, the Rossby gyres are centered farther off the equator than linear
theory predicts (Figure 4c—f), as was previously noted by [42].

The amplitudes of Kelvin wave wind and temperature perturbations are slightly
weaker in the LAM than in nature (Figure 3), but Rossby wave perturbations are, on
average, of a similar magnitude (Figure 4). The areal coverage of precipitation is slightly
smaller in the LAM than in nature (Figures 2—4). However, the phasing of Kelvin and
Rossby wave circulations, as well as their positioning relative to precipitation regions,
are similar in the LAM DCM and in the observations for each of the developing, mature,
and dissipating stages of the MJO convective envelope (Figures 3 and 4), which suggests
that these circulations might play a similar role in the mechanisms of the simulated and
observed MJOs.



Geosciences 2022, 12, 314

7 of 22

(@)

(b)

()

(d)

(e)

()

200-850 T
0.1 Kint.

rain rate
-1, 1, 3 mm/day

850-200 shear

—90 0 90 180 SMS

200-850 T
0.1 Kint.

rain rate
+ 1 mm/day

850-200 shear

-90 0 90 180 °MS

7 200-850 T
e 0.1 Kint.

rain rate
= | -1.1,3 mm/day

X |850-200 shear

-90 0 90 180 °ms

200-850 T
0.1 Kint.

rain rate
+ 1 mm/day

850-200 shear

3m/s

200-850 T
0.1 Kiint.

rain rate
-1,1,3 mm/day

850-200 shear

3 m7s

200-850 T
0.1 Kint.

rain rate
+ 1 mm/day

850-200 shear

T T M T
-90 0 90 180 °ms

MJO relative longitude

Figure 2. Average 200-850 hPa temperature (red and blue contours) and the difference between
850 and 200 hPa flow (vectors) for the composite LAM MJO (a,c,e) and the observed MJO (b,d,f) for
the developing, mature, and dissipating stages of the convective envelope, respectively. For the LAM,
MJO regions of perturbation rainfall less than —1 mm/day are shaded light gray, and areas with
rainfall greater than 1 and 3 mm/day are shaded medium and dark gray, respectively. Green contours
indicate budget-derived rainfall rates of 1 and 3 mm/day, respectively. Observed MJO regions of
rainfall less than —1 and more than 1 mm/day are shaded light and dark gray, respectively (adapted
from [42]).
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Figure 3. Average 200-850 hPa temperature perturbations and the difference between 850 and 200 hPa
flow for the Kelvin wave components of the composite LAM MJO (a,c,e) and the observed MJO

(b,d,f) for the developing, mature, and dissipating stages of the convective envelope, respectively

(contoured as in Figure 2). Regions of rainfall less than —1 and more than 1 mm/day are shaded light

and dark gray, respectively. Panels (b,d,f) are adapted from [42].
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Figure 4. Average 200-850 hPa temperature perturbations and the difference between 850 and 200 hPa
flow for the Rossby wave components of the composite LAM MJO (a,c,e) and the observed MJO
(b,d,f) for the developing, mature, and dissipating stages of the convective envelope, respectively
(contoured as in Figure 2). Regions of rainfall less than —1 and more than 1 mm/day are shaded light
and dark gray, respectively. Panels (b,d,f) are adapted from [42].

3.2. Moist Enthalpy Budget

Figure 5 shows the key terms in the moist enthalpy budget of the LAM MJO for each
of the developing, mature, and dissipating stages. Here, we use the units of mm/day for
all variables to make it easy to compare changes in heat to those in moisture content, and
to relate moisture tendencies to rainfall and evaporation. For each stage, advection (the
black line) dominates the budget, followed by surface evaporation (the green line), which
has roughly one-third of the amplitude of advection. These two terms are roughly out of
phase throughout the convective life cycle. The deep convective mode’s advection (dashed
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black line) is generally close to that of the total circulation near the MJO’s convective center,
except for the region to the east of the MJO during the dissipating stage (Figure 5). This
region lies to the east of the Dateline; suffice it to say that the deep convective circulation
transports most of the moist enthalpy over the Indian Ocean and Western Pacific Oceans
within the LAM MJO. Other terms that make non-negligible impacts include advection of
moisture perturbations by basic state flow (blue line), and radiation (red line). While the
radiation term is roughly in phase with rainfall, so that it destabilizes the LAM MJO, it is
much weaker than in other studies (e.g., [80]), probably owing to the idealized nature of
the LAM’s radiative scheme.

advection
1 by MJO winds
> -
% RS, . advection
= 0 1 7< e =% 7 S PR il ~=.| by basic state
@ E T \
-1 radiation
T T T T T
—-180 -120 -60 0 60 120 180
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<
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Q 0 4= PR by basic state
(b) €
E
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R 0 - Pae N . . 4-'—/\\_ _____ S by basic state
(© € N T -
£
-1 1 7 radiation
T T

T T T
-180 -120 —60 0 60 120 180

MJO relative longitude

Figure 5. Key terms in the moist enthalpy budget of the composite LAM MJO for the developing,
mature, and dissipating stages, respectively (a-c). Advection of moisture and heat by MJO wind
perturbations (black line), the contribution of the deep convective mode to moisture and heat
advection (black dashed line), advection of perturbation heat and moisture by basic state winds (blue
line), evaporation (green line), and radiation (red line).

In Figure 6, we decompose advective tendencies of moist enthalpy into vertical advec-
tion of moisture (red line), vertical advection of heat (black line), total vertical advection
(green line), and horizontal advection of moisture and heat (gold line). The vertical ad-
vection of moisture can explain most of the rainfall perturbation (blue line) in the MJO,
and it has a strong positive impact on the moist enthalpy budget during the heaviest
rain. However, it is accompanied by an even greater export of heat (black line), so that
in total, vertical advection exports a small amount of moist enthalpy near the convective
center (solid green line). Horizontal advection (gold line) increases the column integrated
moist enthalpy prior to the MJO’s heaviest convection, and reduces moist enthalpy after
heavy rainfall.
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Figure 6. Components of moist enthalpy advection for the LAM MJO. Rainfall (blue line), moisture
tendency from vertical advection (red line), moist enthalpy tendency from vertical advection of dry
static energy (black line), total moist enthalpy tendency from vertical advection (green line), and
moist enthalpy tendency from horizontal advection (gold line). Panels (a—c) are for the developing,
mature, and dissipating stages of the MJO, respectively.

In order to test if our moist enthalpy budget balances, we compute each of the terms
on the right side of (2) and compare their sum to the tendency in moist enthalpy computed
as a time difference (Figure 7; compare blue and red lines). The two curves mostly follow
each other for each of the developing, mature, and dissipating stages, with deviations
generally being a few tenths of a mm/day or less (Figure 7). Considering that the largest
individual terms on the right-hand side of (2) have amplitudes of several mm/day (e.g.,
Figure 6), and circulations are sampled at 1-day intervals, such small random imbalances
in the budget are expected. Moreover, the budget excludes melting and freezing effects,
which do not necessarily cancel within a column, and could also contribute to the small
discrepancies. Overall, Figure 7 supports the idea that there are not large systemic errors in
our moist enthalpy budget.

We also note that much of the tendency in moist enthalpy is attributable to horizontal
advection (compare red and green lines in Figure 7). Over most of the domain, meridional
advection contributes the vast majority of the change in moist enthalpy due to horizontal
advection. However, there are a few exceptions. During the developing and mature stages,
zonal advection causes most of the moist enthalpy increase due to horizontal advection on
the eastern edge of the precipitation region, and during the mature and dissipating stages,
zonal advection causes most of the moist enthalpy decrease due to horizontal advection
on the western edge of the precipitation region (not shown). Horizontal advection is
often substantially lower than the tendency well to the east of the MJO (Figure 7), because
vertical advection plays an important role in increasing moist enthalpy there (Figure 6).
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Figure 7. Comparison of moist enthalpy tendency (red line) with the sum of all the terms that
contribute to it (blue line). Due to the facts that advective tendencies are sampled on a 1-day interval
and that the effects melting and freezing are neglected, small random deviations between the red and
blue curves are expected. Horizontal advection of moist enthalpy (green line) accounts for most of
the change in moist enthalpy. Panels (a—c) are for the developing, mature, and dissipating stages of
the MJO respectively

3.3. Kelvin and Rossby Wave Contributions

We now consider the individual contributions of Kelvin and Rossby waves to the
moisture and moist enthalpy budgets of the LAM MJO. Figure 8a shows the advective
tendency of moisture due to the Kelvin wave circulation during the developing stage.
Most of the MJO’s rainfall perturbation can be explained by vertical advection of moisture
associated with the Kelvin wave, which occurs where low-level zonal winds converge
(Figure 8a). There is also some rainfall associated with vertical advection of moisture near
the eastern edge of low-level westerly wind perturbations of the Rossby wave circulation
(Figure 8b). The Rossby wave also creates a positive moisture tendency where there is
flow away from the equator ahead of the MJO’s convective center, which is largely due to
horizontal advection. During the mature stage, the advective moistening due to vertical
motion within the MJO'’s precipitation region increases for both the Rossby and Kelvin wave
components (Figure 8c,d). Moistening ahead of the convective center where there is off-
equatorial flow continues, and drying intensifies behind the convective center, where winds
have an equatorward and westerly component. During the dissipating stage, moistening
due to vertical motion remains strong for the Rossby wave, but begins to diminish for the
Kelvin wave. Drying associated with equatorward flow west of the MJO in the Rossby
wave intensifies.

Figure 9 partitions the advective moisture tendency into components associated with

vertical [—wg—Z] and horizontal motion [—ug—z — vg—Z] for each of the developing, mature,
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and dissipating stages of the MJO convective envelope. Comparing Figures 8 and 9 reveals
that during the developing and mature stages, most of the moistening associated with
vertical motion is provided by the Kelvin wave (compare Figure 8a,c with Figure 9a,c).
The dissipating stage is somewhat different, in that Kelvin and Rossby wave circulations
have similar size contributions to moistening associated with vertical motion (compare
Figures 8e,f and 9e,f). For all stages, much of the off-equatorial moistening ahead of the
MJO precipitation region and drying behind it is associated with horizontal advection
(Figure 9b,d,f), which is primarily contributed by the Rossby wave (Figure 8b,d,f).
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Figure 8. Moisture tendency owing to advection from the Kelvin (a,c,e) and Rossby (b,d,f) com-
ponents of the LAM MJO for the developing, mature, and dissipating stages, respectively. Green
(brown) contours indicate moistening (drying), and vectors show the difference between 850 and
200 hPa flow. Regions with rainfall greater than 1 and 3 mm/day are shaded light and dark gray,
respectively. The —1 mm/day rainfall contour is marked with a dashed line.

We now consider the spatial distribution of the advective moist enthalpy tendency
in the LAM MJO (Figure 10). This field includes the first four terms on the right-hand
side of Equation (2). For each stage, there is an off-equatorial increase in moist enthalpy to
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the east of the precipitation region associated with off-equatorial flow (Figure 10a—c). The
increase is the greatest in the developing stage (Figure 10a), is still strong in the mature
stage (Figure 10b), is and somewhat weaker in the dissipating stage (Figure 10c). During all
stages there is a decrease in moist enthalpy on the western side of the MJO’s precipitation
region, which is greater in the mature and dissipating stages. The reduction in moist
enthalpy peaks on the northwest flank of the precipitation region in the developing stage,
and on the southwest flank during the mature and dissipating stages.

moisture tendency

v 0.5 /d
15N A Y —: mm/day
rain rate
Eq :’ | 113 mm/day
15 S 1 N
= > 850-200 shear
3mis
moisture tendency
7 0.5 /d
15N e —: mm/day
rain rate
Eq :’ | Z113 mm/day
15 S - N
= = 850-200 shear
3ms
moisture tendency
- g 0.5 /d
15N A P i mm/day
rain rate
Eq Z = | -1.13 mm/day
15 S A
== = 850-200 shear
—>
3m/s
= = 0.5 /d
15N 1 mm/day
rain rate
Eq : i -1,1,3 mm/day
15S
—= = 850-200 shear
3mls
- moisture tendency
15N A -~ 0.5 mm/day
-— rain rate
- —
Eq ' -1,1,3 mm/day
15S
) 850-200 shear
—>
3m/s
- moisture tendency
15N A -~ 0.5 mm/day
-— rain rate
- «—
Eq '~ -1,1,3 mm/day
1584

850-200 shear
—>
3m/s

MJO relative longitude

Figure 9. Moisture tendency owing to vertical (a,c,e) and horizontal (b,d,f) advection in the LAM
MJO for the developing, mature, and dissipating stages, respectively. Green (brown) contours indicate
moistening (drying), and vectors show the difference between 850 and 200 hPa flow. Regions with
rainfall greater than 1 and 3 mm/day are shaded light and dark gray, respectively. The —1 mm/day
rainfall contour is marked with a dashed line.

The general pattern of the moist enthalpy tendency in Figure 10 can be understood
in terms of the differing impacts of enthalpy changes due to vertical [—w% + aw] and

horizontal advection [—u% - v%]. Vertical advective moistening is accompanied by an
export of heat that has a greater impact on the column integrated moist enthalpy than the
moistening (e.g., Figure 6), so that upward motion causes a net reduction in moist enthalpy.
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In contrast, moistening associated with horizontal advection is not counterbalanced in this
way (i.e., horizontal advection of temperature has a minor impact on column integrated
moist enthalpy). Moist enthalpy increases ahead of the precipitation region, where the
Rossby wave circulation creates a positive advective tendency (Figures 8-10). Moist en-
thalpy decreases on the western side of the precipitation region, where the Kelvin wave
contributes upward motion (Figures 6, 8 and 9), and the Rossby wave contributes drying
owing to horizontal advection (Figure 8).
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Figure 10. Moist enthalpy tendency owing to advection for the developing, mature, and dissipating
stages (a—c). Green contours indicate moistening and/or heating, and brown contours indicate drying
and/or cooling. Vectors show the difference between 850 and 200 hPa flow. Regions with rainfall
greater than 1 and 3 mm/day are shaded light and dark gray, respectively. The —1 mm/day rainfall
contour is marked with a dashed line.

In Figure 11, we break down the individual contributions of Kelvin and Rossby waves
to the moist enthalpy budget. During all stages, the Kelvin wave reduces moist enthalpy
on the western side of the precipitation region (Figure 11a,c,e). During the developing
and mature stages, it also increases moist enthalpy in a small area on the southeastern
side of the precipitation region, where it contributes downward motion. During all stages,
the Rossby wave increases moist enthalpy on the eastern side of the precipitation region
and decreases moist enthalpy on the western side of the precipitation region, with the
greatest impact in off-equatorial regions (Figure 11b,d,f). Note that while the both Rossby
and Kelvin waves reduce moist enthalpy on the western side of the precipitation region
(Figure 11), the mechanism is very different; the horizontal circulation of the Rossby wave
advects dry air (Figure 8b,d,f), whereas upward motion associated with the Kelvin wave
exports heat, even though it is bringing in moisture (Figures 6 and 8a,c,e).

So far, we have examined which Kelvin and Rossby wave circulations contribute to
the moisture and moist enthalpy budgets of the LAM MJO through advective tendencies of
moisture and heat. They also change column-integrated moist enthalpy by altering surface
fluxes. In Figure 12, we show how each wave type changes the surface wind speed when
added to basic state winds, which illustrates where surface fluxes are enhanced or reduced
by that wave. During the developing stage, the Kelvin wave reduces the surface wind
speed near the equator on the eastern edge of the precipitation region, where easterly wind
perturbations overlap westerly basic state flow (Figure 12a). Over almost half of the world
opposite the MJO, westerly Kelvin wave wind perturbations reduce the surface wind speed,
because they occur in a region with basic state easterlies. Note that this happens in an
area where the troposphere is cool owing to a circumnavigating Kelvin wave (Figure 3a),
and that the resulting surface flux perturbation reinforces this wave. Rossby wave wind
perturbations enhance the surface wind speed and thereby increase surface fluxes of heat
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and moisture near the center of the MJO precipitation region (Figure 12b), and also off the
equator just east of the convection, and on the equator more than 90 degrees east of the
MJO. This is because there is a narrow band of basic state westerlies that extends into the
western Pacific near the equator in the LAM, which is surrounded by basic state easterlies
off of the equator (e.g., [49]). During the mature stage, when the MJO precipitation region
lies on the eastern edge of these basic state westerlies, the Kelvin wave circulation enhances
the surface wind speed in a broad region to the east of the MJO (Figure 12c). This region of
surface flux enhancement overlaps the warm-phase Kelvin wave extending eastward from
the MJO (Figure 3c), and therefore reinforces this wave. Rossby wave wind perturbations
continue to enhance the surface wind speed near the center of the MJO, and off of the
equator to the east of the MJO (Figure 12d). In the dissipating stage, the Kelvin wave wind
perturbation enhances surface wind speed almost halfway around the world to the east of
the MJO (Figure 12e), underneath a broad warm-phase Kelvin wave (Figure 3e). At this
time, the Rossby wave wind perturbation only enhances surface wind speed in a small
area near the western edge of the precipitation region, and reduces surface wind speed in a
much larger area (Figure 12b). We conclude that Kelvin wave surface wind perturbations
reinforce circumnavigating Kelvin waves throughout the MJO life cycle, and Rossby wave
wind perturbations enhance surface fluxes within and to the east of the precipitation region
in the developing and mature stages of the MJO.
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Figure 11. Moist enthalpy tendency owing to advection from the Kelvin (a,c,e) and Rossby (b,d,f) com-
ponents of the LAM MJO for the developing, mature, and dissipating stages. Contoured and shaded
as in Figure 10.
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Figure 12. Change in surface wind speed due to Kelvin (a,c,e) and Rossby (b,d,f) components of
the LAM MJO for the developing, mature, and dissipating stages of the MJO, respectively. Green
contours indicate regions with enhanced wind speed, and brown contours indicate regions with
reduced wind speed (i.e., regions of enhanced and reduced surface fluxes, respectively). The contour
interval is 0.5 m/s. Vectors indicate the difference between 850 and 200 hPa flow. The blue contour
encloses the region with rain rates greater than 1 mm/day.

4. Discussion

In this study, we isolate contributions of Kelvin and Rossby waves to the column
integrated moisture and moist enthalpy budgets of the Madden-Julian Oscillation (MJO)
in the Lagrangian Atmospheric Model (LAM). The LAM MJO resembles the observed MJO
in vertical structure, horizontal structure, and life cycle (e.g., Figures 1-3). Our analysis
reveals differing roles for Kelvin and Rossby waves in the mechanisms of the MJO. While
vertical motion associated with the Kelvin wave accounts for most of the MJO'’s rainfall
perturbation, this circulation exports a large amount of heat, so that it has a net negative
impact on column-integrated moist enthalpy (Figures 6, 8, 9 and 11). In contrast, the Rossby
wave circulation accumulates less moisture, but much of the moisture it does bring in is
through horizontal advection with little heat export, so it has a net positive impact on moist
enthalpy in the developing and mature stages of the MJO (Figures 8, 9 and 11). The Kelvin
wave circulation alters surface wind speed outside of the MJO’s convectively active region
in a manner that reinforces both positive- and negative-phase circumnavigating Kelvin
waves (Figure 12). Rossby wave wind perturbations enhance surface fluxes at the center of
the MJO’s precipitation region, as well as ahead of the MJO, during the developing and
mature stages (Figure 12).
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Our analysis reveals several other aspects of the mechanism of the LAM MJO. In
particular, neither radiation nor surface fluxes can account for the rapid build-up of moist
enthalpy to the east of the LAM MJO convective center, nor the reduction in moist enthalpy
to the west of the precipitation region, which are primarily achieved via horizontal advec-
tion by the Rossby wave (Figures 8-11). During the developing stage, the greatest enthalpy
increase occurs in off-equatorial anticyclonic flow near the eastern edge of the precipitation
region (Figure 11b), which wraps around negative temperature perturbations (Figure 4a).
By the mature stage, the greatest enthalpy decrease occurs in off-equatorial cyclonic flow
on the western edge of the precipitation region (Figure 11f), which wraps around positive
temperature perturbations (Figure 4e). These flow features have a similar positioning
relative to the precipitation region in the observed MJO (Figure 4b,f), which suggests that
this portion of the MJO mechanism may be the same in nature and in the LAM. The Rossby
gyres deviate from predictions of linear theory [41] in that they are centered 25-30 degrees
off the equator, and they move slowly eastward along with the MJO convective center,
which is presumably a consequence of the non-resting basic state [42,81,82]. Many other
studies have noted the important role played by these Rossby gyres in the moisture and/or
moist static energy budgets of the MJO (e.g., [45-47,80,82,83]).

The results in this paper also help to tie together two seemingly contradictory theories
of the MJO. Some scientists suggest that perturbation easterlies enhance surface fluxes
in basic state easterlies to maintain the MJO circulation (e.g., [26]). Others believe that
perturbation westerlies in basic state westerlies enhance surface fluxes to destabilize the
MJO (e.g., [28]). Here, we show that both theories are correct for different components of
the MJO’s circulation. Perturbation westerlies associated with the Rossby wave circulation
enhance surface fluxes near the center of the MJO’s precipitation region during the devel-
oping and mature phases of the convective envelope (Figure 12b,d). Perturbation easterlies
associated with both Kelvin and Rossby wave circulations enhance surface fluxes to the east
of the convective envelope, aiding in the build-up of moist enthalpy there (Figure 12b—f).
Finally, both perturbation easterlies and westerlies help to maintain the different phases of
the circumnavigating Kelvin wave (Figure 12a,c,e [8]).

The results presented here also help to explain why the LAM predicts substantial
strengthening of the MJO with global warming [42,64], whereas some other climate models
donot [65]. Several of the key processes in the LAM MJO either directly or indirectly depend
on the magnitude of surface fluxes of moisture, which could increase substantially with
global warming owing to the nonlinear nature of the Clausius Clapyron equation (e.g., [64]).
First, the LAM MJO is often triggered by the arrival of a cool-phase circumnavigating
Kelvin wave (e.g., [8,42]). In coupled LAM simulations, the amplitude of this component
of the MJO increases substantially with ocean warming [66], possibly due to its coupling
with surface fluxes. Second, owing to stronger surface fluxes, the meridional gradient of
moisture increases with ocean warming in the LAM, and this could cause a more rapid
build-up of moisture on the eastern edge of the MJO owing to horizontal advection. Finally,
surface fluxes of moisture associated with Rossby wave westerlies near the center of the
MJO could increase with ocean warming. It is quite possible that other climate models have
a larger role in radiation or frictional moisture convergence in the mechanisms of the MJO,
which may not change as much with ocean warming as the key processes in the LAM MJO.

Taken as a whole, the results in this paper and its predecessors (Haertel et al. [8],
Haertel [42,64,66]) point out two key deficiencies in theoretical interpretations of the MJO,
which typically use a dynamical system linearized about a basic state of rest and high
damping, yielding a Matsuno—Gill (MG)-type solution that is a steady-state response to
a heat source. First, such theories fail to account for the circumnavigating Kelvin wave
component of the MJO's circulation. Haertel [42] showed that the cool-phase Kelvin wave
lying to the west of the MJO’s precipitation region in the developing stage (Figure 3a,b)
is generated by the suppressed phase of a preceding MJO, and that it propagates around
the world. Here, we show that much of the precipitation in the developing MJO is due
to this wave (Figures 6a, 8a and 9a). Note that this part of the Kelvin wave circulation
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is completely absent in an MG solution of a steady-state response to positive heating.
Moreover, the results presented here suggest that in a warming climate, surface fluxes will
enhance the circumnavigating component of the MJO’s circulation (Figure 12), possibly
leading to MJO intensification with time [66]. The second key deficiency of MJO theories
that use a system of equations linearized about a basic state of rest is that they fail to
properly model the Rossby wave component of the MJO’s circulation. Not only does a
simple linear dynamical system place the center of circulation of Rossby gyres too close
to the equator, but it also causes the Rossby wave to propagate westward. Haertel [42]
showed that the linear response to an MJO-like heating produces an elongated Rossby gyre
growing westward from the heat source (e.g., Figure 6f,i from [42]) that differs substantially
from the observed Rossby wave component of the MJO'’s circulation (Figure 4). While using
high damping makes the Rossby gyres more compact, it misses the point that in nature,
the gyres extend a long way off of the equator into regions with westerlies, and they move
eastward alongside the convective envelope with time (Figure 4; note that the Rossby gyres
essentially stay fixed in the MJO'’s frame of reference that moves eastward at 5 m/s). The
reason the MJO’s precipitation envelope moves eastward along with the Rossby gyres is
plain from the results presented in this study: Rossby wave circulations moisten ahead of
the convective envelope and dry whilst they are a part of it (Figures 7-11), and they also
enhance surface fluxes at the center of the convective envelope (Figure 12). While recent
theoretical interpretations of the MJO are making progress in that they include non-linear
moisture advection [50], MJO theories would also benefit from using a non-resting basic
state for the dynamics (i.e., height and wind terms), which would allow Rossby gyres to
move eastward as they do in nature.

Another point worth mentioning is that in contrast with several leading MJO theories,
neither radiation, negative gross moist stability, nor frictional moisture convergence appear
to be of first-order importance to the LAM MJO. Radiation has a tiny impact on the moist
enthalpy budget compared to the other terms (red line in Figure 5); upward motion reduces
moist enthalpy in the MJO’s convective envelope (green line in Figure 6); and moist
enthalpy advection is dominated by the deep convective circulation (compare black and
dashed lines in Figure 5). Apparently, the instability of the LAM MJO is largely driven by
surface fluxes, both from the Rossby wave westerlies near the center of convection and
from the fluxes that enhance the circumnavigating Kelvin wave (Figure 12), and the key
factor for eastward propagation is not frictional moisture convergence, but instead, the
eastward movement of the Rossby gyres (Figure 4a,c,e), which mimics the behavior of the
observed Rossby gyres (Figure 4b,d,f).

5. Conclusions

In the Lagrangian Atmospheric Model, the Madden—Julian Oscillation is driven pri-
marily by horizontal advection of moisture and wind-enhanced evaporation, with only
a minor contribution from radiation. Horizontal advection of moisture by Rossby waves
builds up moist enthalpy east of the convective center, and reduces moist enthalpy follow-
ing the heaviest rainfall. Vertical motion associated with the Kelvin wave contributes most
of the rainfall, but this circulation reduces moist enthalpy due to a strong export of heat.
Westerly wind perturbations associated with the Rossby wave enhance surface fluxes in the
center of the MJO, and both easterly and westerly wind perturbations in circumnavigating
Kelvin waves alter surface fluxes in such a way that helps to maintain these waves. Because
the LAM reproduces the observed life cycle of Kelvin and Rossby wave circulations in the
MJO (Figures 1-3), there is a good chance that at least some of the key processes in the
LAM MJO have a similar role in nature. This work also highlights two limitations of many
theoretical interpretations of the MJO: (1) they fail to account for the circumnavigating
Kelvin wave component of the MJO’s circulation, which makes important contributions to
M]JO rainfall, and (2) using a basic state of rest distorts the low-level Rossby gyres on the
western flank of the precipitation region, which are important for MJO propagation owing
to horizontal moisture advection.
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