JANUARY 2023 LIN AND EMANUEL 273
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ABSTRACT: Recent observations have indicated significant modulation of the Madden—Julian oscillation (MJO) by the
phase of the stratospheric quasi-biennial oscillation (QBO) during boreal winter. Composites of the MJO show that upper-
tropospheric ice cloud fraction and water vapor anomalies are generally collocated, and that an eastward tilt with height in
cloud fraction exists. Through radiative transfer calculations, it is shown that ice clouds have a stronger tropospheric radiative
forcing than do water vapor anomalies, highlighting the importance of incorporating upper-tropospheric-lower-stratospheric
processes into simple models of the MJO. The coupled troposphere-stratosphere linear model previously developed by the
authors is extended by including a mean wind in the stratosphere and a prognostic equation for cirrus clouds, which are
forced dynamically and allowed to modulate tropospheric radiative cooling, similar to the effect of tropospheric water vapor
in previous formulations. Under these modifications, the model still produces a slow, eastward-propagating mode that resem-
bles the MJO. The sign of zonal mean wind in the stratosphere is shown to control both the upward wave propagation and
tropospheric vertical structure of the mode. Under varying stratospheric wind and interactive cirrus cloud radiation,
the MJO-like mode has weaker growth rates under stratospheric westerlies than easterlies, consistent with the observed
MJO-QBO relationship. These results are directly attributable to an enhanced barotropic mode under QBO easterlies. It is
also shown that differential zonal advection of cirrus clouds leads to weaker growth rates under stratospheric westerlies than
easterlies. Implications and limitations of the linear theory are discussed.

SIGNIFICANCE STATEMENT: Recent observations have shown that the strength of the Madden—Julian oscillation
(MJO), a global-scale envelope of wind and rain that slowly moves eastward in the tropics and dominates global-
weather variations on time scales of around a month, is strongly influenced by the direction of the winds in the lower
stratosphere, the layer of the atmosphere that lies above where weather occurs. So far, modeling studies have been un-
able to reproduce this connection in global climate models. The purpose of this study is to investigate the mechanisms
through which the stratosphere can modulate the MJO, by using simple theoretical models. In particular, we point to
the role that ice clouds high in the atmosphere play in influencing the MJO.

KEYWORDS: Atmospheric waves; Madden-Julian oscillation; Quasibiennial oscillation; Stratosphere-troposphere coupling;
Cirrus clouds; Tropical variability

1. Introduction Recent studies have uncovered a link between the strength
of the MJO and the phase of the quasi-biennial oscillation
(QBO), a stratospheric mode of variability in which the
lower-stratospheric zonal winds shift between easterlies and
westerlies approximately every 28 months (Baldwin et al.
2001). Curiously, the MJO has been observed to be much
stronger during the easterly phase of the QBO than the west-
erly phase of the QBO, but only during boreal winter (Yoo
and Son 2016; Son et al. 2017). This link has downstream
ramifications that are vital; research has shown that the pre-
dictability of the MJO is around a week longer during easterly
QBO phases than during westerly QBO phases (Marshall
et al. 2017). As a result, subseasonal to seasonal forecast mod-
els all show enhanced MJO prediction skill during easterly
QBO winters (Wang et al. 2019; Lim et al. 2019). Thus, under-
standing the physical mechanism through which the QBO can
modulate the MJO could help extend the predictability of
subseasonal forecasts in the tropics, advance modeling of tele-
connections between the tropics and extratropics, and im-
prove predictions of global climate.

Several mechanisms have been proposed to explain how
Corresponding author: Jonathan Lin, jzlin@mit.edu the mean state of the stratosphere can so strongly influence

The MJO is a distinct, eastward-propagating, planetary-
scale oscillation in the tropics that has a period of around
30-90 days, and is the dominant mode of tropical intraseaso-
nal variability (Zhang 2005). The MJO is also the largest
source of seasonal and subseasonal predictability in the atmo-
sphere (Hendon et al. 2000; Vitart et al. 2017), and through
teleconnections, even plays a significant role in altering extra-
tropical circulations (Matthews et al. 2004). In fact, the MJO
has been linked to modulate many aspects of global weather,
such as tropical cyclone activity, extreme rainfall and flooding,
wildfires, extratropical climate modes, and surface tempera-
tures even in the United States (Zhang 2013). As such, fur-
thering our understanding of the MJO is of great societal
interest.
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the strength of a tropospheric phenomenon in the MJO. Since
the QBO is associated with vertical wind shear of the zonal
wind, thermal wind balance necessitates temperature anoma-
lies in the tropopause transition layer (TTL) (Baldwin et al.
2001; Fueglistaler et al. 2009). One branch of proposed mech-
anisms contends that during easterly QBO phases, cold anomalies
induced by adiabatic cooling destabilize the TTL, invigorating
deep convection associated with the MJO (Son et al. 2017;
Klotzbach et al. 2019; Abhik and Hendon 2019). However,
tropospheric temperature anomalies associated with the QBO
are less than 0.5 K in boreal winter (Martin et al. 2021b), and
climate models with realistic QBO temperature signals fail to
capture the QBO-MJO relationship (Martin et al. 2021a).
Other studies have proposed that the QBO modulates the pro-
duction of thin cirrus clouds near the tropopause, through
mean-state changes in the temperature and stratification in the
TTL (Sakaeda et al. 2020).

One relatively unexplored area is how the QBO can modu-
late wave propagation into the stratosphere, since the extent
to which tropospheric waves can propagate upward into the
stratosphere can be strongly dependent on the sign of the
zonal wind in the stratosphere (Charney and Drazin 1961;
Andrews et al. 1987). As Charney and Drazin (1961) showed,
the upward propagation of tropospheric extratropical Rossby
waves is nonlinearly dependent on the sign and strength of
zonal flow: under easterly or strong westerly flow, Rossby
waves are trapped in the troposphere. A similar effect holds
in the tropics, where Rossby waves can only propagate up-
ward in regions of westerly or weak easterly flows (Andrews
et al. 1987). Equatorial Kelvin waves exhibit the opposite de-
pendence, where they can only propagate in regions of east-
erly or weak westerly winds. Indeed, there is evidence in
reanalysis data that Rossby waves are trapped in the tropo-
sphere during easterly phases of the QBO, and leak into the
stratosphere during westerly phases of the QBO; conversely,
Kelvin waves have been found to radiate more energy into
the stratosphere during easterly lower-stratosphere winds
(Yang et al. 2012). Since the MJO projects strongly onto both
equatorial Kelvin and Rossby waves (Hendon and Salby
1994), it would be prudent to understand how the QBO can
modulate the vertical structure of the MJO through controls
on upward wave propagation. Throughout this study, an up-
ward-propagating wave means one that has upward wave-
energy propagation.

Simple theoretical models (Sobel and Maloney 2013; Adames
and Kim 2016) and idealized modeling studies (Crueger and
Stevens 2015; Khairoutdinov and Emanuel 2018) have also sug-
gested that cloud radiative feedbacks are essential to destabiliz-
ing the MJO. Given the importance of the modulation of
tropospheric radiative cooling by clouds, suggested pathways
for how the QBO modulates the MJO have included the modu-
lation of cirrus clouds by the stratosphere (Son et al. 2017,
Sakaeda et al. 2020). There is some evidence that the produc-
tion efficiency of high clouds may be modulated by the phase of
the QBO, at least on interannual (Davis et al. 2013) and sea-
sonal (Tseng and Fu 2017) time scales, since easterly QBO
phases are associated with cold anomalies near the tropopause.
However, analyses of observational data from the polar-orbiting
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CALIPSO satellite (Winker et al. 2009) suggest only small dif-
ferences in near-tropopause cirrus cloud frequency between
easterly and westerly phases of the QBO, though the data are
generally too sparse in space and time to provide significant evi-
dence (Son et al. 2017). Furthermore, the QBO does not seem
to significantly modulate the activity of other convectively cou-
pled equatorial waves (CCEWs), which may suggest that modu-
lation of cirrus clouds by the QBO is not a significant process
(Abhik et al. 2019). This, however, could be mitigated by the
fact that other CCEWs have a much weaker cloud radiative
feedback than the MJO (Sakaeda et al. 2020).

Other observational studies have suggested a link between
cirrus cloud formation and large-scale vertical motion by
upward-propagating waves (Boehm and Verlinde 2000). In
fact, analyses of satellite observations of temperature and cir-
rus clouds show that MJO convection is associated with large-
scale Kelvin and Rossby wave activity in the TTL, suggesting
that the large-scale ascent associated with these waves produ-
ces greater levels of cirrus clouds (Virts and Wallace 2014).
More importantly, equatorial composites of the MJO show sig-
nificant anomalies in upper-tropospheric—lower-stratospheric
ice cloud fraction collocated with MJO convection, as well as an
eastward tilt with height in cloud fraction near the stratosphere
(Virts and Wallace 2010; Del Genio and Chen 2015). This
eastward tilt with height in cloud fraction could be the result
of dynamical motion associated with the upward-propagating
Kelvin wave portion of the MJO. The extent to which upward-
propagating waves influence the MJO growth rate through
modulation cirrus clouds will be explored in this study. Finally,
the eastward tilt with height could also be explained by mean
westerly advection in the upper troposphere. The effect of
upper-tropospheric advection of cirrus clouds on the MJO will
also be analyzed in this work.

Given the connection between the QBO and MJO, as well
as the possibility for ice clouds high in the troposphere to
strongly influence the MJO, it is important to incorporate
upper-tropospheric-lower-stratospheric processes into mod-
els of the MJO. In general, modeling studies on the MJO-
QBO link have been particularly limited, since the MJO is no-
toriously difficult to simulate correctly in a general circulation
model (GCM) (Hung et al. 2013). Furthermore, an investiga-
tion into the MJO-QBO relationship using a nudged GCM
was not successful in replicating the observed relationship be-
tween the MJO and QBO (Martin et al. 2021a). The primary
purpose of this study is to investigate the relationship between
the MJO and QBO by using an idealized, linear model that
can represent cloud radiative feedbacks and tropospheric en-
ergy loss via upward wave propagation. Such a model must
have some representation of the MJO and also be coupled
to a representation of the stratosphere. Khairoutdinov and
Emanuel (2018) and Emanuel (2020) developed a strict quasi-
equilibrium tropospheric theoretical model and showed that
slow, MJO-like modes appear as solutions when cloud radia-
tive feedbacks are active. Lin and Emanuel (2022) extended
the linear model by coupling a dry, passive stratosphere to a
quasi-equilibrium troposphere, and evaluated the effect of
upward wave radiation on equatorial waves, though in the
context of a zero-mean zonal wind in the stratosphere. We
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further extend the work of Lin and Emanuel (2022) by formu-
lating the model for a nonzero zonal wind in the stratosphere,
and include an additional prognostic equation for cirrus
clouds, which are allowed to modify the perturbation radia-
tive heating in the troposphere.

The paper is organized as follows. Data used in this study to
motivate the linear model are described in section 2. Section 3
investigates the role of ice clouds in radiative forcing. Section 4
formulates the linear model. Section 5 presents the solutions of
the linear model under varying cases. The paper concludes with
a discussion and summary in section 6.

2. Data

While this study formulates a theoretical linear model to
understand stratospheric influences on the MJO, a few obser-
vational data sources are used to facilitate formulation of the
linear model. Monthly data regarding zonal wind climatology
are taken from ERAS fields developed by the European
Centre for Medium-Range Weather Forecasts (ECMWF),
from 1979 to 2020 (Hersbach et al. 2020). These data are used
in particular to define the QBO, and to examine tropopause
transition layer wind anomalies during different QBO phases.
In this study, the QBO is defined using the zonal-mean zonal
wind at 50 hPa, averaged over the tropics (10°S-10°N); the
QBO s said to be in its easterly phase (QBOE) when the zonal-
mean zonal wind is smaller than —0.5 standard deviations from
the mean, and in its westerly phase (QBOW) when the zonal-
mean zonal wind is greater than 0.5 standard deviations from the
mean, as in Son et al. (2017). ERAS is also used to generate tem-
perature and water vapor soundings for use in radiative calcula-
tions, as well as to generate composites of the MJO.

The phase and amplitude of the MJO are defined using the
monthly averaged OLR MJO index (OMI), as defined in
Kiladis et al. (2014). The OMI index is defined purely based
on satellite observations of outgoing longwave radiation
(OLR). This is different from the Real-Time Multivariate MJO
(RMM) index, which is defined by the two leading principal
components (RMM1 and RMM2) of a combination of
the equatorially averaged upper (200-hPa) and lower level
(850-hPa) zonal winds, and satellite observations of OLR.
The phase of the MJO is defined in the phase space of RMM1
and RMM2, following the convention of Wheeler and Hendon
(2004), with PC2 of OMI being analogous to RMM1, and —PC1
of OMI being analogous to RMM2 (Kiladis et al. 2014). The am-
plitude of the MJO is defined as the magnitude of the monthly

averaged OMI, or [\/(OMH)2 + (OMI2)*]. The monthly aver-

aged OMI (instead of the more typical daily quantities) are used
since ice cloud observational data are aggregated monthly to in-
crease sample robustness. This, however, likely led to some nois-
iness in the phase 4/—phase 8 composites.

Observations of OLR are taken from NOAA'’s Interpo-
lated Outgoing Longwave Radiation dataset (Liebmann and
Smith 1996). OLR anomalies are deseasonalized using
monthly averages calculated over the time period 1974-2021.
Observations of ice water content and cloud fractions are
taken from 2007 to 2017 level 3 cloud occurrence products
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made by the CALIOP instrument on board the polar-orbiting
CALIPSO satellite. Level 3 products are gridded and aggre-
gated monthly, with a vertical resolution of 60 m. Cloud frac-
tion anomalies are deseasonalized and accumulated over
nonoverlapping boxes of width 10° longitude and 5° latitude.

3. Cloud radiative feedbacks

Observational studies have shown that on intraseasonal
time scales, variations in tropospheric radiative cooling are
strongly correlated with variations in clouds (Johnson and
Ciesielski 2000). Convection moistens the troposphere and
gives rise to upper-tropospheric clouds, thus reducing tropo-
spheric radiative cooling through the greenhouse effect, as
both water vapor and clouds absorb infrared radiation and re-
emit it at lower temperatures. In fact, on intraseasonal time
scales, there are high correlations between midlevel entropy
anomalies (moisture deficit) and outgoing longwave radiation
(Bony and Emanuel 2005). These observations have informed
the use of midlevel moisture anomalies to predict fluctuations
in tropospheric radiative cooling in theoretical linear models;
these closures slow down the propagation speed of equatorial
waves (Bony and Emanuel 2005) and give rise to a new class
of unstable modes that resemble the MJO (Khairoutdinov
and Emanuel 2018; Emanuel 2020).

It is instructive to look at the relationship between water
vapor, convection, cirrus clouds, and OLR with respect to
the MJO. While OLR and lower-tropospheric water vapor
anomalies are relatively well observed, cirrus clouds are cur-
rently only widely observed via polar-orbiting satellites,
which severely limits the sample size in both space and time.
Thus, the ensuing analysis should be viewed with this caveat
in mind. Figure 1 shows tropical averaged (5°S-5°N) ice cloud
fraction (via CALIOP/CALIPSO), water vapor (via ERAS),
and OLR (via NOAA) aggregated over combined phases of the
MIJO, following the methodology of Virts and Wallace (2010).
The phases of the MJO are defined following the convention of
Wheeler and Hendon (2004). A label of “phase 1/—phase 5”
aggregates normal anomalies from phase 1 with anomalies multi-
plied by —1 from phase 5, increasing sample size for the mean
composites, which are weighted by MJO amplitude. Any further
decompositions by QBO phase or season leads to minuscule
sample sizes that preclude meaningful analysis.

The eastward progression of the MJO is quite evident as
one moves downward from the top to bottom panels of Fig. 1,
though the phase 4/—phase 8 aggregate has the noisiest signal.
In general, midlevel water vapor anomalies are collocated
with ice cloud fraction anomalies, and OLR is reduced in
areas with more ice clouds and low-level water vapor, and
vice versa. Furthermore, most notably in the phase 2/—phase 6
and phase 3/—phase 7 aggregates, there are significant ice
cloud anomalies (nearly 7% in cloud fraction) present near or
at the climatological lapse-rate tropopause (15-16 km), as well as
in the upper portion of the TTL (=17 km). While the ice cloud
anomalies are more or less collocated with lower-tropospheric
water vapor anomalies until around 13 km, there seems to be a
substantial eastward tilt with height past ~14 km. For instance,
in phase 2, low-level water vapor anomalies are centered around
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FIG. 1. Zonal-vertical cross sections of the tropical averaged (5°-5°S), monthly anomalies of
ice cloud fraction (colors) and water vapor (contours), aggregated over phases of the MJO, from
10 years (2007-16) of level 3 CALIOP cloud occurrence profiles and ERAS. Ice cloud samples
are deseasonalized and accumulated over boxes of width 10° longitude. Phases are determined
using monthly RMM index, as defined in Wheeler and Hendon (2004). Cloud fraction anomalies
are averaged over the indicated phases, but weighted according to MJO amplitude. Contours are
solid (dashed) for positive (negative) anomalies. Contour levels start at —0.3 g kg~ with spac-

ings of 0.05 g kg~ !. OLR anomalies over the composites are overlaid (red line).

70°E, but significant positive cirrus cloud anomalies extend east-
ward by nearly 30° longitude, and as high up as 17 km. This east-
ward tilt with height in the cirrus cloud fraction is also quite
evident in similar MJO composites of cirrus clouds shown in
Virts and Wallace (2010). Del Genio and Chen (2015) also ob-
serve a significant eastward tilt with height in cloud frequency
associated with the MJO, and found that MJO-associated cirrus
cloud anomalies peak quite high in the atmosphere (15-16 km).
This eastward tilt with height may be significant for the MJO, es-
pecially if cirrus clouds play a large role in modulating tropo-
spheric radiative cooling. However, it is not immediately obvious
which of 1) midlevel water vapor or 2) upper-tropospheric ice

clouds is more important to tropospheric radiative forcing through
the greenhouse effect. Since both quantities are highly correlated
with OLR (see Fig. A2), linear regression would not be able
uncover the relative effects of each quantity on OLR.

To address these issues, we use the Rapid Radiative Trans-
fer Model (RRTM), supplied with typical anomalies of midle-
vel moisture and ice clouds associated with the MJO, to
obtain an order-of-magnitude estimate of the radiative forc-
ings of these two quantities (Mlawer et al. 1997). Specifically,
we use the longwave radiative transfer code of RRTMG_LW,
the computationally accelerated version of RRTM developed
for GCMs. Ice cloud and liquid clouds are treated separately
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FI1G. 2. (top left) Vertical profiles of cloud fraction (black), water vapor (red), and in-cloud ice water content (blue),
where solid lines for cloud fraction and water vapor are tropical-averaged mean-state profiles used in radiative calcu-
lations. Vertical profiles of anomalous cloud fraction and water vapor, averaged over 65°-80°E (dashed) and 80°-95°E
(dot—dashed) in the phase 2/—phase 6 MJO-weighted composites, are also shown. (top right) TOA radiative forcing,
as defined in text, of ice clouds (blue) and water vapor anomalies (red), for varying effective radius. (bottom left) Ver-
tical profile of heating rate from ice clouds, in the mean state. (bottom right) Anomalous heating rate from anomalous
ice clouds in the 65°-80°E (dashed) and 80°-95°E (dot-dashed) composites.

in these calculations. In this study, we do not consider the radia-
tive effect of lower-tropospheric liquid clouds, since the frac-
tional area occupied by liquid water clouds is much smaller than
ice clouds (verifiable using the CALIPSO/CALIOP cloud frac-
tion data). The parameterization of ice-cloud optical properties
follows that developed in Ebert and Curry (1992). The model’s
mean state is tropical averaged (10°S-10°N) temperature and
water vapor soundings, calculated from ERAS during the same
period over which the ice-cloud observations are available, along
with 400 ppm CO,, and 1.7 ppm CH,. The mean-state cloud frac-
tion and cloud ice water content are estimated from CALIPSO
data by averaging the cloud fraction and monthly median ice
water content, respectively, over 10°S-10°N. Figure 2, top left,
shows the mean-state cloud fraction and ice water content pro-
files derived from the CALIPSO data. To generate typical
anomalies of water vapor and ice clouds associated with the
MIJO, we focus on the convective region of the phase 2/—phase 6
weighted composite (Fig. 1). Vertical profiles of anomalous cloud
fraction and water vapor, averaged over 65°-80°E (dashed) and
80°-95°E (dot—dashed), are shown in Fig. 2. The reasoning for

this delineation is as follows: ice clouds are collocated with con-
vection around 65°-80°E, coinciding with the largest negative
OLR anomaly, whereas an eastward tilt with height and upward
shift of the peak ice cloud anomaly occurs in the 80°-95°E re-
gion. This can be seen from Fig. 1, and from the cloud fraction
vertical profiles in Fig. 2. The cloud fraction anomalies in the
80°-95°E region, however, are smaller in magnitude than those
in the 65°-80°E region. Finally, we do not modify in-cloud ice
water content, since the ice water content of upper-tropospheric
clouds is very small, and primarily a function of temperature.
The top-of-atmosphere (TOA) radiative forcing of water
vapor and upper-tropospheric ice clouds is defined as the dif-
ference in OLR between the mean state, and a state with the
MIJO-associated water vapor or cloud fraction imposed. Figure 2,
right, shows that the TOA radiative forcing of ice clouds is nearly
an order of magnitude larger than that of midlevel water vapor
in the main convective region (65°-80°E), though there is some
sensitivity to the effective radius of ice clouds. Note that the me-
dian effective radius of ice clouds in the tropics is ~35 pm (Hong
and Liu 2015; Hong et al. 2016). At this effective radius, the
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RRTM-calculated total radiative forcing of the water vapor and
ice-cloud anomalies is around 8 W m™ 2, which is in agreement
with the aggregated OLR anomaly in this region, as shown in
Fig. 1. The radiative forcing of ice clouds is also around 90% of
the total radiative forcing. In the region east of the main convec-
tive region (80°-95°E), the ice-cloud radiative forcing is, as ex-
pected, much smaller, though still nonnegligible. At an effective
radius of 35 um, the radiative forcing of ice clouds is only
around 75% of the total radiative forcing. The vertical profile of
heating rate by ice clouds in the mean state, calculated by sub-
tracting clear-sky heating rates from all-sky heating rates, is
shown in Fig. 2, bottom left, and shows a substantial tropo-
spheric warming effect by ice clouds. These results are generally
consistent with those of Hong et al. (2016), except for the dis-
crepancy that the present study suggests a much smaller strato-
spheric radiative cooling response to upper-tropospheric ice
clouds. This discrepancy can be explained by differences and
uncertainties in ice-cloud optical depth measurements at high
altitudes. For optically thin clouds in the tropics, the CALI-
PSO product (used in this study) has significantly smaller
ice water content retrievals than DARDAR, another cloud
retrieval product that derives ice cloud parameters from
both radar and lidar measurements (Delanoé and Hogan
2010; Hong et al. 2016). In fact, the signal-to-noise ratio of
upper-troposphere—lower-stratosphere ice cloud net long-
wave radiative heating rates is smaller than 1 (noise here, de-
fined as the difference between the net radiative heating rates
between the CALIPSO and DARDAR products). The reader
is referred to the appendix of Hong et al. (2016) for more
details.

While the relative magnitude of radiative forcing between
ice clouds and water vapor shows some sensitivity to the effec-
tive radius and vertical distribution of ice clouds, these radia-
tive transfer calculations suggest that cirrus clouds play a
dominant role in modulating tropospheric radiative heating on
spatial and temporal scales similar to that of the MJO. Thus,
modulation of the forcing of ice clouds in the TTL may be a
pathway through which the QBO controls the MJO. In addi-
tion, despite the sparsity of satellite observations as shown in
Fig. 1, there is evidence that MJO-associated cirrus clouds near
the equator exhibit an eastward tilt with height in the TTL.
Modulation of the eastward tilt of these cirrus clouds by the
stratosphere could influence the phase relationship of radiative
heating with temperature in the troposphere. Both of these mech-
anisms will be explored in a coupled troposphere-stratosphere
linear model in the ensuing section.

4. Linear model

In this section, we extend the coupled troposphere-strato-
sphere model formulated in Lin and Emanuel (2022), by im-
posing nonzero stratospheric mean zonal wind, as well as
incorporating the effects of cirrus clouds on radiative cooling
by including a prognostic equation for cirrus clouds.

a. Tropospheric equations

Here, we summarize the tropospheric equations of the linear
model formulated in Lin and Emanuel (2022), taking the case
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where surface friction is set to zero (F = 0). In particular, Lin
and Emanuel (2022) removed the rigid lid in the tropospheric
equations, which allows the barotropic mode to be excited in a
linear model:

ou b
W T T @
1 dy, ad,
S S0y, @
5, ot ay 0
du; s
= 3
o ox O ®
1 0y ds
=2, @
8 ar dy !
as
g=(1+C)sm—w—aub—Xs, 5)
s,
YT —Ds — au, — Gw + Cs,, (6)

where uy and wu are the barotropic zonal and meridional
winds, u; and v, are the baroclinic zonal and meridional winds,
¢y is the barotropic geopotential, 8, is a nondimensional coef-
ficient representing the magnitude of zonal geostrophy, s is
the saturation moist entropy, s,, is the characteristic midlevel
moist entropy of the free troposphere, w is the bulk tropo-
spheric vertical velocity, u;, is the boundary layer zonal wind
(equal to uy + u,), x is a nondimensional entropy damping
coefficient, y is a nondimensional tropospheric entropy time
scale, D is a nondimensional entropy damping coefficient, « is
the wind-induced surface heat exchange (WISHE) feedback
parameter, and G is the gross moist stability. The equations
are completed with mass continuity in the troposphere in pres-
sure coordinates. Note that in these equations, the radiative
heating perturbation is parameterized as Q = Cs,,, which is
evident in Egs. (5) and (6). This is important, since Emanuel
(2020) showed that when C is nonzero and large enough, slow
propagating modes that are MJO-like appear as the fastest
growing modes. The reader is referred to Lin and Emanuel
(2022) for additional details in derivation, nondimensionaliza-
tion, and interpretation of Egs. (1)-(6), which are incomplete
without governing equations for the stratosphere. Modifica-
tions to the stratospheric equations are discussed in the follow-
ing sections.

b. Nonzero stratospheric mean wind

To include nonzero stratospheric mean wind, we must modify
the stratospheric equations formulated in Lin and Emanuel
(2022), which assumed a zero-mean zonal wind. The nondimen-
sional vertical velocity at the tropopause can be inferred by inte-
grating the mass continuity equation upward from the surface:
oy | oy

o(y.p,) = Q)

ax  ay’

where 1, and y are the barotropic velocities w is the pressure
vertical velocity, and p, is the nondimensional tropopause
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pressure. Note the baroclinic velocities do not enter here
since by definition, the vertical velocity associated with the
baroclinic mode vanishes at the tropopause.

Next, we assume that the mean zonal wind in the strato-
sphere is nonzero and varies in the vertical:

u(x,y,z% 1) = U(z*) + ui(x,y,z%1), (8)

where z* is the log-pressure vertical coordinate. For simplic-
ity, the time scale of the mean stratospheric wind is assumed
to be much longer than that of the tropospheric wave, and
thus the mean wind is assumed to be constant in time. After
dropping primes for perturbation quantities and using the ad-
ditional nondimensionalization of the mean zonal wind,

7 2

U, - BL2U,, ©)
the linearized, nondimensional horizontal momentum equa-
tions in log-pressure coordinates of the stratosphere are

oy My
E ! w
ot 5 ox mes o gz* dx

« 90U, _ 99

l(% + U. %) = _ad)s - yu,
o \at S ax ay

where subscripts s indicate stratospheric variables, w* is the
log-pressure perturbation vertical velocity, I',,, (defined in the
appendix) is a nondimensional parameter corresponding to
the strength of vertical zonal momentum flux, L, is the merid-
ional length scale defined in Khairoutdinov and Emanuel
(2018), and B is the meridional gradient of the Coriolis force.
Typical peak zonal wind anomalies at 50 hPa are on the
order of 20 m s~ ! during QBOE and 15 m s~ ! during QBOW
(Baldwin et al. 2001), which yields an approximate range of
the nondimensional mean wind as U; =~ [—0.75, 0.5]. While
nondimensional scaling suggests that I, =~ 0.5, it is not imme-
diately clear how large the vertical zonal momentum flux
term is in relation to the other terms, since the vertical shear
of the QBO can be quite large. For the MJO-like mode ex-
plored in this study, we confirmed that under an Earthlike
QBO, the vertical zonal momentum flux term is an order of
magnitude smaller than the pressure gradient and Coriolis
forces, which are largely balancing each other. Thus, the verti-
cal zonal momentum flux can be ignored without significant
approximation, and we set I',,, = 0 throughout this study.
Note that this approximation may not be accurate for faster
propagating waves.

The mass continuity equation in the stratosphere is un-
changed from Lin and Emanuel (2022), though it is provided
here for completeness:

(11)

ad 9
—u

oy (12)

19
+ — —(p,w¥) =0,
Y, poaz(’)o )

where z* = 1 is defined as the tropopause (lower boundary),
and po(z*) = explay(l — z*)] is a nondimensional density
that decays with a nondimensional scale height a;. With the
approximation that the vertical wavelength of the mode of

LIN AND EMANUEL

279

interest is much smaller than ay, Eq. (12) can be integrated
from the lower boundary in z* to obtain

Z

Wiy, = wi(y,z* = 1) - j

z=1

3
iku(y,z*) + @ v(y,z%)|dz,
(13)

where w*(z* = 1) is coupled to the vertical velocity at the tro-
popause in the troposphere equations and will be calculated
from the matching conditions.

The first matching condition is continuity of normal displace-
ment across the interface (in dimensional notation), defined as

Dn
w = E, (14)
where 7 is the displacement at the tropopause. While we do
assume mean wind in the stratosphere, for simplicity, we do
not assume a jump in mean wind across the tropopause, such
that the coupling condition is unmodified from that formulated
in Lin and Emanuel (2022), and is simply continuity of vertical
velocity across the tropopause, or w (p = p,) = w,(p = p,). The
vertical velocity between the two vertical-coordinate systems
are matched:

T
wp = p) = = wile* = 1. (1)
S s RiT, Dy =D o _
wip =p) =~ B Pelp =5).(16)
t

where T, is the tropopause temperature, p, is the nondimen-
sional surface pressure, 7, is the mean temperature in the
stratosphere, R, is the dry-gas constant, g is the acceleration

of gravity, and H is the tropopause height.
¢. Thermal wind balance

The stratospheric equation set is not yet complete, as we
have yet to formulate its mean temperature equation. As is
observed in the real atmosphere, QBO-associated vertical
gradients in mean zonal wind must be associated with meridi-
onal gradients in temperature, according to thermal wind bal-
ance (Baldwin et al. 2001). For an equatorial B plane, thermal
wind balance is expressed as [see Egs. (8), (2), and (1) in
Andrews et al. (1987)]

ou, R, oT
9z BHy dy’

(17)

where H, is the scale height in the stratosphere. Nondimen-
sionalizing temperature with

BZL4
T > v (18)
R,
yields
oU,_ _H1dT 19)
az H_y dy
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for the mean-state field. Nondimensionalizing similarly in the
hydrostatic equation yields

ad,

az*

= T, (20)

where for a scale height of H;, = 7 km and H = 16 km,
&= H?BL;/(H,aC,|V|)~=70. Note that the vertical shear in
the zonal mean wind associated with the QBO can be large
on the equator, yielding peak temperature anomalies of around
4 K (Baldwin et al. 2001). This may impact the dynamics of
equatorial waves in the stratosphere. To incorporate this into
the linear model, we start with the dimensional temperature
equation (including hydrostatic balance), which is

ad

(7+ V-V)—S+wi"N2=0,
9z* $

1)

where the squared buoyancy frequency in log-pressure coor-
dinates is

,_ R, (0T T
N ﬁ(@ T ﬁ) 22)
where k = Ry/c, ~ 2/7. Note, we assume no radiative relaxa-
tion in the stratosphere, as consistent with the radiative trans-
fer calculations shown in Fig. 2. It is important to note that
while our radiative-transfer calculations indicate minimal impact
on stratospheric radiative heating rates by upper-tropospheric
ice clouds, large uncertainties in the optical properties of upper-
tropospheric-lower-stratospheric ice clouds exist.

QBO contributions to the mean-state stratification are
small: a 4 K perturbation over 5 km yields a perturbation
buoyancy frequency of [N?]’ ~ 4 X 107> s™2, which is more
than an order of magnitude smaller than the buoyancy fre-
quency of the stratosphere, N> ~ 5 X 10* s™2. Thus, we
approximate N” as constant. Linearizing the temperature
equation under nonzero zonal flow in thermal wind balance
yields

LR

2!
o T Ut

axdz*

, b,
v s
ayadz*

+WEN2 =0, (23)

Nondimensionalizing Eq. (23) and dropping primes for per-
turbation quantities yields

3,

axaz*

9 I,
at az*

U,(y,2)

v+ wiS =0,

oT
e (24)

+ £

yv
where vy, = HBL}/(C,|Vla) = 30, such that &y, ~ 2.5, which
will be used for the rest of the study. Although meridional
temperature gradients associated with the QBO can be large
on the equator, the magnitude of the QBO-associated tem-
perature anomalies decay quite quickly away from the equa-
tor. The opposite is true for meridional velocities: they can be
large off the equator (especially in the Rossby gyres associ-
ated with the MJO), but are typically small near the equator.
We confirmed in our experiments that for the MJO-like mode
that appears in the linear model, the dominant terms in Eq. (24)
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are the zonal and vertical advection terms (the second and
fourth terms on the left-hand side, respectively).

Next, we implement a wave radiation condition through
Eq. (24). As in Lin and Emanuel (2022), it is not necessary
that w* goes to zero as z — o: as long as the energy density
(pw*?) goes to zero, then wave energy is forced to be propa-
gating upward from the troposphere. However, we include
strong sponge layers at the top and lateral boundaries of the
numerical domain to ensure that the velocities do go to zero
at the edges. Integrating Eq. (24) from the upper boundary,
while ignoring meridional advection and assuming a zero up-
per boundary condition, yields

¢,
ot

62(]5\ 4
S dz¥ — | wESdzx.
axaz* ¢ I e

- —ika U.(v.2) (25)

0

Equation (25) is the time-stepping equation for the geopoten-
tial in the stratosphere. Finally, ¢s(y, z* = 1) couples to the
troposphere equations through the second matching condi-
tion, continuity of pressure across the interface:

b (x,y, 2% = 1,1) = $(x,y,p = p,.1). (26)

d. Cirrus cloud prognostic equation

To incorporate the cloud radiative effects associated with
cirrus clouds, we include the linearized, dimensional, water
vapor prognostic equation, but only at a single level z,:

d aq
Dy oo p o,
0z

d _
KT
ot ¢ ax

27)
where ¢, is the water vapor mixing ratio, UC is a mean zonal
wind, P is the anomalous production of water vapor, and L is
the anomalous loss of water vapor.

First, we comment on the form of this equation. The cirrus
cloud prognostic equation only applies at a single level z,
which represents the level where the presence of cirrus clouds
dominates the radiative heating effect in the troposphere. It
should be restricted to the upper troposphere, which is where
the climatological cloud fraction peaks. On MJO time scales,
there is observational evidence of w at a single level being a
good predictor of cirrus cloud fraction at that level, though
the peak w anomalies often lead the peak ice cloud fraction
anomalies. This is described in detail in the appendix, and
serves as justification of the form of Eq. (33). Of course, this
is an oversimplified view of radiative transfer, and an inte-
grated metric involving ¢, is more appropriate to relate to ra-
diative heating perturbations. Our parameterization will serve
the purpose of simplified representation of cirrus clouds, and
sensitivity tests to z. are shown in this study. The sign and
magnitude of Uc, as well as the levels at which to parameterize
Z¢, will be discussed in the results section. Furthermore, both
the production and loss of water vapor are determined by
cloud-microphysical processes, which can be quite complex,
especially when considering mixed phase clouds. Here, we
take a simplified approach, and assume that production and
loss are proportional to w’. In general, we expect there to be
cloud condensation, growth, and precipitation where there is
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upward motion, but this is mostly deduced from qualitative
reasoning. Nondimensionally (and dropping primes) this is

P-L=C,w, (28)

where C,, which is a fairly arbitrary coefficient. Nondimen-
sionalizing Eq. (27), with the relations

t > % (29)
X — ax, (30)
w = C,[Vlw, (31)
4, = 474, (32)

where qT* is the mean saturation vapor mixing ratio with re-
spect to ice, yields
aq, N aq,

ot UC a = (Y + Cm)W,

(33)

where U, is the nondimensional advecting wind, and Y repre-
sents the vertical moisture gradient, assumed to be positive (a
negative sign is absorbed into Y), and is

a 9dq,

Y= —Cv—2_ g5

34
BL2GF 0z (34)

Note that C,,, while fairly arbitrary, can be absorbed into the
definition of Y, at which point Y represents the strength of
water vapor production. Sensitivity of the results to Y will be
discussed in the concluding section.

In numerical models, a cloud macrophysics closure is re-
quired to predict cloud fraction from ice and vapor mixing ra-
tios; these closures typically assume a quadratic relationship
between cloud fraction and total water content (Gettelman
et al. 2010). Cloud microphysical schemes, which predict
growth and loss of cloud ice, are also necessary to predict
cloud fraction. In the spirit of simplicity, we will assume that
water vapor anomalies can serve as a proxy for cirrus clouds,
which in turn modulate the perturbation radiative heating.
This assumption is not entirely unfounded: linearization of
the ice-only CAMS cloud macrophysics parameterization,
shown in the appendix, leads to a relation between water va-
por anomalies and cloud fraction:

ICF' = ¢q,, (35)
where ICF’ is the perturbation ice cloud fraction, and ¢;
represents the production efficiency of ice clouds with respect
to water vapor anomalies. Nevertheless, thorough empirical
verification of the accuracy of Eq. (33) in predicting ice-cloud
fraction is necessary, though this will be the subject of future
work. Finally, the tropospheric radiative heating in the model
is modified to include effects from our proxy for cirrus clouds:

Q = Cs,, + C,[ICF], (36)
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where C; > 0 is the cirrus cloud feedback parameter. Strato-
spheric radiative heating is ignored. In general, as C; increases
in magnitude in relation to C, more weight is given to the
high-cloud parameterization of cloud radiative feedbacks.
Note, the original formulation of cloud radiative feedbacks
in Khairoutdinov and Emanuel (2018) is obtained by setting
C; = 0. Radiative transfer modeling, discussed in section 3,
allows us to constrain C;, especially with respect to C. In this
study, €; is absorbed into C;, which is chosen such that in the
vertically integrated entropy equation [Eq. (6)], ice clouds
make up ~80% of the total radiative forcing.

It is important to note that these are simplistic and crude
representations of cirrus clouds and the processes that might
affect their behavior. While there is evidence in observational
data of the modulation of cirrus clouds by upward-propagating
waves (Boehm and Verlinde 2000; Virts and Wallace 2014),
the extent to which these processes influence the MJO have
yet to be validated with either observations or high-resolution
numerical modeling. While Egs. (33) and (36) do not truly
represent the complexity of cirrus cloud formation and cloud
microphysics, they are meant to highlight some potential
mechanisms that may allow the stratosphere wind to modulate
the MJO. It is our intention, in the spirit of simplicity, to un-
derstand how each of the modeled processes can affect growth
of the MJO.

e. Numerical solutions

The fully coupled system consists of the tropospheric sys-
tem [Egs. (1)-(6)], the stratospheric system [Egs. (10), (11),
(13), and (25)], the matching conditions [Egs. (15), (16), and
(26)], and the parameterizations for cirrus cloud feedbacks
[Egs. (33) and (36)]. Note that we have not assumed anything
about the meridional or vertical dependence of U,. Unless
otherwise noted, once U is chosen, the associated T is calcu-
lated through thermal wind balance.

The linear system is complex and cannot be solved analyti-
cally. As described in detail in Lin and Emanuel (2022), the
system is solved numerically by integrating forwards in time,
initializing the troposphere with the rigid-lid solution while
the stratosphere is initialized at rest (Emanuel 2020). The tro-
posphere domain is discretized in y, while the stratosphere
domain is discretized in y and z* Linear solutions are
assumed to have zonal structure of the form exp(ikx). Spatial
derivatives are numerically approximated with fourth-order
central differencing, and the system is stepped forward in
time using fourth-order Runge—Kutta. Since the initial wave
is unbalanced, rapid gravity wave adjustment occurs, requir-
ing the use of dampening mechanisms to eliminate undesir-
able noise. First, a spectral filter is applied at each time step to
eliminate small-scale noise. The spectral filter is described in
detail in the appendix of Lin and Emanuel (2022). In addition,
a strong sponge layer is imposed along the edges and top of
the domain, strongly attenuating reflecting and downward-
propagating waves. The domain is rescaled by a constant period-
ically in time to prevent numerical overflow. After integrating
for a long period of time (around 160 Earth days), we isolate the
growing mode of interest and infer the complex growth rate and
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structure of the eigenmode. The complex growth rate is calcu-
lated by fitting a line to the log amplitude and phase of any prog-
nostic variable. The inferred eigenmode and growth rates are
then rigorously checked to satisfy the governing equations,
boundary conditions, and matching conditions. In general, the
numerical solutions are accurate to O(10™%).

Before proceeding, it is prudent to discuss some of the fea-
tures of this model. Since there is a mean zonal wind in the
stratosphere, a critical layer will develop if the phase speed of
the wave equals the mean wind at some level. Linear numeri-
cal models are highly unstable in the presence of critical
layers. In addition, the behavior of upward-propagating waves
when encountering critical layers can be highly sensitive to
nonlinearity and dissipation. Wave breaking, wave reflection,
and a transfer of momentum to the mean flow are quite often
associated with critical layers, as is the case for the QBO
(Lindzen and Holton 1968). None of these features are repre-
sented in this model. However, there are some qualitative as-
pects of critical layers that linear models can capture, such as
attenuation of the wave through the critical layer (Booker
and Bretherton 1967). It is important to note that the very
small amount of meridional diffusion imposed in all of the
prognostic equations is required for the linear model to main-
tain numerical stability. This may be because without explicit
dissipation, critical layers would be able to form in the strato-
spheric domain, though this was not thoroughly investigated.

5. Linear solutions

Since the mechanism through which stratospheric wind can
modulate MJO growth is the primary focus of the paper, we
will focus our analysis on the eigenmode that most resembles
the MJO in the linear model. In light of this, we use the mean
state over the TOGA-COARE intensive observing period
(IOP) to inform the nondimensional parameters of the model
(Webster and Lukas 1992). All eigenmodes, unless otherwise
stated, are computed using the following selection of nondi-
mensional coefficients: « = 0.35, x = 02, C = 1.25, y = 5,
D =025 G=0.02Y =05,T, =0, =30,5 = 40. Note,
these coefficients are different from those used by Lin and
Emanuel (2022), which focused on the broad spectrum of
equatorial waves. These parameters are described earlier in
the text, with the exception of S, which represents the magni-
tude of stratospheric stratification. In all figures, colors shad-
ing with blue indicate negative quantities, and red indicate
positive quantities.

a. Stratospheric control of vertical structure

In the coupled troposphere—stratosphere model, both the
barotropic and baroclinic modes can be excited. The superpo-
sition of the barotropic and baroclinic modes can lead to
more complex vertical structures than modes that are purely
baroclinic. The barotropic mode is more closely tied to strato-
spheric dynamics, since, by definition, the barotropic mode is
associated with nonzero vertical velocity at the tropopause.
As will be shown in this section, stratospheric dynamics can
play a significant role in modulating the magnitude of the bar-
otropic mode, as well as the phase relationship between the
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barotropic and baroclinic modes. Thus, the vertical structure
can be heavily modified by the sign of the stratospheric wind.

To first isolate how the sign of the stratospheric wind can im-
pact the vertical structure of the MJO, we look at linear solutions
of the MJO-like eigenmode using the original Khairoutdinov and
Emanuel (2018) radiative cooling parameterization (C = 1.25,
C; = 0), but under varying stratospheric zonal wind. The sim-
plest, realistic, vertical structure of stratospheric wind is a cons-
tant shear in the mean zonal wind, capped at maximum value of
U; the mean zonal wind increases linearly until it reaches U, after
which it becomes constant. Mathematically, this is

U, (z*) = min{l'(z* — 1), U}, 37)
where the reader is reminded that the tropopause is defined at
z* = 1. T, which controls the depth of the linear shear layer, is
set such that Uy = U at 5 km above the tropopause, which co-
incides with the depth of the QBO’s lowest shear layer. In this
study, we assume that the tropopause wind is Uy(z* =1) = 0.
This removes the presence of highly unstable shear instabilities
that are the result of discontinuities in mean wind across the
tropopause interface.

Figure 3 shows the horizontal summary eigenfunction at
different vertical levels of the k = 1, eastward-propagating,
MJO-like mode, under mean easterly winds, U = —1. The
boundary layer horizontal structure is similar to the MJO-like
mode introduced in Emanuel (2020); qualitatively, a canonical
swallow-tail-like structure is shown, with a Kelvin wave signa-
ture near the equator, lagged and flanked by equatorial
Rossby waves. Strong westerly anomalies lag the maximum in
vertical velocity on the equator, which is also preceded by
strong easterly anomalies. This pattern somewhat resembles
the observed MJO, except that westerly maxima are observed
to be in phase with the maximum in vertical velocity, a com-
mon criticism of WISHE-based theories for MJO destabiliza-
tion (Lin and Johnson 1996; Kiladis et al. 2005). Since the
vertical structure of the MJO is dominated by the first baro-
clinic mode (Adames and Wallace 2014), the sign of the hori-
zontal wind at the tropopause (Fig. 3, top right) is opposite
that in the boundary layer, except for a slight tilt with height
in the upper troposphere, as will be discussed in depth later.
As we move farther up into the stratosphere, there appears to
be, at least qualitatively, a separation between the Kelvin
wave component and the Rossby wave component of the
MJO-like mode. The meridional structure of the stratospheric
mode seems to be quite complex, as the Kelvin and Rossby
wave components seems to be zonally out of phase around
halfway into the shear layer (Fig. 3, bottom left), and at the al-
titude of the shear layer (Fig. 3, bottom right).

On the other hand, Fig. 4 shows horizontal cross sections
for the MJO-like mode, but now for mean westerly winds in
the stratosphere, U = 1. While the boundary layer eigen-
mode is unchanged, the stratospheric wave patterns are sig-
nificantly different from the case with mean stratospheric
easterlies. Now, the equatorial Kelvin wave component of
the solution is strongly damped in the stratosphere, and a
clear signature of an upward-propagating equatorial Rossby
wave is evident.
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FIG. 3. Horizontal cross sections of the k = 1, MJO-like eigenmode at the (top left) boundary layer, (top right) tro-
popause (16 km), (bottom left) 18 km, and (bottom right) 21 km, for the case of capped, constant shear in strato-
spheric wind and U = —1 (mean easterlies). Contours indicate the saturation entropy in the troposphere and temper-
ature in the stratosphere, where solid (dashed) lines indicate positive (negative) perturbations. Arrows indicate wind
perturbations, and color shadings indicate vertical velocity perturbations at the level indicated (positive for upward),
except for the boundary layer cross section, where color shading indicates midlevel vertical velocity. Nondimensional
parameters selected are « = 0.35, x = 0.2, y=5,D = 0.25,G = 0.02, 6, = 30, S = 40, C = 1.25,and C; = 0.

These solutions unsurprisingly show that the stratospheric
wind can play a prominent role in modulating tropospheric up-
ward wave propagation. We can investigate this quantitatively,
by calculating the total stratospheric wave energy flux, defined
as ¢'w’ integrated over the entire stratospheric numerical do-
main, where averaging occurs zonally. This quantity is positive
for all eigenmodes in this study, as wave energy must be propa-
gating upward. Under mean easterly flow, the Kelvin wave com-
ponent has increased vertical energy flux, while the opposite is
true for the Rossby wave component (not shown). Conversely,
the Kelvin wave component has strongly damped vertical energy
flux under mean westerly flow, while that of the Rossby wave is
significantly increased (not shown). These results are consistent
with those predicted by linear theory of equatorial Rossby wave
propagation under mean easterly flow [see Egs. (4), (7), and (21)
in Andrews et al. (1987)], and linear theory of Kelvin wave prop-
agation under mean westerly flow [the Doppler-shifted phase
speed of the Kelvin wave must be eastward, as in Egs. (4), (7),
and (10) in Andrews et al. (1987)].

Vertical-zonal cross sections of the MJO-like mode also
show strong dependence of the vertical structure on the
stratospheric wind. Figure 5 shows a vertical cross section at
the equator and at y = 2 (around 20° latitude), for the MJO-
like mode under both stratospheric easterlies and westerlies.

On the equator, as shown in Fig. 5, top row, the tropospheric
vertical structure projects heavily onto the first baroclinic
mode, since a pure first baroclinic mode structure has w maxi-
mizing at ~10 km. Furthermore, an eastward tilt with height
exists on the equator, due to the presence of the upward-
propagating Kelvin wave. However, under mean westerly
winds, the upward propagation of the equatorial Kelvin wave
is strongly damped, as evidenced in Fig. 5, top right, in com-
parison to that under the easterly case (cf. Fig. 5, top left).
The explanation for the varying phase tilts can be understood
through the linear dynamics. In a linear model, the phase
speed of the MJO-like mode in the troposphere must be equal
to the Doppler-shifted phase speed of the stratospheric wave:

c.. =U +c

mjo N wave’ (38)
Suppose that ¢y, is more or less fixed by tropospheric dynam-
ics. Then, under mean easterly flow, cy.ve must increase to
match cpjo. A larger phase speed is associated with a larger
vertical wavelength. Observational data indeed suggest that
there is an upward-propagating Kelvin wave associated with
the MJO in the stratosphere, and that the QBO modulates
the strength and propagation characteristics of this Kelvin
wave (Nishimoto and Yoden 2017).
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FIG. 4. As in Fig. 3, but for the case of westerly mean wind (U = 1) in the stratosphere.

The vertical-zonal cross sections at y = 2 show a much dif-
ferent pattern, since at these latitudes, the Kelvin wave signal
is much weaker than the Rossby wave signal. At y = 2, the
vertical tilt with height in the stratosphere becomes westward,
indicating the presence of upward-propagating Rossby waves.
This may explain the stratospheric westward tilt in height ob-
served by Hendon and Abhik (2018) in their composites of
the MJO during westerly phases of the QBO. The westward
phase tilt is stronger with stratospheric westerlies than easter-
lies, indicating Doppler shifting of the stratospheric Rossby
waves. Interestingly, the tropospheric vertical structure at
y = 2 is also dependent on the stratospheric zonal wind. Most
notably, the barotropic mode is much stronger at y = 2 than
on the equator, indicated by the vertical velocity peaking at
z ~ 13 km rather than at z =~ 10 km. The Rossby gyres be-
coming increasingly dominated by the barotropic mode as
one moves poleward; in fact at y = 3, the Rossby gyres are al-
most completely barotropic (not shown). As explained by Lin
and Emanuel (2022), the magnitude of the baroclinic mode
decays more quickly with distance from the equator than that
of the barotropic mode, leading to barotropic Rossby vortices
in the subtropics and extratropics. Furthermore, at y = 2, the
magnitude of the barotropic mode (and associated vertical ve-
locities) is stronger under stratospheric easterlies than wester-
lies. Doppler shifting of the Rossby gyres is clear: under
stratospheric easterlies, the westward phase tilt with height
decreases as the phase speed of the Rossby wave decreases,
while under westerlies, the phase tilt with height must in-
crease as the phase speed of the Rossby wave increases. As

such, vertical velocities in the upper troposphere are stron-
ger under stratospheric easterlies than westerlies. The pres-
ence of these barotropic Rossby gyres has been found in
three-dimensional observational composites of the MJO
(Adames and Wallace 2015). One important caveat, how-
ever, is that Eq. (37), while simple, assumes that the strato-
spheric zonal wind shown has no meridional dependence.
The QBO does not have a large meridional extent, certainly
not extending to the location of the Rossby gyres, which is
an issue that will be remedied in the next section (Baldwin
et al. 2001).

Despite significant stratospheric control on upward wave
propagation, the growth rate, frequency, and total upward en-
ergy flux for the MJO-like mode are nearly constant across
the different stratospheric wind profiles (not shown). In gen-
eral, the MJO-like mode has a slow phase speed (=5 m s~ ')
and a small total upward energy flux, such that any changes in
upward wave propagation have negligible effects on the over-
all wave characteristics. Regardless, these results show that
the MJO-like eigenmode in the linear model resembles the
observed MJO, and, at least in the linear framework, is able
to excite modes that resemble equatorial Kelvin and Rossby
waves in the stratosphere. While the sign of the stratospheric
wind has a minimal effect on growth rate and frequency, it
strongly influences the upper-tropospheric and lower-stratospheric
wave patterns, which could ultimately influence the behavior
of cirrus clouds. Since cirrus clouds can significantly modulate
tropospheric radiative heating, stratospheric influence on cir-
rus clouds deserves further exploration.
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FIG. 5. Vertical-zonal cross sections of the k = 1, MJO-like eigenmode, for the case of capped, constant shear in
stratospheric wind, under (left) easterlies (U = —1) and (right) westerlies (U = 1). Cross sections are at meridional
locations of the (top) equator, and (bottom) y = 2 (around 20° latitude). As in Fig. 3, the tropopause is set to 16 km,
indicated by the magenta line. Contours indicate the geopotential perturbations, where solid (dashed) lines indicate
positive (negative) perturbations. Arrows indicate wind perturbations, and color shadings indicate vertical velocity
perturbations (positive for upward) at the level indicated in the label. Nondimensional parameters selected are
a=035x=02,vy=5D=025G=002,8,=30,5§ =40,C=125,and C; = 0.

b. Ice cloud radiative forcing of the MJO

Since the MJO’s upper-tropospheric wave pattern can be
strongly dependent on the sign of stratospheric wind, it is rea-
sonable to think that the stratosphere influences TTL cirrus
clouds. To investigate this hypothesis, we will use the simple
representation of cirrus clouds and their effect on radiative
cooling, shown in Egs. (33) and (36), under zero stratospheric
mean wind, U, = 0.

First, it would be prudent to show that the cirrus cloud pa-
rameterization produces eigenmodes that have very similar
horizontal structures to the MJO-like eigenmodes that appear
under the original cloud radiative feedback parameterization
of Khairoutdinov and Emanuel (2018). Figure 6 shows the
horizontal summary eigenfunction of the k = 1, eastward-
propagating, MJO-like mode, under a zero-mean zonal wind
in the stratosphere, but for varying magnitudes of C and C;.
We first select z. = 14 km, which is the vertical level at which
the climatological cloud fraction peaks. Sensitivity to z,. will
be discussed later in this section. The eigenmode for the
“realistic” case of C = 0.25 and C; = 1, where ice clouds are

responsible for most of the cloud radiative feedback, as in-
formed from the radiative transfer calculations, is shown in
Fig. 6, center. The horizontal structure is qualitatively similar
to that of the eigenmode using the original cloud radiative
feedback equation of Khairoutdinov and Emanuel (2018), ex-
cept for the Rossby gyres being located slightly more equator-
ward. In addition, there are not significant differences in the
horizontal structure when completely replacing the cloud ra-
diative feedback equation from Khairoutdinov and Emanuel
(2018) with the ice-cloud parameterization (Fig. 6, right).

The reason why the ice-cloud parameterization does not
significantly change the MJO structure is straightforward to
understand. Figure 7 shows the wave pattern along the equa-
tor and y = 2, under the case of zero-mean stratospheric
wind, using z. = 14 km. In both zonal cross sections, the phase
of g, is nearly coincident with the phase of s,,,, such that modi-
fying the relative magnitudes of C and C; will only lead to
small changes in the phase relationship between total radia-
tive cooling and saturation entropy (solid line). This is ex-
pected, as s, in the tropics mostly represents a moisture
deficit. The near collocation of low-level water vapor and
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FIG. 6. Horizontal cross sections of the k = 1, MJO-like eigenmode at the boundary layer, under (left) the original cloud radiative feed-
back parameterization of Khairoutdinov and Emanuel (2018), (center) a parameterization where the ice clouds radiative feedback is
much larger than that of water vapor, and (right) one where only ice clouds contribute to radiative cooling perturbations. z. = 14 km for
where C; > 0, and U, = 0. Contours indicate the saturation entropy in the troposphere, where solid (dashed) lines indicate positive (nega-
tive) perturbations. Arrows indicate wind perturbations, and color shading indicates midlevel vertical velocity perturbations (positive for

upward). Nondimensional parameters selected are « = 0.35, x = 02, y = 5, D = 0.25, G = 0.02, §, = 30, and S = 40.

upper-tropospheric cirrus clouds in the linear model is consis-
tent with the same observation in MJO composites, as shown
in Fig. 1. On the equator, we see an eastward tilt with height
in vertical velocity in the upper troposphere and lower strato-
sphere, a consequence of the upward propagation of the
equatorial Kelvin wave. On the other hand, at y = 2, there is
a nearly barotropic structure in vertical velocity, as explained
earlier.

Here, it is worth commenting on the cirrus level z., as well
as the horizontal structure of g,. Although we know z. should
be confined to the upper troposphere, the behavior of the

MJO-like mode under varying stratospheric winds can also be
modulated by the level at which we set z.. It is not clear what
value of z. is most realistic, and as such, we shall present the
behavior of the solutions using a range of z. throughout this
study. To understand the effect of varying z. without the influ-
ence of the stratospheric zonal wind, we look at the MJO-like
eigenmode structure under z. = 14, 15, and 16 km. We choose
the nondimensional parameters of C = 0.25 and C; = 1, where
ice clouds dominate the cloud radiative feedback, as informed
by the radiative transfer calculations. Figure 8 shows that as
Z. shifts higher in the troposphere, the equatorial Kelvin

- Equator w(14 km) s y=2
- —w(15km) - - -9,
I, N
04 Lo, \\ _W(16 km) _____ Sm
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F1G. 7. (left) Wave patterns along the equator of s, s,,, ¢., and w at various vertical levels, for the k£ = 1, MJO-like
mode, with C = 0.25, C; = 1, z. = 14 km, and U; = 0. Solid dots denote where the wave pattern reaches its maximum
value. The tropopause height is # = 16 km, and the stratospheric zonal wind is zero. Nondimensional parameters
selected are « = 0.35, x = 02, y =5, D = 0.25, G = 0.02, 8, = 30, and S = 40. (right) As in left, but at y = 2.
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FIG. 8. Horizontal cross sections of the k = 1, MJO-like eigen-
mode at the boundary layer, using (top) z. = 14 km, (middle) z. =
15 km, (bottom) z. = 16 km, with zero stratospheric mean wind.
Nondimensional cloud radiative feedback parameters selected are
C = 025 and C; = 1. Black contours indicate the saturation en-
tropy, while green contours indicate the cirrus cloud cover (q,),
where solid (dashed) lines indicate positive (negative) perturba-
tions. Color shadings indicate midlevel vertical velocity perturba-
tions (positive for upward), with a range of [—1, 1].

wave-like component of the eigenmode shifts eastward with
respect to the Rossby gyres, which themselves become more
prominent. Regardless of the value of z., convection maxi-
mizes on the equator, though off-equator convection associ-
ated with the Rossby gyres becomes stronger as z, increases.
For z, = 14 km, cirrus cloud cover is largely centered on the
equator, with a Kelvin wave-like structure. As z. increases,
the poleward extent of cirrus cloud cover increases, extending
farther into the off-equator Rossby gyres. These properties
are reasonable given the differences in vertical structure be-
tween the Rossby and Kelvin waves. Since the Rossby gyres
are nearly barotropic, vertical velocity increases with height,
such that increasing z. increases off-equator cirrus cloud frac-
tion, further destabilizing the Rossby gyres. On the other
hand, the equatorial Kelvin wave component of the MJO-like
mode is primarily baroclinic. Thus, vertical velocity and cirrus
cloud radiative forcing decrease with increasing z.. Further-
more, vertical velocity has an eastward tilt with height on the
equator, such that as z. increases in height, the cirrus cloud
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radiative forcing shifts eastward on the equator. Therefore, as
Z. increases in height, the cirrus cloud radiative forcing shifts
eastward on the equator and is enhanced off the equator,
leading to a “phase decoupling” between the Rossby and
Kelvin wave. Note that MJO composites of TTL cirrus show
that during the MJO, cirrus clouds fraction anomalies maxi-
mize on the equator, and extend poleward around 25° latitude,
with a Rossby gyre-like signal off the equator (Virts and
Wallace 2014). This makes the cirrus cloud pattern for
Z. =15 km and z = 16 km more comparable to our observa-
tions, which is around the height where cirrus cloud anoma-
lies associated with the MJO peak, at least in the analysis
performed by Del Genio and Chen (2015).

1) DYNAMICAL MODULATION OF CIRRUS CLOUDS

Now, we can use the linear model to understand how
stratospheric modulation of the MJO’s upward wave propaga-
tion (and the associated vertical velocity anomalies) can influ-
ence cirrus cloud formation. In the linear model, this is done
through the term on the rhs of Eq. (33), which represents
the dynamical contribution of upward-propagating waves to
cirrus cloud formation. Before imposing stratospheric zonal
wind, we must graduate to a realistic, QBO-like oscillation in
mean zonal wind, which will vary the sign and limit the merid-
ional extent of mean-zonal wind in the stratosphere (see
appendix for details). We run a set of experiments varying
both z. and the sign and magnitude of the QBO wind pattern
[Eq- (A8)], but do not include any advection of cirrus clouds
(U, = 0). Again, we choose C = 0.25and C; = 1.

Figure 9 shows the growth rate and frequency of the MJO-
like mode under varying stratospheric winds, and z, = 14, 15,
and 16 km. The growth rates under zero-mean stratospheric
wind (Fig. 9, top panel) decrease with increasing z., since Y is
fixed across the experiments and w generally decreases with
height in the troposphere. However, the absolute magnitude
of the growth rates are of less importance, since the growth
rates under zero-mean stratospheric wind can be easily modified
by adjusting Y and C;, both of which have large uncertainties be-
cause of cloud macrophysical and microphysical processes.

Rather, experiments in which the stratospheric wind is var-
ied can inform us on how the phase of the QBO modulates
the linear growth rate. Figure 9, middle panel, shows that the
growth rates are higher for easterly phases of the QBO than
westerly phases, but only when z. is higher than 14 km, which
is consistent with the observation that the MJO is stronger
during QBO easterlies than westerlies (Yoo and Son 2016).
On the other hand, the growth rates are nearly constant with
QBO phase for z. = 14 km. The phase speeds of the MJO-
like mode are slightly faster under QBO easterlies than west-
erlies for all choices of z.. Note that this is inconsistent with
observations, which seem to indicate that the MJO propagates
faster under QBOW than QBOE (Nishimoto and Yoden 2017),
though, as noted by Son et al. (2017), stronger MJO events
propagate more slowly across the Maritime Continent than
weaker ones.

How can we explain the results of the linear model? To un-
derstand these differences, we look at ¢, and w(z.) under
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FIG. 9. (top) Growth rate of the k = 1, MJO-like eigenmode
under varying z., C = 0.25, C; = 1, and zero-mean stratospheric
wind. (middle) Difference in growth rate from that of zero-mean
stratospheric wind (see top panel), under varying QBO phases and
.. (bottom) Frequencies of the MJO-like mode under varying QBO
phases and z.. All growth rates and frequencies are nondimensional.

varying z. and stratospheric wind (Fig. 10), since these varia-
bles control the cloud radiative feedback in the system. At
Z. = 14 km, there are small differences in the magnitude of
w(z.) between QBO easterlies and westerlies. Hence, there
are minimal differences in ¢, and the cloud radiative feedback,
leading to minimal control of the growth rate by the strato-
spheric wind. On the other hand, as z. increases, we see a pole-
ward expansion in w(z.); at z. = 16 km, there are three local
peaks in w(z.) and q,, coinciding with the two off-equatorial
Rossby gyres and the equatorial Kelvin wave.
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The behavior of w(z.) with increasing z.. is directly attribut-
able to the differences in vertical structure between the
equatorial Kelvin wave and Rossby wave components of the
MJO-like eigenmode. Since the Rossby waves are much
more barotropic under lower-stratospheric easterlies than
westerlies, off-equator w(z.) and thus g, are generally larger
under QBOE than QBOW. This effect is stronger with larger
Z. given the barotropic vertical structure of the Rossby waves.
On the other hand, the first baroclinic mode, which is less sensi-
tive to the mean zonal wind of the stratosphere, dominates the
vertical structure of the Kelvin wave. Thus, even though the
Kelvin wave is trapped in the troposphere under stratospheric
westerlies, resulting in a larger vertical velocity on the equator
for westerly stratospheric winds, the difference in w(z.) is not
significant given the dominance of the baroclinic mode over
the barotropic mode near the equator.

Stratospheric influence on our cirrus cloud proxy and the
growth rate of the MJO-like eigenmode can be understood
quantitatively by using the entropy variance equation, which
can be obtained by multiplying Eq. (5) by s and averaging
over the domain:

%{Sz} = (1 + Ofss,} + Cla,s} — {ws} — afu,s} — x{s},
(39)

where { } is an averaging operator defined in Emanuel (2020)
as

n-[ j:f dx dy. (40)

In Eq. (39), the first two terms on the right-hand side repre-
sent cloud radiative feedbacks, and are positive if clouds de-
stabilize the MJO-like mode. The third term is damping from
large-scale vertical motion, and is negative since s and w are
positively correlated. The fourth term represents the WISHE
feedback, while the fifth term is an entropy damping term
that is negative definite (Emanuel 2020). Numerical diffusion
and error are not explicitly included in the budget, but are
shown in ensuing figures for completeness. Figure 11 shows
the contribution of each term in Eq. (39), under QBO easter-
lies and westerlies. The eigenmodes under stratospheric east-
erlies and westerlies are normalized to have the same total
domain energy prior to computation of the energy budget, in
order for comparisons to be meaningful. The energy budget
shows that cloud radiative feedbacks are highly destabilizing
for the MJO-like mode, with stronger feedbacks under QBO
easterlies than westerlies. WISHE, on the other hand, plays
a small role in energy growth, though it plays a crucial role
in eastward propagation (Khairoutdinov and Emanuel 2018;
Emanuel 2020).

These results suggest that the stratosphere can play a cru-
cial role in modulating the tropospheric vertical structure of
the MJO, most notably through modulation of vertical wave
propagation. Stratospheric modulation of tropospheric verti-
cal structure can be significant, since small changes to the
large-scale vertical velocity can have large effects on cirrus
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FIG. 10. Meridional dependence of anomalies of |g,| (solid) and |w(z.)| (dashed) for the k = 1, MJO-like eigenmode under varying z. and
QBO wind. Blue line indicates easterly QBO wind, and red line indicates westerly QBO wind.

clouds in the TTL. Understanding how the behavior of cirrus
clouds are modified by the stratosphere seems to be crucial to
understanding the MJO-QBO relationship, since perturba-
tions to tropospheric radiative cooling are dominated by cir-
rus clouds.

2) INFLUENCE OF STRATOSPHERIC STRATIFICATION

In general, the QBO’s direct modulation of the dry stratifi-
cation in the lower stratosphere has been the most studied
pathway through which the QBO can influence the MJO (Son
et al. 2017; Abhik et al. 2019; Sakaeda et al. 2020). To get
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FIG. 11. Decomposition of the time-dependent energy budget for
saturation entropy, as outlined in Eq. (39), for the MJO-like eigen-
mode under QBOE (blue) and QBOW (red), using z. = 15 km.
Term labels indicate the domain-average correlations between the
term and s. For comparison, eigenmodes are normalized to have
the same total domain energy. Diffusion represents weak meridio-
nal diffusion required for numerical stability, and error represents
numerical error.

insight into this suggested pathway, we use the linear model
to explore how changes to the mean-state dry stratification
in the stratosphere (S) influence the growth rates of the
MJO-like mode. In this linear model, a smaller stratospheric
N, generally increases the “leakiness” of the MJO-like mode.
In other words, more wave energy is lost to the stratosphere,
which tends to dampen the growth rate of waves [see Lin and
Emanuel (2022) for more details]. However, when N, de-
creases, the magnitude of the barotropic mode also increases,
which tends to increase the magnitude of the large-scale ver-
tical velocity in the upper troposphere (increasing the “top-
heaviness” of w), which can increase the ice cloud fraction
through dynamical forcing. These two effects can counteract
each other, and it is not obvious which effect wins out in the
end.

In the stratosphere, the QBO modulates the dry stratifica-
tion in the lower stratosphere by around 10% of its mean
value (Nishimoto and Yoden 2017). Using our linear model,
we perturbed S with similar orders of magnitude, and investi-
gated the dependence of the growth rates on both S and
the lower-stratospheric wind. Quite interestingly, we see in
Fig. 12 that decreasing the stratosphere stratification actually
leads to larger growth rates of the MJO-like mode. In partic-
ular, the vertical velocity profile becomes more “top-heavy,”
as shown in Fig. 12, right. Therefore, while more wave energy
is lost to the stratosphere with decreasing S (not shown), the
magnitude of the barotropic mode increases, leading to an up-
ward shift in the vertical velocity profile and to increased cloud
radiative forcing from cirrus clouds (not shown). This upward
shift of the vertical velocity profile during QBOE has some sup-
port from observations (Sakaeda et al. 2020), though the exact
mechanism through which this occurs is not quite clear yet. Note,
however, that the way in which these effects occur in this linear
model is through a modulation of the barotropic mode magni-
tude (large-scale dynamics), not through a modulation of convec-
tive instability, the latter of which is the predominant thinking of
the QBO-MJO pathway. Regardless, these results from the lin-
ear model are interesting in their own right, and at least support
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FI1G. 12. (left) Dependence of growth rate of the MJO-like mode on stratospheric dry stratification (S) and strato-
spheric wind. Growth rates are shown with respect to anomalies from the growth rate with zero-mean stratospheric
wind, and S = 40. Black line shows the approximate relationship between the QBO phase/magnitude and the dry
stratification in the lower stratosphere. (right) Height of peak vertical velocity for case of S = 30 and zero-mean
stratospheric wind, and the difference in the height of peak vertical velocity between the S = 30 and § = 50 cases,

under zero-mean stratospheric wind.

the idea that QBO modulation of the lower-stratospheric dry
stratification can influence the MJO magnitude.

3) ZONAL ADVECTION BY THE BACKGROUND WIND

As mentioned earlier, an eastward tilt with height in cirrus
cloud fraction (Fig. 1) may also be the result of zonal advec-
tion by the background wind. Anomalous zonal advection
may play a role in determining the phase relationship of radia-
tive heating anomalies with saturation entropy anomalies.
The bulk background zonal advection of cirrus clouds is the
subject of attention in this section, and quantified by the sec-
ond term on the lhs of Eq. (33). Note, that in the original for-
mulation of Khairoutdinov and Emanuel (2018), the mean
wind of the troposphere is set to zero, such that advective pro-
cesses are ignored, the largest approximation of which is likely
the omission of the horizontal advection of moisture. While
the focus of this study is upper-tropospheric—lower-stratospheric
dynamics, horizontal advection of moisture can be significant,

—— QBOE —— QBOW

especially in light of more recent moisture-mode-based theories
of MJO propagation, which highlight the importance of hori-
zontal advection of moisture (Ahmed 2021; Wang and Sobel
2022). While we include horizontal advection of cirrus clouds,
this is not inconsistent with the simultaneous omission of advec-
tive processes of column integrated moist entropy. This is be-
cause ice clouds occur in the upper troposphere, where the
absolute magnitude of perturbation mixing ratios are small,
such that ice clouds do not make a substantial contribution to
the column integrated entropy, as opposed to water vapor per-
turbations in the midlevels.

To understand how to represent U,, we turn to reanalysis
data. Figure 13 shows the tropical averaged (10°S-10°N),
mean and anomalous zonal wind, separated into different sea-
sons and easterly and westerly phases of the QBO. During bo-
real winter, the season where the MJO amplitude is strongest
and the MJO-QBO relationship is observed, there are upper-
tropospheric mean westerlies in the tropics, regardless of the
QBO phase. The presence of upper-tropospheric westerlies
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FI1G. 13. (left) Tropical-averaged (10°S-10°N) zonal wind, separated into easterly (blue) and westerly (red) phases
of the QBO, as well as DJF (solid), MAM (dashed), JJA (dot-dashed), and SON (dotted). (right) As in the left panel,
but for deseasonalized, zonal wind anomalies. Zonal winds are calculated using 1979-2020 ERAS fields.
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may advect cirrus clouds associated with MJO-convection
eastward, leading to an eastward tilt with height. However,
the strength of the tropical-averaged TTL westerlies is slightly
weaker (around 1-1.5 m s~ ') during QBOW than QBOE. This
is most evident in the deseasonalized zonal wind anomalies
shown in Fig. 13, right. During lower-stratospheric westerlies
(QBOW), easterly anomalies exist in the upper troposphere,
while the opposite is true during lower-stratospheric easterlies
(QBOE). Differential advection of upper-tropospheric cirrus
clouds between QBO phases may play a role in modulating the
strength of the MJO. It is important to note that while zonal-
means of the zonal wind have been taken since we are lineariz-
ing about the tropical basic state, the upper-tropospheric zonal
wind does vary significantly zonally, and is predominantly east-
erly in the Indo-Pacific warm pool. Thus, these results have
regional dependency; the magnitude of the anomalous upper-
tropospheric zonal winds that are opposite signed of the QBO
phase is smaller from 0° to 180°E than from 180° to 360°E (not
shown), the former of which encompasses the warm pool
region.

While it may be hard to believe that differences of 1 m s~ !
can make large differences in MJO strength, the anomalies
are not negligible with respect to the magnitude of the mean
winds (which themselves are tropical averages). However, it is
important to note that there are still upper-tropospheric west-
erlies during MAM, and that the difference in the magnitude
of the westerlies between QBOE and QBOW is larger than
that during DJF (=~1.5 m s~ '). This is at odds with the fact
that the MJO-QBO relationship is only observed during
boreal winter (Yoo and Son 2016), though the seasonality of
the strength of the MJO (the MJO being strongest in boreal
winter) may also play a role (Zhang and Dong 2004). During
JJA and SON, there are pronounced upper-tropospheric east-
erlies in the tropics; much of the easterly signal in the tropics
is due to the presence of the upper-tropospheric anticyclone
associated with the South Asian monsoon.

The zonal wind profile in boreal winter leads us to include
anomalous zonal advection that is opposite signed of the
QBO, albeit at a much smaller magnitude. We define the non-
dimensional U, as follows:

U,=01- U/20. (41)
This definition of U, has mean westerlies, as in boreal winter,
and is also consistent with the fact that upper-tropospheric
zonal wind anomalies are opposite signed from the phase of
the QBO occur, and approximately 20 times smaller than the
typical amplitude of the QBO. Note that U. is positive within
the range of U; used in this study.

When including zonal advection of cirrus clouds, the tropo-
spheric eigenmode of the MJO-like mode generally retains
the familiar shape of an equatorial Kelvin wave lagged and
flanked by a Rossby wave (not shown). Figure 14 shows the
growth rate and frequency of the k = 1 MJO-like mode, but
now with the inclusion of weak zonal advection of cirrus
clouds, according to Eq. (41). We see that growth rates are
higher with upper-tropospheric westerly advection (easterly
QBO) as compared to easterly advection (westerly QBO).
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FIG. 14. As in Fig. 9, but now with zonal advection as defined in the
text.

The differences in growth rates increase with the strength of
advection, and the magnitude of these differences are largely
the same across the range of z.. Note that here we use
Z. = 155 km in lieu of z, = 16 km, since the tropopause is as-
sumed to have a zero-mean zonal wind. These results can be
explained when looking at the relationship between satura-
tion entropy and q,, which forces the system through radiative
heating perturbations. In the linear model, zonal advection
acts primarily to shift the phase relationship between cirrus
clouds and saturation entropy. This is seen in Fig. 15, where
the phase lag between s and ¢, near the equator is reduced
under QBO easterlies by anomalous eastward advection. On
the other hand, s and g, are more out of phase when subjected
to anomalous westward advection. As a result, the mode
grows faster and propagates faster under anomalous westward
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FIG. 15. (left) Meridional dependence of the phase lag, in radians, between cirrus clouds (g,) and saturation
entropy, for the k = 1, MJO-like eigenmode, using z. = 15 km, under varying stratospheric QBO wind (U) and
anomalous zonal advection of cirrus clouds following Eq. (41). (right) As in Fig. 11, but now for the case including

anomalous zonal advection of cirrus clouds.

cirrus cloud advection. The opposite is true of anomalous east-
ward advection. This is seen clearly in the saturation energy
budget shown in Fig. 15 (right), where destabilization from
cloud radiation feedbacks is stronger under anomalous east-
ward advection (QBOE) than westward advection (QBOW).

These results show that even very weak zonal advection of
cirrus clouds can significantly modulate the MJO. After all,
cirrus clouds dominate the cloud radiative forcing for the
MJO. As such, it seems crucial to understand what processes
are responsible for the eastward tilt with height of cirrus cloud
fraction on the equator, as shown in Fig. 1. If the eastward tilt
arises from mean westerly advection by the background wind,
QBO-induced anomalous zonal advection could be a pathway
through which the QBO modulates the MJO. While the linear
model formulated in this paper highlights this potential path-
way, it can only crudely represent cloud processes. More re-
search, especially numerical modeling, is necessary to validate
the hypotheses outlined in this study.

6. Summary and discussion

This study aims to better understand the effect of the strato-
sphere on the MJO, primarily motivated by observations of
the modulation of the MJO by the QBO (Yoo and Son 2016).
First, we created composites of ice cloud fraction and midlevel
water vapor during aggregated MJO phases, showing that
anomalies of ice cloud fraction and lower-tropospheric water
vapor are nearly collocated with each other. These composites
also show that near the equator, there is an eastward tilt with
height in cloud fraction with respect to the horizontal maxi-
mum in lower-tropospheric water vapor, which is hypothesized
to be driven by the upward-propagating Kelvin wave, and/or
mean westerly advection by the background flow. These com-
posites also show that OLR is strongly correlated with both
lower-tropospheric water vapor and ice-cloud fraction. To un-
derstand the order of magnitude effect of each quantity on
OLR, we used vertical profiles of anomalous cloud fraction
and water vapor from the MJO composites as input into

RRTM. Radiative transfer modeling showed that ice clouds in
the upper troposphere dominate the radiative forcing, as mea-
sured by OLR.

Given the importance of cirrus clouds on radiative heating
perturbations, as well as the potential for the behavior of cir-
rus clouds to be modulated by the stratosphere, we incorpo-
rated a simple prognostic equation for cirrus clouds into the
coupled troposphere-stratosphere linear model described in
Lin and Emanuel (2022). In our linear model, cirrus clouds
are forced dynamically and allowed to be advected by the
background zonal wind. The representation of cirrus clouds
occurs at a single level, z., which is modified throughout the
study. To investigate stratospheric influence on the MJO, the
model in Lin and Emanuel (2022) is further extended to in-
clude a nonzero stratospheric mean wind in thermal wind
balance.

We use the mean state over the TOGA-COARE IOP to in-
form the nondimensional parameters of the linear model,
which show an MJO-like growing mode. We focus on how
this MJO-like mode in the linear system interacts with the
stratosphere. Specifically, we analyze stratosphere-induced
perturbations to cirrus cloud fraction and the ensuing modifi-
cation to radiative heating perturbations. The behavior of the
MJO-like mode was analyzed under two zonal wind profiles
in the stratosphere, from constant shear to a more realistic,
QBO-like oscillation in zonal wind. As in Lin and Emanuel
(2022), a numerical model is used to solve for growth rate and
phase speed of the MJO-like mode by integrating the equa-
tions forward in time. The main findings of the study are sum-
marized below:

e Eastward tilts with height in MJO-associated ice cloud
fraction are observed above ~14 km, near the equator,
from CALIPSO cloud occurrence profiles. The eastward
tilt with height can be explained through dynamical forc-
ing via the upward-propagating Kelvin wave, eastward
advection by the mean zonal flow in the upper tropo-
sphere, or both.
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¢ Stratospheric wind can also play a large role in modifying
the tropospheric vertical structure of the MJO-like mode,
primarily through changes to upward wave propagation.
Under stratospheric westerlies, the upward propagation of
the equatorial Kelvin wave associated with the MJO is strongly
damped, as predicted by linear theory. MJO-associated west-
ward (eastward) tilts with height under westerlies (easterlies),
as shown by Hendon and Abhik (2018), can be explained by
upward-propagating Rossby (Kelvin) waves associated with
the MJO. In the absence of cloud-ice processes, the QBO
phase has an insignificant effect on MJO growth rate and
frequency.
A variety of tropospheric vertical structures can be ex-
plained by the superposition of the barotropic and first bar-
oclinic modes. In this linear model, the MJO-like mode’s
equatorial Kelvin wave component is dominated by the
first baroclinic mode whereas the off-equatorial Rossby
wave component is strongly barotropic. These results agree
with three-dimensional observational composites of the
MJO (Adames and Wallace 2015).
¢ A simple representation of cirrus clouds and their associ-
ated feedback on tropospheric radiative cooling are incor-
porated into the linear model. When cirrus clouds are
allowed to be forced dynamically, we obtain a MJO-like
eigenmode as a linear solution. The eigenmode is shown to
be similar to the MJO-like eigenmode under the original
cloud radiation feedback parameterization of Khairoutdi-
nov and Emanuel (2018), in which radiative cooling is as-
sumed to be related to the midlevel moisture deficit. The
horizontal structure of ice clouds in the MJO-like eigen-
mode is similar to MJO composites of upper-tropospheric
cirrus clouds (Virts and Wallace 2014).
e When cirrus clouds are dynamically forced, growth rates of
the MJO-like eigenmode are shown to be stronger under
stratospheric easterlies, as compared to stratospheric west-
erlies, consistent with observational evidence that the MJO
is stronger under QBOE. This behavior is attributed to dy-
namical modulation of cirrus clouds by upward-propagating
waves; the Rossby gyres have a stronger barotropic mode
under stratospheric easterlies, which enhances cirrus cloud
forcing in the upper troposphere and strengthens MJO de-
stabilization by radiative heating perturbations.
Tropical-averaged upper-tropospheric zonal winds are
shown to be mean westerly during boreal winter, but anom-
alously westerly (easterly) under QBOE (QBOW). The in-
fluence of anomalous advection of cirrus clouds by the
background flow is investigated by including zonal advec-
tion in the cirrus-cloud prognostic equation. We show that
QBOE-associated anomalous westerly zonal advection in
the upper troposphere also enhances the growth rate of the
MJO-like mode, by shifting the phase of radiative heating
to be more in phase with saturation entropy anomalies.

There are certain aspects of the MJO-QBO relationship
that were not thoroughly explored in this study but deserve
attention. As briefly discussed, the MJO-QBO relationship
only appears during boreal winter (Yoo and Son 2016). Dur-
ing boreal winter, the MJO is much closer to and symmetric
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about the equator than during boreal summer, where slowly
propagating intraseasonal variability takes the form of north-
west-southeast-oriented, northward-propagating bands called
the boreal summer intraseasonal oscillation (BSISO) (Adames
et al. 2016; Kikuchi 2021). Since the QBO is confined in its me-
ridional extent, it is possible that the seasonality of the MJO—
QBO relationship is closely tied to the displacement of BSISO
off the equator. This connection was not explored in this study,
though could be investigated using unified models of the MJO
and BSISO (Wang and Sobel 2022). Furthermore, the MJO-
QBO relationship is only significant after 1979 (Sakaeda et al.
2020). If cirrus clouds and their modulation of tropospheric ra-
diation on intraseasonal time scales indeed play a role in the
MJO-QBO relationship, then reliable satellite observations of
OLR would be necessary in order to capture the MJO-QBO
connection in reanalysis (Liebmann and Smith 1996). Of
course, this is conjecture, and far from conclusive.

While this study focused on the k = 1 MJO-like mode,
we also investigated the aforementioned mechanisms in the
k = 2 (and higher) MJO-like modes, and the results are worth
mentioning here. In general, the MJO-like modes propagate
more slowly as the horizontal wavenumber increases, and
hence the magnitude of both the barotropic mode and wave
energy loss to the stratosphere decreases with zonal wave-
number (Lin and Emanuel 2022). This means that the differ-
ences in growth rates between stratospheric easterlies or
westerlies are diminished when only considering changes
to the vertical energy flux. We also performed experiments
looking at differences in growth rates from modulation of the
cirrus-cloud feedback. Dynamical modulation of cirrus is re-
duced for the smaller-scale MJO-like modes, since the dynami-
cal forcing (w) is smaller in magnitude than the dynamical
forcing for the £ = 1 mode. On the other hand, modulation of
the growth rates of the MJO-like mode through zonal advec-
tion in the upper troposphere is still significant for the smaller-
scale MJO-like modes.

The linear model formulated in this study serves as a step
toward better understanding tropospheric—stratospheric cou-
pling in the tropics. One may rightfully question the extent to
which linear models can capture the true relationship between
the MJO and QBO. Nonlinear wave dynamics and wave
breaking at critical layers, which our linear model fails to re-
solve, might be important components of the MJO-QBO rela-
tionship. After all, the QBO owes its existence to momentum
transfer to the mean flow from breaking upward-propagating
waves (Lindzen and Holton 1968). There is also some evi-
dence that upward-propagating waves in the lower strato-
sphere often become disconnected from the space—time
forcing of the troposphere, which would invalidate assump-
tions of linearity (Yang et al. 2012).

In this study, we also assume that there is a discontinuous
transition between a convecting troposphere and a passive
stratospheric at a specified surface. This idealization may af-
fect the results shown in this study, since in reality, the TTL
serves as the interface between these two dynamical regimes
(Fueglistaler et al. 2009). The presence of the TTL may
change the behavior of the barotropic mode and vertical tilt
in the MJO-like mode, through changes to the index of
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refraction. Thus, focus on the exact value of z,. may not be as
important, since the behavior of this model could change if a
TTL were included in this linear model.

Throughout this study, we have also shown that strato-
spheric influence on the growth rate of the MJO-like mode
can depend quite strongly on z. (as well as other nondimen-
sional cloud parameters such as Y). This highlights the impor-
tance that cloud physics has in the MJO-QBO connection,
and may point to why modeling efforts have so far failed to
capture this connection; a small spread in the general charac-
teristics of cirrus clouds in climate models can produce a large
spread in models’ abilities to capture the MJO-QBO relation-
ship. Yet, one may also hesitate at our simple parameteriza-
tion of cirrus clouds, which only considers a single level z. to
be of importance for cirrus cloud radiative feedbacks. In real-
ity, the net radiative forcing by high clouds is a complex, non-
linear function of optical depth and cloud-top height (Fu et al.
2002). As such, radiative heating perturbations are better
represented using depth-integrated quantities, which we ne-
glected in the spirit of simplicity, though this will be the sub-
ject of future work. The results in this study may be sensitive
to this behavior. Our cirrus cloud parameterization also re-
duces cloud microphysical and macrophysical processes to a
couple linear relations. Thus, it is worth commenting on the
sensitivity of the results to the magnitude of Y, which controls
water vapor production, and that of C;, which controls cirrus
cloud radiative forcing. While C; is empirically constrained in
this study, the value of Y is selected fairly arbitrarily. In gen-
eral, increasing Y increases the magnitude of g, anomalies
and subsequently the cloud radiative forcing, increasing the
difference in the MJO-like mode’s growth rates under strato-
spheric westerlies and easterlies. This behavior is as expected,
as it places greater weight on cirrus cloud radiative forcing.
Regardless, future work will focus on rigorous validation of
the cirrus cloud parameterization, which will also include
constraining Y. If cirrus cloud modulation is important, it is
unlikely to be captured by GCMs, owing to coarse vertical
resolution and possibly to microphysics parameterizations.

When modeling complex phenomena in the atmosphere, it
is often necessary to make simplifying assumptions to make
tractable progress on understanding the underlying dynamics.
Thus, the results of this theoretical study should be viewed
through a lens of skepticism. But the interpretations could
prove to be a useful guide for high-resolution modeling ex-
periments. This will be the subject of future work.
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APPENDIX

Details of Model Formulation
a. Nondimensionalization

Here, we define the nondimensional scalings for the rele-
vant variables that appear in the linear model. The scalings
for the tropospheric quantities are identical to those de-
scribed in the appendix of Khairoutdinov and Emanuel
(2018), and the scalings for the stratospheric quantities are
identical to those described in the appendix of Lin and
Emanuel (2022):

‘ # (A1)

X — ax, (A2)

w — C,|V]w, (A3)

4, > 4id, (A4)

U, - BLU,, (AS)
274

T BR—I;YT, (A6)

where the terms to the left of the arrow are the dimensional
quantities, and those to the right are the nondimensional
quantities. With these nondimensionalizations, we have

_CGlVa

r, = :
m~ BL2H

(A7)

b. OBO formulation

The mathematical form of the mean wind we impose is

U,(y,z*) = URssin[b,(z* — 1)]lexp(—b,y?), (A8)
where by, b,, and bz are nondimensional constants that con-
trol the vertical wavelength of the oscillation, meridional
extent of the mean wind, and vertical extent of the damping
factor, respectively; U is the maximum magnitude of the
mean wind; and R is a nondimensional damping factor that
is only active in the lower stratosphere and ensures that
there is no temperature jump across the tropopause:

—(z*b— 1)2]4 (A9)

R(z*) =1 - exp[
3
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FIG. Al. (left) Example of imposed QBO-easterly mean state in the stratosphere, with contours indicating dimen-
sional zonal wind speed (m s~ '), and shading indicating associated dimensional temperature anomalies (K). Contour
intervals are 3m s~ !, starting at =1 m s~ !, Nondimensional parameters are U = —0.5, b, = 5, b, = 0.5, b3 = 0.01, and
the tropopause is set to 16 km. (top right) Meridional dependence of the zonally averaged, anomalous zonal wind dur-
ing QBOE (blue) and QBOW (red) phases from ERAS5 1979-2020, with dashed black lines indicating the dimen-
sional, meridional dependence of the zonal wind in the linear model, arbitrarily scaled for zonal wind magnitude. (bot-
tom right) As in the top-right panel, but for the vertical structure of the anomalous zonal wind during QBOE (blue)
and QBOW (red) with height.

We found that by = 5, b, = 0.5, b3 = 0.01 lead to a reason- s

able representation of the QBO and its associated tempera- Eren A+ O, + Cg, = w = alug +uy) = xs = s,
ture anomalies (see Fig. Al, right column). For instance, (A14)
the meridional extent of the idealized QBO in the linear o

model corresponds well to the meridional extent of the real 67;” = —Ds — "‘(”o + ”1) - Gw+Cs, + Cq,—rs,,

QBO, at least when compared to zonal winds estimates by

ERAS from 1979 to 2020. While the vertical structure of (Al5)
the QBO is not exactly sinusoidal, the above parameters P
reasonably estimate the vertical wavelength of the observed w = *ik(uo + ul) - @(Uo + Ul), (Al6)
QBO. Figure Al (left column) shows an example of the im-
posed QBO-like mean state in the stratosphere, using the au, )
above parameters and for U = —0.5. ET ik, + yv, = rug, (A17)
¢. Numerical model
~ it ~ i L Al8
The full mathematical description of the numerical sys- o % ey Yug| = T, (A18)
tem used in this study and modified from Lin and Emanuel
(2022) is below: o .
ou azs = *I wiS dz* — ro,, (A19)
a—to = —ik[$, + V,(p)s] + yy, — ru,, (A10) ”
ay ad pwk = fB(iku + %)
(Tto = Sx[_@[d’s + Vi(p)s] — yuo] —ry, (All) s 0 gy
< d
9 — 7 * i * k
% = iks + yv — ruy, (A12) Lu [p“(lku’(y’z )+ gy n0 ))]dz A0
Iy as a
—_— = —_— - qv aqv
o 3, o yul] ru, (A13) e U (z* = ZC)E + Yw(z* = z,), (A21)
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where all variables are defined in the with the exception of
r, the sponge coefficient applied at the boundaries of the
domain.

d. Cloud radiative feedbacks
1) OBSERVATIONS

In this section, we show additional analysis of the
observations of cirrus clouds and their associated radia-
tive feedbacks. First, Fig. A2 shows the approximately
linear relationship between OLR and both ice cloud frac-
tion and 600-hPa water vapor, as deduced from MJO
composites.

Next, we present some results that show the validity of
Eq. (33). Figure A3, which shows zonal-vertical MJO com-
posites (similar to Fig. 3 in the original manuscript) of verti-
cal velocity and cloud fraction, indicates that in general,
vertical velocity is positively correlated with ice cloud frac-
tion anomalies. We have investigated this further by per-
forming lead/lag linear regression between w and ice cloud
fraction.

Figure A4 (top) shows the zonal dependence of the verti-
cal velocity anomalies and ice cloud fraction anomalies at
14-km height in the phase 2/—phase 6 composite. There is a
strong correlation between the two quantities. To analyze
this more quantitatively, we perform lead/lag linear regres-
sion. Figure A4 (middle) shows that the maximum correla-
tion between w and ICF (above 60% variance explained)
occurs when w leads cloud fraction anomalies by around
20° in longitude. This justifies the use of a prognostic equa-
tion for q,, as in Eq. (33); in the linear model, if a mode is
eastward propagating, the will be a phase lag between the
prognostic variable (g,) and the forcing term (w) that is
proportional to the phase speed of the mode. We are qual-
itatively reproducing this using Eq. (33). Unfortunately,
since the data are so sparse in space and time, there is not
a good way to estimate the advective term in Eq. (33).

However, the benefit of a simple linear model is that the
potential impacts of zonal advection of cirrus clouds on
the MJO can be easily explored. Finally, the scatter rela-
tionship between w and ice-cloud fraction at 14-km, for
when w leads cloud fraction by 20° in longitude, is shown
in Fig. A4 (bottom). The relationship looks approxi-
mately linear, which justifies the linearization approach in
Eq. (33).

2) LINEARIZATION OF CLOUD FEEDBACKS

For ice-only clouds, the CAMS5 macrophysics parameteri-
zation is

CF = min(1, RH?)

RHd = max[O, (RHti - RHimin)/(RHimax - RHimin)]

(A22)
— q, + 4q;

RH 7

ti

where CF is cloud fraction, RH;; is total ice water relative
humidity, RH;;, is the minimum relative humidity for ice
(typically 0.8), RH;pax is the maximum relative humidity for
ice (typically 1.1), g, is the water vapor mixing ratio, g; is
the ice mass mixing ratio, and g is the saturation vapor
mixing ratio with respect to ice. Linearizing for ¢q,, ignoring
changes to the ice mass (for simplicity), assuming that for
the MJO, temperature anomalies are small compared to
moisture anomalies (Ahmed et al. 2021), and nondimen-
sionalizing, we have

CF = egq,, (A23)
where
RH, - RH,__
E[ — 173 min 5 (A24)
(RHimax - RHimin)
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FIG. A3. As in Fig. 1, but with ice cloud fraction (contours) and
vertical velocity (colors; m s™ '), estimated from ERA5. Contour
levels start at —0.07 with a spacing of 0.02.

represents the production efficiency of ice clouds from wa-
ter vapor anomalies. For ﬁﬁ =09, RH, ; =08, and
RH, . = 1.1 (Gettelman et al. 2010), we have ¢ ~ 2.

The modulation of tropospheric radiative cooling by both
lower-tropospheric water vapor and ice clouds are incorpo-

rated using

Q" = Cs}, + C[Ice Cloud Fraction]’,

where s, is the midlevel entropy anomaly (moisture deficit)
that was originally formulated in Khairoutdinov and
Emanuel (2018). Since ¢, is a prognostic variable, the
nondimensional version of Eq. (A23) allows us to relate
anomalies in water vapor to cloud fraction anomalies,
where C; represents the strength of the ice-cloud radia-
tive feedback.
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FIG. A4. (top) Longitudinal dependence of ice cloud fraction
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maximum in the lagged regression.
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