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Key Points:

 Disabling cloud-radiation interactions in CESM2 weakens the MJO but strength-
ens Kelvin waves

» MJO survives via sustained advection and surface fluxes despite weak cloud ef-
fects and increased gross moist stability

» Kelvin waves strengthen due to reduced convective inhibition and reduced radia-

tive damping of temperature variance
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Abstract

Cloud locking, a method that prescribes cloud properties for radiative tendency calcu-
lations, is traditionally used to explore climate feedbacks but here is applied novelly to
investigate cloud-radiation interaction (CRI) impacts on subseasonal tropical variabil-
ity. The approach minimizes mean state differences between control (CRI active) and
experimental simulations (CRI disabled) of the Community Earth System Model. Dis-
abling CRI weakens amplitudes of the Madden-Julian oscillation (MJO) by 10-35% and
equatorial Rossby waves by 10-30% yet strengthens Kelvin waves by 10-40%. MJO weak-
ening results from suppressed radiation-convection positive feedbacks and increased gross
moist stability. Kelvin waves strengthen from reduced convective inhibition and reduced
radiative damping on temperature variance. The results are compared to a recently pro-
posed theory that describes a continuum of tropical disturbances. MJO survival, when
its primary maintenance mechanism (CRI) is eliminated, stresses the importance of ad-

vection and surface flux processes.

Plain language summary

Tropical cloud systems exist on many scales, from squall lines to continent-sized cloud
systems. Solar and thermal radiation interact with these cloudy “disturbances” in ways
that can favor further development of the disturbance. The exact nature of these interactions—
along with associated changes to other disturbance properties such as winds, temper-
ature, and surface evaporation—are inadequately understood and therefore cause inac-
curacies in weather and climate prediction models. We investigate the impact of cloud-
radiation interactions by preventing clouds from interacting with radiative heating in our
model. In response, certain types of tropical cloud disturbance become weaker while oth-
ers strengthen. These results highlight the distinct roles of cloud feedbacks for different
tropical phenomena and demonstrate how a poor representation of cloud processes might

degrade the accuracy of weather and climate models.
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1 Introduction

Clouds—by serving as the site of latent heat release, modulating radiative fluxes,
and redistributing heat, momentum, and moisture—have a profound impact on Earth’s
climate. Cloud distribution, height, and thickness determine the cloud radiative effect
(CRE), defined as the difference between actual and clear-sky top-of-atmosphere (TOA)
net radiative flux. CRE metrics may alternatively use surface rather than TOA fluxes,
or include the entire atmospheric column [“ACRE”, Fermepin and Bony, 2014] to more
directly link clouds and circulation. For simplicity, we label the totality of these effects
“cloud-radiation interaction” (CRI). It has long been established in observational records
that CRI strongly influences Earth’s energy budget [Hartmann and Short, 1980]. Par-
ticular attention has been paid to the tropics, where annual mean insolation is largest
and cloud processes are both highly variable and difficult to represent in global climate
models [GCMs; e.g., Randall et al., 2003]. GCM studies of the tropics demonstrate how
CRI influences the distribution of precipitation [Neelin and Held, 1987; Slingo and Slingo,
1988; Harrop and Hartmann, 2016], large-scale circulations [Raymond, 2000], and cli-
mate response to global warming [Bretherton, 2015]. Myriad studies also highlight CRI
impacts on interannual and inter-decadal variability across the Atlantic [Bellomo et al.,
2015, 2016] and Pacific basins [Bellomo et al., 2014; Radel et al., 2016; Middlemas et al.,
2019).

CRI modulation of subseasonal tropical variability is also an active area of research.
Central to this is the Madden-Julian oscillation [MJO; Madden and Julian, 1971], the
dominant mode of tropical variability on intraseasonal scales (20-100 day periods). The
MJO has far-reaching impacts across wide space-time scales [Zhang, 2005]. MJO disturbances—
and, more broadly, the realistic amplitude and distribution of tropical subseasonal variability—
are poorly simulated in many GCMs [Hung et al., 2013] due to inadequate understand-

ing of interactions among convection, radiation, and the large-scale circulation.

Insight into large-scale tropical convection-circulation coupling can be gleaned from
analysis of the moist static energy budget [MSE; e.g., Maloney, 2009] and gross moist
stability [GMS; Neelin and Held, 1987; Raymond et al., 2009]. Tropical precipitation is
a strongly varying function of vertically integrated (hereafter, “column”) water vapor
amount [Bretherton et al., 2004], which equates to column MSE under weak tempera-

ture gradient conditions that characterize the tropics [Sobel et al., 2001]. Many studies
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suggest that MJO-like disturbances called “moisture modes” [Sobel et al., 2001; Fuchs
and Raymond, 2005] are destabilized when the net effect of convection and related di-
abatic processes amplify column MSE anomalies. GMS encapsulates these complex pro-
cess interactions by quantifying the net column MSE export per unit convective activ-
ity. Moisture mode disturbances are more likely to develop if GMS is negative or weakly
positive [Haertel et al., 2008; Raymond and Fuchs, 2009; Benedict et al., 2014]. GMS can
be reduced by diabatic processes such as surface fluxes or cloud radiative feedbacks [So-

bel and Maloney, 2013], the subject of this study.

Numerous idealized modeling studies propose theories that describe how CRI in-
fluences tropical waves [Hu and Randall, 1994; Raymond, 2001; Bretherton and Sobel,
2002; Fuchs and Raymond, 2002; Sobel and Gildor, 2003; Bony and Emanuel, 2005; Sugiyama,
2009; Andersen and Kuang, 2012; Sobel and Maloney, 2013; Arnold and Randall, 2015;
Adames and Kim, 2016; Khairoutdinov and Emanuel, 2018; Emanuel, 2019]. These the-
ories state that, in the disturbance’s convectively active phase, increased cloudiness and
water vapor reduce thermal emission to space. The reduced OLR reinforces preexisting
convective (latent) heating, thus acting as a so-called “greenhouse enhancement factor”
[Bretherton and Sobel, 2002; Kim et al., 2015]. Observational evidence supports this pro-
posed feedback mechanism [Lin and Mapes, 2004]. Other idealized tropical models sug-
gest that suppressed OLR also drives positive advection feedbacks that favor moisture

mode amplification [Raymond, 2001].

Comprehensive GCMs have also been used to investigate CRI impacts on tropi-
cal subseasonal variability. Most studies report that disabling CRI weakens MJOs [Kim
et al., 2011a; Ma and Kuang, 2016], although the degree of MJO suppression is model-
dependent. Other studies, however, indicate stronger intraseasonal variability with CRI
removed [Lee et al., 2001], or that CRI has little impact on MJO-like disturbances [ Grabowski

and Moncrieff, 2001; Grabowski, 2003; Lin et al., 2007].

Several modeling studies use methodologies that complicate interpretation of the
results. One key limitation is the use of prescribed zonally or globally uniform SSTs, which
can produce time mean circulation and moisture distributions unlike those observed in
the equatorial Indo-Pacific and can generate disturbances whose driving mechanisms dif-
fer from those observed [Khairoutdinov and Emanuel, 2018]. Another limitation arises

in how CRI is disabled. Some studies impose space-time averaged radiative heating from
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a control simulation on the experimental run [Shi et al., 2018]; others apply nudging and
time-invariant forcing [Ma and Kuang, 2016]. Although these approaches reduce mean
state differences, they also represent a more intrusive modification of the atmospheric
state. Yet other studies simply set cloud cover to zero when computing radiative heat-
ing [Crueger and Stevens, 2015], which alters the mean state and makes isolating CRI

effects on tropical variability more challenging.

In this study, a series of GCM experiments is performed to better understand how
CRI impacts tropical subseasonal variability. We implement the “cloud locking” tech-
nique whereby the cloud properties that the radiative transfer scheme receives is taken
from a separate simulation [e.g., Langen et al., 2012; Mauritsen et al., 2013]. While pre-
vious studies use cloud locking to investigate climate feedbacks [e.g., Ceppi and Hart-
mann, 2016], interannual variability [Radel et al., 2016; Middlemas et al., 2019], and ex-
tratropical storms [Schéfer and Voigt, 2018; Grise et al., 2019], application of this ap-
proach to tropical subseasonal variability is novel. Cloud locking decouples CRI from the
circulation while maintaining similar mean states between control and experimental sim-
ulations. Isolating the role of CRI in this way provides greater clarity into its impact on
simulated variability, including a refined assessment of model biases associated with sub-
seasonal tropical disturbances. We find that CRI significantly affects all wave types, in-
dicating that CRI-related model biases can impact the full spectrum of tropical variabil-

ity beyond just the mean state.

2 Methods

We investigate CRI’s impact on tropical subseasonal variability in Community Earth
System Model version 2.0.1 (“CESM2”) simulations run on NCAR’s Cheyenne super-
computer [Computational and Information Systems Laboratory, 2017]. Atmospheric pro-
cesses are simulated by the Community Atmosphere Model version 6.0 [CAM6; Bogen-
schutz et al., 2018], which uses the Cloud Layers Unified by Binormals (CLUBB) scheme
as an update to boundary layer, turbulence, shallow convection, and cloud macrophysics
parameterizations of previous CAM versions. Further details of CAM6 and other CESM2

components are found at: http://www.cesm.ucar.edu/models/cesm2/.

Four CESM2 simulations are conducted. All span 25 yr (excluding a discarded 3-

yr spinup period) and use prescribed pre-industrial atmospheric composition. The first
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simulation (CTL) uses realistic CRI with prognostic atmosphere, land, ocean, and sea
ice models. CTL is initialized from Year 263 of an existing fully coupled pre-industrial
control simulation with an equilibrated climate. The second run (CLOCK) is identical
to CTL except that cloud properties used to compute radiative heating are prescribed
(“locked”) rather than being sourced from CLOCK’s current predicted state. A listing
of prescribed cloud properties .4 appears in Middlemas et al. [2019]. CLOCK’s X4
are instantaneous, 2-hourly snapshots sourced from Years 20-22 of CTL (“data pool”),

a 3-yr span with near-neutral ENSO conditions. Similar to Rddel et al. [2016], ¥4 from
a randomly selected year within the CTL data pool are applied to each CLOCK hourly
radiation call (identical 2-hourly ¥4 are applied on consecutive hourly calls). The cal-
endar day and time of day of ¥4 match those of CLOCK to maintain proper seasonal
and diurnal variability. Our approach differs slightly from Middlemas et al. [2019], who
use sequential and annually repeating ¥4 from one year of their control run. The cloud-
locking method precisely disables CRI without directly altering the atmospheric state,
and ensures similar CTL-CLOCK climatologies. Importantly, CRI in CLOCK has zero
temporal autocorrelation (no “memory”) and cloud-radiative processes are fully decou-

pled from the predicted dynamical state.

To examine potential sensitivities to air-sea coupling, we conduct two atmosphere-
only versions of CTL and CLOCK that use fixed SST and sea ice: FCTL and FLOCK.
FCTL uses time-evolving SSTs and sea ice from CTL as oceanic lower boundary con-
ditions. Like CTL, FCTL implements realistic CRI. A fourth run—FLOCK—is iden-
tical to FCTL except that cloud locking is imposed using ¥4 from Years 20-22 of CTL,
as was done in CLOCK.

Because the mean state can strongly impact disturbance behavior [Kim et al., 2011b],
minimizing mean state differences between control and experimental simulations is es-
sential to isolate CRI impacts on tropical variability. Only modest differences in time-
mean precipitation (Fig. S1) and 850 hPa zonal wind (Fig. S2) exist between FCTL and
FLOCK. Larger mean state differences exist between CTL and CLOCK (Fig. S3) and
potentially arise from (a) nonlinearities of the modified CRI on the surface energy bud-
get and/or (b) an insufficiently large data pool from which ¥4 are sourced. As shown
in Sec. 3, cloud locking impacts on tropical subseasonal variability are very similar be-

tween CLOCK and FLOCK, indicating that the larger CTL-CLOCK mean state dif-
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ferences have little bearing on our results. For the remainder of this paper, we focus on

the FCTL-FLOCK simulation pair.

3 Results: Impacts of locking

With CRI eliminated in FLOCK, the spectrum of subseasonal variability is strongly
altered. Figure 1 presents non-normalized zonal wavenumber-frequency power spectra
of precipitation, following Wheeler and Kiladis [1999]. Some power enhancement in FCTL
(Figs. 1a,d) is apparent for the MJO and equatorial Rossby (ER), Kelvin, and mixed
Rossby-gravity (MRG) waves. Compared to Tropical Rainfall Measurement Mission [ Huff-
man et al., 2007] precipitation estimates (not shown), FCTL underestimates spectral power
of high frequency Kelvin waves (periods < 8 days) by ~30-60% and the MJO by ~20—
50%, a deficiency common to many CMIP5-class GCMs [Hung et al., 2013]. Additional
analysis (Fig. S8) confirms the lack of a robust MJO in CESM2, especially for FCTL;
this must be considered when interpreting the results below. Non-normalized power for
FLOCK (Figs. 1b,e) suggests enhanced Kelvin wave activity with weakened ER wave
and MJO variability. Plotting the (FLOCK-FCTL)/FCTL difference (Figs. 1lc,f) clar-
ifies these changes. Importantly, the spectral changes are not simply a function of fre-
quency but are instead sensitive to wave type: gravity-type waves (interia-gravity, Kelvin,
and a portion of MRG waves) are favored in FLOCK while ER waves and the MJO are
weakened. In FLOCK, Kelvin wave precipitation spectral power increases by 10-40%,
ER wave variability decreases by 20-30% and MJO variability declines by 10-25% com-
pared to FCTL. Corresponding spectra for CTL-CLOCK (Fig. S4) are similar to the
FCTL-FLOCK results (Fig. 1), indicating that cloud locking effects far outweigh air-
sea coupling processes or mean state differences (Fig. S3). Changes to corresponding 850 hPa
zonal wind spectra (Fig. S5) are consistent with the precipitation results. Variance maps
of wave-filtered precipitation (not shown) indicate that cloud locking preferentially sup-
presses both MJO and ER waves in regions where these respective wave types are cli-

matologically most active.

What causes the tropical variability change when CRI is disabled? Several lines
of argument—those based on the vertically integrated MSE budget, analysis of key trop-
ical precipitation controls, and a shallow water theoretical framework—are invoked to

better characterize and plausibly explain shifts in tropical variability. The following anal-
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ysis focuses on the MJO and Kelvin waves as they encapsulate the changes seen in Fig.

1.

3.1 Understanding MJO weakening

The moisture mode hypothesis states that MJO-like disturbances are dynamically
destabilized when advective and diabatic processes sustain a net import of column MSE.
It is therefore useful to examine column MSE budget terms to elucidate why the MJO
weakens in FLOCK. Lag composited column MSE budget components for FCTL and
FLOCK intraseasonal disturbances in the Indian Ocean (IO) and west Pacific (WP) sec-
tors are displayed in Figure 2 along with corresponding precipitation anomalies upon which
the composites are based (bottom row). All data are 30-100-day filtered to isolate MJO
variability (see caption and Text S1 for method details). In FCTL, the initial increase
in column % is driven primarily by advection terms (—v-Vh) and (—wd,h), which lead
h tendency (0;h) by less than 1/4 cycle. Longwave heating (LW) lags (9;h) by 1/4 cy-
cle and is nearly out of phase with h advection, while surface heat fluxes oppose (9:h).
The strong positive correlation between (LW) and precipitation and its phase quadra-
ture with (9;h) indicate that (LW) primarily supports MJO amplification rather than
MJO propagation, as shown previously [e.g., Andersen and Kuang, 2012]. Interpreta-
tion of the terms, particularly those with smaller amplitude, is clouded by the non-negligible

budget residual.

Disabling CRI in FLOCK (middle row, Fig. 2) virtually eliminates contributions
from (LW), yet MJO precipitation amplitude decreases by ~20% (WP) to ~35% (10)
compared to FCTL (Fig. 2c¢,f), with “amplitude” x defined as (Jmax(z)|—|min(z)|)/2
and cloud locking-related changes defined as (FLOCK-FCTL)/FCTL. The 20-35% pre-
cipitation amplitude suppression is consistent with the reduction of MJO spectral power
(Figs. lc,f). In FLOCK, surface fluxes become more in phase with precipitation, signal-
ing their increased role for MJO amplification, while the phasing of h advection remains
largely unchanged from FCTL. Decreased amplitudes of h advection (-60% 10, -34%
WP) and (9:h) (—44% 10, —20% WP) and the near elimination of (LW) (-90% IO and
WP) are noted. Remnant (LW) effects likely arise from a positive covariance between
anomalous water vapor, which is not a “locked” variable, and radiation. Surface heat
flux amplitude responses are basin-dependent: —23% for 10 events, +65% for WP events.

Thus, interpretation of the role of surface heat fluxes requires caution, given the non-



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

negligible budget residual and geographic sensitivity. The somewhat surprising result that
the MJO does not vanish when CRI is disabled is also reported in previous studies [Arnold
and Randall, 2015; Ma and Kuang, 2016; Khairoutdinov and Emanuel, 2018]. Our re-
sults provide additional evidence of the critical role that MSE advection plays in MJO
propagation, which is robust for composite MJO events across longitude and is consis-

tent with several earlier works [e.g., Benedict and Randall, 2007; Pritchard and Brether-
ton, 2014; Adames and Kim, 2016].

3.2 MJO and Kelvin wave responses: Inferences from hypothesized pre-

cipitation controls

Fluctuations of column moisture, surface heat fluxes, and convective inhibition (CIN)—
the energy needed to lift an air parcel from the near-surface layer to the level at which
it becomes positively buoyant—strongly regulate observed large-scale tropical disturbances
[Firestone and Albrecht, 1986; Raymond, 1995; Bretherton et al., 2004]. Leveraging these
observed sensitivities, toy atmosphere models can reproduce key behaviors of disturbances
resembling convectively coupled Kelvin waves and the MJO [e.g., Mapes, 2000; Raymond
and Fuchs, 2007]. Of particular relevance to this study are the results of Raymond and
Fuchs [2007], who found distinct differences in the three factors as they relate to mois-
ture modes and atmospheric Kelvin waves. In their study, moisture mode precipitation
is driven primarily by column moisture variations and secondarily by surface moist en-
tropy fluxes; fluctuations in CIN play virtually no role. In contrast, Kelvin wave precip-
itation is dominated by CIN variations—especially CIN reductions due to wave-induced
cooling immediately above the boundary layer—while the other terms are less impor-

tant [Raymond and Fuchs, 2007].

Table 1 presents zero-lag regression coeflicients of fields hypothesized to strongly
control MJO and Kelvin wave precipitation based on observations and idealized model
results [Raymond and Fuchs, 2007]. Results are scaled by precipitation intensity; see Ta-
ble 1 caption and Text S6 for further details. For the MJO, cloud locking drives a re-
duction of anomalous column moisture, little change in deep convective inhibition (DCIN),
and increased surface latent heat fluxes, though the latter has a strong geographical sen-
sitivity as noted in Sec. 3.1. However, enhanced Kelvin waves in FLOCK arise primar-
ily from significantly reduced DCIN resulting from decreased h*; (cooling immediately

above the boundary layer top). As will be discussed in Sec. 4 (see Fig. S6), this low-level
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cooling is coupled with upper-tropospheric warming, which aligns with the stratiform

instability mechanism introduced by Mapes [2000] to describe Kelvin wave destabiliza-
tion. Our results are also strikingly similar to those produced by the toy model of Ray-
mond and Fuchs [2007] and underscore the importance of CIN in regulating moist Kelvin

waves.

3.3 Shallow water scaling

The shift in tropical wave activity when CRI is disabled in CESM2 (Figs. 1c and
1f) also supports the recent work of Adames et al. [2019]. In their paper, a shallow wa-
ter scaling analysis is used to identify processes that determine preferred development
of disturbances across a continuum that spans moisture modes (e.g., the MJO) to grav-
ity waves (e.g., Kelvin waves). The type of disturbance that develops is dependent on

a non-dimensional parameter N, : gravity waves are favored when [N} _,.| > 1 and

ode* ode

moisture modes are favored when [N, . | < 1. Although the scaling framework pre-

ode

sented by Adames et al. [2019] is highly idealized, it’s relevance to our results is perti-

nent. Insight is gained by examining how CRI affects N,

ode

of either moisture modes or gravity waves. We can leverage the fact that N, .. o< M, ffs

ode

where Meﬁ is the effective GMS that includes diabatic processes. From Eq. 14 of Han-

nah and Maloney [2014], a suitable expression of effective GMS is

My — (—wd,h) Jg_(figz;; LH + SH7 W

where —w0ph and —wdps represent vertical advection of MSE and dry static energy (re-
spectively), Qg is the net radiative heating rate, LH and SH are surface latent and sen-
sible heat fluxes (respectively), and angled brackets represent a mass-weighted integral

from the surface to 100 hPa.

We find that Meﬁc is higher in FLOCK than in FCTL on both seasonal and sub-
seasonal scales (Fig. 3). Following Hannah and Maloney [2014], an aggregate form of

Mg is assessed by averaging the numerator of (1) based on bins of (—wd,s) using daily

data from across the Indo-Pacific Warm Pool (see Text S4 for method details). For nearly

all bins in which the quotient of (1) is well behaved (bin centers corresponding to |(—wd,s)| >

150 Wm~2), Fig. 3a indicates that time-mean Meﬁc is significantly higher in FLOCK than

—10-

and thus the preferred growth
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in FCTL. Figure 3b reveals that anomalous Meﬁ is also significantly higher in FLOCK

over a composite MJO lifecycle (see Text S5).

What drives the Meﬁ changes of Fig. 37 In (1), CRI influences M, eff directly through
(Qr) but also can potentially impact Meﬁ indirectly through changes in the other terms.
A separate analysis (Fig. S7) of the various terms that contribute to M, off signals that
FCTL-FLOCK differences in both the normalized (Fig. 3a) and non-normalized (Fig.

S7¢) forms of M, ff are driven almost exclusively by changes in (Qg) while contributions
from the other terms of (1) are similar between FCTL and FLOCK. We have therefore
isolated the mechanism by which our imposed changes in CRI cause shifts in tropical dis-

turbance regimes: as cloud locking suppresses cloud-radiation feedbacks, Mg increases

which contributes to an increase in N*

 ode and thus preferentially favors gravity wave de-

velopment (e.g., Kelvin waves) over moisture mode growth (e.g., MJO).

4 Summary and discussion

Cloud locking, a method in which cloud-radiation interactions (CRI) are disabled
in a GCM simulation, is used to investigate the role of CRI on subseasonal tropical at-
mospheric variability. This approach, as applied to subseasonal tropical variability, is novel
and precisely isolates CRI impacts on tropical disturbances while minimizing mean state
differences (Figs. S1 and S2). We focus on two prescribed-SST CESM2 simulations, one
with natural CRI (FCTL) and one with CRI disabled (FLOCK). Cloud locking dramat-
ically alters the distribution of subseasonal variability in spectral space (Fig. 1), damp-
ing so-called “moisture modes” (i.e., MJO and equatorial Rossby waves) while enhanc-
ing gravity-type waves (e.g., atmospheric Kelvin waves, mixed Rossby-gravity waves, and
interia-gravity waves). A separate investigation of CESM2 simulations with interactive
SSTs suggests that our results are largely insensitive to air-sea coupling strategy and mean

state differences (e.g., Fig. S3).

The MJO and Kelvin waves, selected as representative moisture mode and grav-
ity wave disturbances (respectively), are examined to identify key mechanisms that plau-
sibly explain the subseasonal variability changes between FCTL and FLOCK. Although
column longwave heating is the dominant contributor to MJO amplification in FCTL,
disabling CRI weakens the MJO by ~20-35% but does not eliminate it (Fig. 2). This

somewhat surprising result is also reported in aquaplanet studies using prescribed “global

—11-
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Warm Pool” SSTs [Arnold and Randall, 2015; Khairoutdinov and Emanuel, 2018] or Earth-
like equator-pole SST gradients [Andersen and Kuang, 2012; Shi et al., 2018]; however,
the climatological low-level tropical easterlies simulated in these models could support
MJO mechanisms unlike those observed in the Warm Pool region (60°E-170°E), which
exhibits low-level westerlies during boreal winter. MJO suppression in CESM2 is not as
strong as in other CGM studies with CRI disabled [Kim et al., 2011a; Ma and Kuang,
2016]. MJO “survival” in FLOCK results from sustained (but damped) contributions
from MSE advection that drives MJO propagation, and from surface heat fluxes that be-
come more in phase with MJO precipitation (Fig. 2) thus working to maintain or weakly
amplify the disturbance, though we note that the surface heat flux response is strongly

geographically dependent in our simulations.

Convectively coupled Kelvin waves amplify when CRI is disabled in our CESM2
simulations due to reduced convective inhibition (CIN) driven by wave-induced cooling
in the lower free troposphere (Table 1). This behavior is consistent with the stratiform
instability mechanism of Mapes [2000] and related toy model simulations of the tropi-
cal atmosphere [e.g., Raymond and Fuchs, 2007]. Separate examinations (Fig. S6) re-
veal a negative covariance between radiation and temperature anomalies for FCTL Kelvin
waves, but this damping is muted in FLOCK leading to strengthened Kelvin waves driven
by greater eddy available potential energy (EAPE) generation that acts as a source of

Kelvin wave instability (the opposite behavior is generally noted for the MJO).

The shallow water scaling analysis of Adames et al. [2019], which characterizes trop-
ical disturbances as a continuum spanning moisture modes and gravity waves, provides
another theoretical framework to compare our model results. FLOCK exhibits increased
effective gross moist stability (GMS) both on time mean and subseasonal scales (Fig. 3)
that is driven by reduced sensitivity of column longwave heating to convective variabil-

ity (Fig. S7). The increased GMS in FLOCK increases parameter N*

o ode Which, follow-

ing Adames et al. [2019], favors gravity waves over moisture modes. This conclusion re-

quires that other variables upon which N, .. depends—including convective moisture

ode
adjustment time scale 7. and gravity wave adjustment time scale 74,—7remain reasonably
unchanged with cloud locking. This assumption appears to be valid: 7, is sensitive to

static stability, which differs by less than 10% in the Indo-Pacific time mean between FCTL
and FLOCK (not shown), and similarly modest differences are noted for 7. (Fig. S9).

Our results may be consistent with a continuum disturbance perspective: by eliminat-
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ing one diabatic feedback, we suppress the MJO and simultaneously amplify Kelvin waves,
particularly lower-frequency Kelvin waves (Fig. 1). MJO-like disturbances have greater
resemblance to Kelvin waves when they decouple from deep convection [e.g., Matthews,
2000]; we hypothesize that cloud locking represents a partial decoupling of diabatic heat-
ing from the circulation, so it is not unexpected that our results are consistent with this
behavior. Further exploratory research is needed to address potential limitations of the

continuum theory as well as applicability of our results to it, however.

Cloud locking highlights key processes that impact subseasonal tropical disturbances.
It also represents an extreme form of model bias and can be leveraged to advance model
development. GCM CRI biases exist to varying degrees, but their manifestation may not
be readily apparent due to natural variability or other bias sources. Cloud locking ar-
tificially amplifies CRI biases to clearly expose how they impact simulations. Our results
demonstrate that misrepresenting CRI in GCMs can impact not only the mean state but
also subseasonal tropical variability, which strongly influences weather and climate glob-

ally [Roundy, 2012, and references therein).

We have shown how CRI mediates both the large-scale circulation and moist con-
vection on subseasonal time scales, but several questions remain. Given the non-negligible
MSE budget residual and geographic sensitivities, what are the detailed roles of CRI and
surface fluxes for tropical disturbance maintenance and propagation? Why does elim-
ination of CRI, the dominant source of diabatic heating for MJO amplification, not fully
suppress the MJO? Does the similar number of identified MJO events in FCTL and FLOCK
suggest that CRI is not critical to MJO initiation? To what extent is the MJO a man-
ifestation of a Kelvin wave heavily modified by diabatic processes? These probing ques-

tions warrant further investigation in future studies.
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503 Table 1. Zero-lag regression coefficients for selected anomaly fields and disturbances, scaled by

594 precipitation intensity®

Type Variable Unit FCTL FLOCK FLOCK-FCTL

MJO PW mm/(mmd~1!) 0.66 0.53 -0.13*
LH Wm=2/(mmd~!) 1.34 2.88 +1.54*
DCIN Jkg™!/(mmd~1) 226 -250 -24.9
h*, Jkg™!/(mmd~1) -103 -139 -36.4
hpBL Jkg™!/(mmd~1) 123 111 -11.6

Kelvin PW mm/(mmd~1!) 0.38 0.44 +0.14
LH Wm=2/(mmd~!) -0.50 -0.29 +0.21
DCIN Jkg=!/(mmd~t)  -116 -205 —89.2*
h*¢ Jkg™!/(mmd~1)  -140 -206 —65.6*
hpBL Jkg7!/(mmd~t) -242  -0.62 +23.6

@Zero-lag regression coefficients of unfiltered anomaly fields based on (top) equatorial
MJO-filtered precipitation at 155°E and (bottom) Kelvin wave-filtered precipitation at
105°E for FCTL, FLOCK, and the FLOCK-FCTL difference. Variables shown are scaled
to Immd~1! of the index and are precipitable water (PW), surface latent heat flux (LH),
deep convective inhibition (DCIN = h*y — EPBL), and mass-weighted vertical averages of
saturated MSE from 700-800 hPa (h*;) and MSE from 800 hPa-surface (hpgy,). Differ-
ences greater than the 95% statistical significance level are emboldened and starred. See

Text S3 for methods.
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Figure 2. Latitudinally averaged (10°S-5°N) and bandpass-filtered (30-100-day) anomaly

terms of the column MSE budget for (top) FCTL and (middle) FLOCK lag composited based on

identically filtered precipitation at 90°E (left) and 150°E (right). (c,e) Corresponding FCTL and

FLOCK precipitation anomalies. The budget residual is shown as a black line. See Text S1 for

budget equation and method details.
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Figure 3. (a) Effective GMS based on bin averages of column dry static energy advection
(—w0ps) for FCTL and FLOCK. Vertical bars indicate 95% confidence limits. Bins within

150 Wm™? of zero are masked due to increased volatility of the GMS quotient. All data are
restricted to ocean points within the region (10°S—10°N, 60°E—180°E) and the November-April
season. (b) Effective GMS anomalies lag composited based on identified MJO events. Starred
points indicate FLOCK-FCTL differences exceeding the 90% statistical significance level. See

Text S4 and S5 for method details.
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