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ABSTRACT: Cloud-radiative interaction (CRI) is a fundamental process that modulates tropical
circulation and intraseasonal variability, including the Madden-Julian Oscillation (MJO). In this
study, we investigate how the mean state of the tropical atmosphere and MJO respond to CRI
intensity changes and provide insights into the underlying mechanisms, using the aquaplanet con-
figuration in the Community Earth System Model 2 (CESM?2). By enhancing CRI through tuning
the DCS parameter (an auto-conversion threshold size in Morrison and Gettelman (2008) cloud
microphysics scheme), we demonstrate that CRI intensification is linked to a warmer troposphere,
an augmented tropical moisture amount, strengthened Hadley Cell (HC), stronger trade winds, and
a stronger equatorward intertropical convergence zone (ITCZ) with more clouds and precipitation,
reflecting stronger cloud-radiation-circulation feedback. The intensified CRI also influences the
signals within the MJO band, leading to the intensification and slower propagation of the simulated
MIJO-like mode. The MJO intensification is likely associated with the mean state changes that
support the development of deep convection. Moreover, the CRI itself, especially the interaction
with the longwave radiation, also directly influences the MJO’s maintenance and propagation,
more contributing to the maintenance and deceleration of column moist static energy (MSE) on

intraseasonal timescales.
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1. Introduction

Cloud-radiative interaction (CRI) is a broad definition of a dynamic and complex process in
the Earth’s atmosphere, involving intricate the entanglement of cloud properties and radiation
budget. The level, thickness, distribution, and other internal properties of clouds interact with the
shortwave (SW) radiation absorbed from the sun and the longwave (LW) radiation emitted by the
Earth, producing distinct radiative feedback to the atmosphere. CRI is thereby recognized for its
great importance in regulating diverse atmospheric processes and the weather or climate systems
(e.g., Tao et al. 1996). The concept of CRI is sometimes similar to the cloud-radiative feedback.

CRI has been proposed as a nonnegligible factor that affects the global-scale atmospheric cir-
culation through various physical processes, including dynamics and thermodynamics (e.g., Shaw
2019; Lietal. 2015; Ceppi and Hartmann 2015; Tian and Ramanathan 2003; Harrop and Hartmann
2016; Ceppi et al. 2014). Apart from the significant circulation variations in mid-latitude under
the influence of CRI changes, such as subtropical jet (SJ) shift (e.g., Shaw 2019) and intensifi-
cation (e.g., Li et al. 2015), the tropical atmospheric processes appear to be more susceptible to
the CRI changes because net energy input to the global climate system and concentrated water
vapor always colocate at the low latitudes, leading to frequent deep convection and extensive cloud
coverage. Tian and Ramanathan (2003) suggest that CRI drives and maintains the Hadley and
Walker circulations via a moist dynamic model. Harrop and Hartmann (2016) mainly focus on the
tropical changes using the Clouds On-Off Klimate Intercomparison Experiment (COOKIE) and
find that when CRI is turned on, the Hadley Cell (HC) strengthens, the intertropical convergence
zone (ITCZ) contracts toward the equator (regarded as a reduction of the double ITCZ in numerical
simulations) with higher values of precipitation, and the tropical atmosphere is moistened.

In addition to the tropical mean circulation, other smaller-scale atmospheric processes and
systems are also controlled by CRI variation. These atmospheric processes and systems are often
convectively coupled, in which the CRI plays its salient role through deep convective clusters and
clouds. Many previous studies have highlighted the role of CRI in modulating the Madden-Julian
Oscillation (MJO), a representative of convectively coupled tropical intraseasonal variability, first
discovered by Madden and Julian (1971). Various in-depth studies of CRI effects on MJO provide
theoretical and technical bases for a better understanding of MJO and better MJO simulations and

predictions. For example, Kim et al. (2015) define a greenhouse enhancement factor (GEF) to



58

59

60

61

62

63

64

65

66

67

68

69

70

7

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

measure CRI at different MJO stages and find a positive correlation between the GEF strength
and climate models’ fidelity in simulating the MJO. Crueger and Stevens (2015) make clouds
transparent to radiation in four coupled climate models to eliminate the radiative effects on the
clouds while retaining cloud microphysical processes. Their findings suggest that turning on the
CRI leads to stronger MJO and slower propagation. Shi et al. (2018) control the LW CRI effects
by prescribing zonally uniform LW heating rate. Their results show that enabling the CRI can
influence the scale selection of MJO by strengthening low-wavenumber modes. Benedict et al.
(2020) use the “cloud locking” method to isolate CRI impacts on MJO, showing that the disabled
CRI suppresses the MJO and the larger-wavenumber features, consistent with the results of Crueger
and Stevens (2015) and Shi et al. (2018) for MJO strength, while contrary to the significant growth
of larger-than-wavenumber-1 signals when zonal asymmetry of LW radiative feedback is disabled
in Shi et al. (2018). Some other opposite views, however, report that CRI has minor or negative
impacts on the development and maintenance of MJO (e.g., Lee et al. 2001).

The differences observed in the impacts of CRI on MJO across various studies might be attributed
to model- or method-dependency of the numerical experiments, but they could also arise from the
climate system’s complexity. Therefore, understanding how CRI affects MJO behavior and how it
can be accurately represented in numerical models to improve the MJO simulation performance
remains a pressing and popular topic, requiring further support from experiments and theoretical
investigations.

In this study, we intend to investigate how CRI modulates tropical mean circulation and MJO
using idealized aquaplanet simulations. The simpler aquaplanet model is often regarded as a
useful idealization not only for studying global general circulation but also for studying tropical
intraseasonal oscillations (Lee et al. 2001; Maloney et al. 2010; Leroux et al. 2016; Shi et al.
2018; Andersen and Kuang 2012). It provides an ocean-only lower boundary condition without
land, vegetation, topography, or sea ice, and avoids the CRI effect on mean circulation and MJO
being influenced by some complex processes, such as land-sea distribution and variable sea surface
temperature (SST) patterns. Furthermore, we control the CRI intensity by tuning a sensitive cloud
microphysical parameter, which sets our experiments apart from other approaches which may

completely turn off the cloud-radiative effect, like COOKIE (Li et al. 2015; Harrop and Hartmann
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2016), “cloud locking” (Benedict et al. 2020), or zonally uniform radiation prescribing (Lee et al.
2001; Shi et al. 2018).

In addition, according to the previous research, the changes in HC, equatorial wind, tropical
moisture, and the moisture gradient are all regarded as crucial factors affecting MJO behaviors
(e.g., Adames and Wallace 2015; Crueger and Stevens 2015; Kang et al. 2021; Rushley et al. 2023).
For example, the mean state with stronger HC caused by the changes in Earth orbit parameters
increases the MJO precipitation variance (Rushley et al. 2023), and the larger meridional moisture
gradient may enhance the MJO propagation over the Maritime Continent in boreal winter (Kang
etal. 2021). Nevertheless, given that the CRI changes can influence the mean circulation and MJO,
it raises the question of whether alterations in mean circulation can serve as a linkage between CRI
changes and MJO variability. We will further explore this question based on our simulations and
attempt to explain the underlying physical mechanisms.

This manuscript is organized as follows. Section 2 describes the model and parameter details
of our simulations as well as the MJO analysis method. Section 3 describes the climate mean
state changes under the intensified CRI. Section 4 describes the MJO characteristic changes in our
simulations and discusses the possible mechanisms of MJO changes. The summary of our results

and further discussion follow in Section 5.

2. Model and Methods

a. Aquaplanet Model

In our study, we use the atmospheric component of Community Earth System Model version
2 (CESM2), Community Atmosphere Model version 6 (CAM6, Bogenschutz et al. 2018). The
aquaplanet configuration is applied to make CAM®6 run above the prescribed SST based on the
Aqua-Planet Experiment (APE, Williamson et al. 2012). The SST pattern is the "QOBS”, as
defined in the APE. The maximum SST is 27 °C at the equator. The SST decreases gradually with

latitude and is maintained at 0 °C between 60° and 90° in both hemispheres:

(2 - sin*g — sin®@) 6T + Toin, if|9] <§
T(¢) = : (D

otherwise

SN
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distribution and meridional profile are shown in Figure 1.
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Fic. 1. SST global distribution and meridional profile (units: °C).

The default aquaplanet configuration in CAM6 adopts a finite volume (FV) dynamical core
on a latitude-longitude grid with a horizontal resolution of 0.9° latitude X 1.25° longitude and
32 hybrid sigma-pressure levels. The model uses Cloud Layers Unified by Binormals (CLUBB,
Golaz et al. 2002; Larson et al. 2002) scheme to parameterize the boundary layer, turbulence,
shallow convection, and cloud macrophysics. The Zhang and McFarlane (1995) deep convection
scheme and the Gettelman and Morrison (2015) cloud microphysics scheme are also adopted in
the model. The radiative transfer is represented by the Rapid Radiative Transfer Model for General
Circulation Models (RRTMG, Iacono et al. 2008). More aquaplanet-related details are documented
in Medeiros et al. (2016).

b. DCS and Experiment Design

DCS refers to the auto-conversion threshold size defined in Equations (29) and (30) in Morrison
and Gettelman (2008). In this cloud microphysics scheme, cloud ice and snow are separated into
two categories. The DCS value determines when the auto-conversion from ice to snow takes place
in numerical calculations. Smaller DCS values result in a more efficient conversion of cloud ice
into snow, reducing the cloud ice. In contrast, larger DCS delays this conversion until the cloud
ice particles grow to a larger size, causing more cloud ice to remain in the atmosphere. DCS is

considered an effective turning parameter not only for tuning the model to reach its energy balance
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but also for investigating the specific scientific questions related to the cloud-radiative feedback
(Zhao et al. 2013; Fan et al. 2021). The high sensitivity of cloud-radiative feedback to DCS has
been demonstrated by Zhao et al. (2013), Eidhammer et al. (2014), and Pathak et al. (2020).

In this study, three main experiments are conducted by setting different DCS values in the CESM2
aquaplanet model. The default DCS value for CESM2 aquaplanet configuration is 500 pm, and
the DCS values are set to 200 pm and 800 pm in two additional experiments. We name the three
experiments DCS200, DCS500, and DCS800, respectively. All three experiments are integrated
for ten years, with the first two-year simulation data discarded as spin-up, the last eight-year data

considered as the stable state and used for analysis. The data are archived once a day.

c. CRI and Cloud Forcing

The concept of CRI in this manuscript is a broad definition, rather than a metric of a certain
quantity. For example, some studies define a cloud-radiative feedback parameter to represent the
role of CRI, which is often used in linear analytical models, such as Fuchs and Raymond (2002),
Fuchs and Raymond (2005), Sobel and Maloney (2012), and Fuchs-Stone (2020).

In this study, we suggest that the smaller DCS causes the weaker CRI due to less cloud ice in the
atmosphere, while stronger CRI is associated with larger DCS since more cloud ice has a stronger
interaction with radiation.

We only care about the radiative effect on the atmosphere (not on the whole earth-atmosphere
system or the surface) associated with clouds in this study. In some other studies, they also call
it the atmospheric cloud-radiative effect (ACRE). When investigating the representation of CRI
intensity, we calculate the cloud radiative forcing (hereafter called cloud forcing). The cloud
forcing is calculated as the difference of column radiative convergence (the difference between
net radiation flux at the top of the atmosphere and that at the surface) between the clearsky and
cloudy conditions. The calculation of cloud forcing is considered the sum of the SW and LW
components in order to present the total cloud-radiative effect, though the LW component is the

main contributor to the total CRI (calculation not shown).
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d. MJO-Associated Regression

The linear regression method (Adames and Wallace 2014, 2015) is applied to analyse the spatial

structure of MJO-like disturbances, and the equation is as follows:
D=SP'/N )

where D is the regression results with the dimensional units, S is a two-dimensional matrix of the
variable S, P is the time series of the MJO index, N is the sample size of the daily archived variable
S, and the superscript T represents the transposition of a matrix.

The MJO index is calculated as follows: we select an approximate 5° X 5° square box of
precipitation rate centered at 180° on the equator. Then, we spatially average the precipitation rate
in this region and standardize the resulting time series. A 20 to 100-day bandpass filter is also

applied.

3. CRI-Induced Mean State Changes

a. Climate Mean State

Through tuning DCS in the CESM?2 aquaplanet model, the climate mean state, including the
thermodynamic conditions and large-scale circulations, presents discernible changes in the time-
and-zonal-averaged plots. In this study, we mainly discuss those changes in the tropical atmosphere.

The air temperature changes with DCS are shown in the upper row of Figure 2. When DCS
is tuned larger, the tropical tropospheric temperature significantly increases, particularly in the
upper troposphere (around 300-hPa) and the height of tropical tropopause becomes higher. Such
tropospheric warming may be attributed to the enhanced condensational heating and radiative
heating and we will further discuss it in the following text. The tropical warming also leads to
a larger temperature meridional gradient, driving a stronger poleward meridional heat transport.
This warming pattern shares some similarities with greenhouse gas-caused warming in that the
upper troposphere warms faster than the lower troposphere.

Figure 2d-f show the fractional changes of moisture with DCS. The moisture amount generally
expands with increasing DCS in the deep tropics, especially having larger fractional changes in the

middle and higher troposphere. It means that more moisture transports upward from the boundary
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Fic. 2. (a, b, ¢) The changes of climatological zonal-averaged air temperature (color, units: °C) and (d, e,
f) the fractional changes of climatological zonal-averaged specific humidity (color, units: %) between different
cases. The climatological zonal-averaged air temperature and specific humidity of the DCS500 case are plotted
as a reference (contour, units: °C for air temperature and g/kg for specific humidity). The interval of temperature
contour is 10 °C and the interval of specific humidity contour is not evenly spaced (0.01, 0.05, 0.1, 0.2, 0.4, 0.8,
2, 6, 10, 14). The overlaid blue curves in the upper row represent the height of the tropopause. The blue solid

curves are calculated in the larger-DCS case, and the blue dashed curves are calculated in the smaller-DCS case.

layer to the higher altitudes and converges therein. We also notice that there is a moisture decrease
between 10°S/N-30°S/N outside the deep tropics, enhancing the meridional moisture gradient
between deep tropics and subtropics.

Figure 3 depicts the time-mean, zonal-mean meridional mass stream function (MMSF), cloud
fraction, and zonal wind with varying DCS values. As DCS increases, more cloud ice in the

tropical atmosphere leads to a larger cloud fraction (the left column of Figure 3), particularly in the
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Fic. 3. The climatological zonal-averaged (a, b, c) meridional mass stream function (MMSF, color, units: 1010
kg/s) and cloud fraction (contour, units: %), and (d, e, ) zonal wind (units: m/s). The positive MMSF represents
the clockwise circulation, while the negative MMSF represents the counter-clockwise circulation. The interval

of the cloud fraction contour is not evenly spaced (20, 25, 30, 35, 40, 50, 60).

middle and upper troposphere. Concurrently, the positive/negative MMSF in the lower latitudes
of the Northern/Southern Hemisphere (NH/SH) intensifies with increasing DCS, reflecting the
strengthening of the HC. The change in HC also explains the moisture distribution change in

Figure 2. The deep tropics moistening is due to the strengthening of the ascending branch of the

10
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HC, and drying in the subtropical mid-troposphere is due to the strengthening of the descending
branch.

The right column of Figure 3 shows the zonal wind changes in different experiments. When DCS
increases, the SJ, the trade winds, and the equatorial low-level easterly strengthening are likely a
result of the enhanced baroclinicity (equator-to-pole temperature gradient) and HC intensification,
which enhances poleward transport of momentum. The averaged easterlies below 700-hPa within
5°S-5°N are 7.76 m/s, 6.90 m/s, and 5.18 m/s for the simulations of DCS800, DCS500, and
DCS200, respectively.

b. Forcings Causing the Changes

In the tropical atmosphere, diabatic heating primarily arises from two major sources: atmo-
spheric radiative heating and condensational heating. Tuning the DCS parameter directly alters the
cloud-radiative effect, which can be represented by the changes in cloud forcing in Figure 4a. The
cloud forcing significantly increases in the tropics with DCS, leading to stronger cloud radiative
heating. To be specific, the deep-tropical (5°S-5°N) averaged cloud forcing is 16.94 W/m?, 29.41
W/m?, and 34.16 W/m? for DCS200, DCS500, and DCS800, respectively. It increases by 101.7 %
from DCS200 to DCS800. The tropical atmosphere is heated by CRI intensification, which may
contribute to the changes in tropical temperature and its meridional gradient in Figure 2. Mean-
while, the strengthened HC (Figure 3) is associated with the enhanced meridional temperature
gradient and stronger meridional heat transport since HC is a thermal-driven overturning circula-
tion. The study of Bischoff and Schneider (2016) and that of Harrop and Hartmann (2016) suggest
that the stronger HC occurs when the equatorial energy input is larger, consistent with our results.
It is worth noting that the atmospheric mean state, diabatic forcings, and other climate systems are
all coupled, and the changes in HC can also feedback to the cloud forcing and temperature changes.

However, cloud forcing cannot be zonally symmetric. Thus, it should be made clear that the
changes in Figure 4a are introduced by changing the clouds of individual convection systems,
which collectively change the mean state of the atmosphere.

Figure 4b shows the climatological latitudinal precipitation distribution. By tuning DCS larger,
the precipitation increases in the deep tropics with two peaks on both sides of the equator, exhibiting

a stronger and narrower ITCZ. Further calculation shows that the averaged precipitation rate

11
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Fic. 4. The climatological zonal-averaged (a) total cloud radiative forcing (units: W/m?), and (b) precipitation

rate (units: mm/day). Positive cloud forcing values indicate radiative heating.

within 5°S-5°N is 6.17 mm/day, 8.18 mm/day, 9.19 mm/day for DCS200, DCS500, and DCS800,
respectively, increasing by 48.9 % from DCS200 to DCS800. The location and the strength of
ITCZ are closely related to the HC changes (Ceppi et al. 2013; Bischoff and Schneider 2016). In
our simulations, the stronger and equatorward HC shift corresponds well to the ITCZ changes.
The changes in HC enhance dynamical conditions for ITCZ and the increased radiative heating as
well as moisture amount also directly provide the thermodynamic conditions. Similar results have
been demonstrated by Harrop and Hartmann (2016), who suggest that ITCZ contracts toward the
equator when turning on the CRI.

To show more details of the changes in the distributions of cloud forcing and precipitation within
the tropics, and to better understand the role of DCS, Figure 5a presents the probability density
function (PDF) of tropical cloud forcing. We can see that the changes in tropical cloud forcing
with DCS mainly show a higher frequency of large cloud forcing events, especially the part larger
than 100 W/m?. It seems that the increased probability of large cloud forcing dominantly accounts
for the mean cloud forcing changes while the weak cloud forcing has less contribution. As to the
changes in tropical precipitation PDF distribution, Figure 5b shows that the median of probability
shifts to the heavier precipitation in the tropics with the increasing DCS. The enhanced CRI leads

to the increased probability of heavy precipitation and decreased probability of weak precipitation.
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Fic. 5. The comparison of probability density function (PDF) of (a) tropical (5°S-5°N) total cloud radiative
forcing (units: W/m?) and tropical precipitation rate (units: mm/day) for different DCS cases. The y-axis in
(a) and the x-axis in (b) are on a log scale. Boxplots of different DCS cases are shown over the PDF curves.
The left and right edges of the box indicate the 25th and 75th percentiles. The vertical lines in the boxes are
the median. The whiskers extend to a maximum of 1.0 X interquartile range beyond the boxes. (c, d, e) The
joint PDF of tropical precipitation rate (units: mm/day) and tropical cloud forcing (units: W/m?) with varying
DCS. The probability density is scaled by log;g. The black dots correspond to the mean precipitation rate and
mean cloud forcing. The black dashed lines indicate the linear regression of all colored bins. The thick black
solid lines indicate the averaged cloud forcing binned by precipitation rate. The value of gray contours is -4.5,

representing the region of relatively high probability density.

The extremely large values do not dominate the mean precipitation changes due to the probability
being more concentrated in its median, following a log-normal distribution-like pattern.

The joint PDF in Figure Sc-e illustrates the changes in the radiation-precipitation (R-P) relation.
This cloud forcing and precipitation do not follow a linear relationship, exhibiting an “S” shape
(refer to the black solid curves in joint PDF plots). Near the median (black dots), the cloud forcing
increases very fast with the precipitation increase. If we perform a linear regression between
cloud forcing and precipitation rate within the gray contour of log;o(PDF) = -4.5, the slopes are

0.106, 0.113, and 0.116 for DCS200, DCS500, and DCS800 respectively. The slopes are unitless
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since the units of precipitation are set to watts per square meter by multiplying the latent heat of
vaporization L,. Obviously, the slope increases from DCS200 to DCS800, which means the cloud
forcing grows faster with increasing precipitation, leading to a stronger cloud-radiative effect per
unit precipitation.

However, if the linear regression is performed among all colored bins, the slope from DCS200
to DCS800 does not change much (decreases from 0.095 to 0.093), which is contributed by the
fact that the cloud forcing saturates when precipitation becomes very strong. The cloud forcing
distribution can not further grow when precipitation increases with the strongest cloud forcing
being limited below 150 W/m?.

We still notice that the highest probability density regions with dark red are located at the lower
left of black dots, away from the mean values. In spite of the lighter red color with the increasing
DCS, the highest probability density regions do not have significant shifts following the shift of
mean values. Accordingly, the black dot becomes farther away from the red region, and the
probability density distribution becomes more dispersed, leading to larger variability.

Based on the analyses of Figure 5 above, the changes in cloud forcing can be partially reflected
in the non-linear R-P relation changes. Although the R-P relation does not change substantially,
the probability density of cloud forcing distributes more towards the regions with extremely large
values in all rainfall range, making the “S” shape has a larger curvature with increasing DCS.
Nonetheless, the cloud forcing can not grow infinitely with the precipitation increase. It also
reflects that increasing CRI intensity by tuning DCS has limits, especially when DCS is extremely
large.

The large cloud forcing is likely associated with deep convection or the stratiform region of the
convective systems, which can be inferred from the statistical relationship between cloud forcing
and precipitation (black solid lines in Figure 5c-e). If we separate the LW and SW components of
cloud forcing (figure not shown), it is obvious that the large cloud forcing mainly comes from the
LW component which is often associated with high clouds. It is understandable because we adjust
the only process related to cloud ice. Cloud ice changes mainly occur in the cold upper troposphere
where the deep convection can reach.

In our simulations, the changes in cloud forcing are firstly caused by the varying cloud micro-

physical processes through the DCS tuning. Larger DCS delays snow generation until ice particles
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grow to a larger size and thereby keeps more cloud ice in the atmosphere. The increased cloud
ice induces stronger CRI, strengthening the cloud forcing but with an upper limit. Consequently,
mean cloud forcing changes.

On the other hand, the changes in cloud forcing could be partially attributed to the mean
state changes: warming and moistening of the tropical atmosphere strengthen HC, favorable for the
development of deep convection in the tropical atmosphere and the generation of convective clouds.
The increased cloud cover results in stronger cloud forcing, which, in turn, provides feedback to

the mean state. This establishes a cloud-radiative-circulation feedback mechanism.

4. MJO Responses to CRI Changes

a. MJO Characteristics Changes

The Wheeler-Kiladis wavenumber-frequency spectra (Wheeler and Kiladis 1999, hereafter
WK99) of tropical precipitation are shown in Figure 6 to qualitatively measure the character-
istics of the MJO-like signal in the CESM2 aquaplanet simulations. Significant power exists within
the “MJO band” (eastward propagation; wavenumber one to three; period of 20 to 100 days) in
the WK99 spectra, peaking at wavenumber one. In both the symmetric and normalized (symmet-
ric/background) spectra, MJO-like signal power extends to higher wavenumbers and shifts to lower
frequencies with increasing DCS. The growth of higher-wavenumber signals may imply a smaller
horizontal scale.

To see the frequency changes more clearly, we averaged the power of wavenumber one to three
and fit the resulting power-frequency relation to a third-order polynomial around the intraseasonal
frequency (Figure 7). On the symmetric spectra, the peak periods are 45, 41, and 34 days for
the simulations of DCS800, DCS500, and DCS200, respectively. Therefore, the stronger CRI
associated with larger DCS indeed leads to slower propagation of MJO-like mode.

However, it should be noted that the power at wavenumber one in the symmetric and normalized
spectra is represented differently with the changes in CRI intensity. The power within the MJO
band in the normalized spectra becomes weaker when DCS is higher, but the opposite trend exists
in symmetric spectra. The reason is that the high DCS experiment exhibits stronger eastward
background power in a wide eastward-wavenumber range, thereby making the normalized power

weaker than the experiments with lower DCS values (figure not shown). The weaker wavenumber-1
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Fic. 6. The wavenumber-frequency spectra of precipitation rate within 5°S-5°N: (a, c, e) the symmetric

spectra scaled by logjo and (b, d, f) the normalized spectra (symmetric power divided by background power).

The superimposed black solid lines are the dispersion curves. The temporal window length is 200 days, and the

overlapping temporal segments are 90 days.

signals and stronger higher-wavenumber signals in a relative sense reflect the scale selection issue.

Nevertheless, the wavenumber one signal generally grows under the stronger CRI, intensifying

MIJO-like mode in our simulations.
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days), 0.024 cpd (41.32 days), and 0.027 cpd (37.04 days), corresponding to DCS800, DCS500, and DCS200

respectively.

In the regression maps (Figure 8), all fields represent approximate wavenumber one spatial
structure centering at (0°, 180°) where the positive precipitation anomalies (left column) and the
negative OLR (right column) anomalies are at maximum values. The regressed precipitation fields
exhibit weak “swallowtail” shapes to the west of heavy precipitation centers, consistent with the
observational MJO (Zhang and Ling 2012; Adames and Wallace 2015). From the low-level wind
fields and stream function fields (left column), it is apparent that the CESM2 aquaplanet model
can well produce the poleward anomalous flows to the east of convective centers and the wind-
convection coupling in 850-hPa without phase differences, superior to some simulations (Zhang
2005; Shi et al. 2018) that simulate the unrealistic poleward flows or unrealistic convergence to the
west of convective centers. The high-level wind and stream function in the right column of Figure

8 also shows relatively reasonable wind-convection coupling compared to the observational MJO.
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Dashed contours indicated negative values. Contour intervals for stream function at 850-hPa and 200-hPa are

0.2 10° m?/s and 0.5 10° m?/s, respectively.

With the increasing DCS, the wind vectors near the convective centers show a stronger poleward
anomalous transport, indicating a stronger divergence corresponding with the stronger convection.
As for how CRI effects manifest in the horizontal structure of MJO-like mode, the enhancement

of precipitation and OLR anomalies at the convective center with the increasing DCS can be seen
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in Figure 8. Less LW radiation escaping into space means more radiative heating results from
the high-level cloud increases. The heavier rainfall and more intense radiative heating imply that
the MJO convection intensifies and the MJO precipitation variance increases. In addition, when
DCS = 200 pm, the flow field is dominated by wavenumber one, showing a more stable and
broader structure than other cases, and the ”swallowtail” shape in the precipitation field has a wider
zonal span. Higher-wavenumber disturbances (especially the structure of wavenumber 2-3), by
contrast, appear in the flow fields when DCS increases; meanwhile, the “swallowtail” shape shrinks
zonally with shorter tails or even disappears. The emergence of higher-wavenumber signals and
the smaller-scale patterns are consistent with the implications from the WK99 spectra (Figure 6),
likely associated with the enhancement of convection in all scales due to the mean state changes.

The vertical structure of MJO-like mode in our simulations is also shown in the regression
maps (Figure 9). We make an average over the deep tropical (5°S-5°N), and similar features can
be obtained if the range is expanded to 10°S-10°N. In the intraseasonal scale, the positive cloud
fraction anomalies increase at the convective center in the mid- and upper-troposphere. More
cloud is produced in the DCS800 experiments, leading to a stronger MJO-associated cloud forcing.
The temperature changes mainly occur at the convective center above the middle troposphere, and
below the high cloud bottom, illustrated by the changes in air temperature anomalies in Figure 9.
The increased temperature anomalies with DCS may come from the stronger radiative heating and
stronger latent heating in the MJO centers.

The mass flux vector in Figure 9 measures how the air mass transports vertically. It can be
regarded as resolved mass flux, but not the parameterized convective mass flux. In the DCS200
case (Figure 9c), the mass flux has a relative upright updraft at 180° longitude, while the mass flux
gradually tilts westward with height as the DCS increases with longer arrows, showing a stronger
vertical transport and a stronger mass divergence above the mid-troposphere. It is also evidence
supporting the strengthening of MJO convection.

To sum up, the most pronounced changes in the characteristics of MJO-like mode associated with
the increasing CRI are 1) intensification, 2) slower propagation, and 3) smaller zonal scale. Such a
simulated space-time relationship is consistent with the observational results of Lyu et al. (2021)’s

study, which suggests a broader extension of MJO is associated with a faster propagation, and vice
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versa. In the following analysis, we mainly focus on the mechanisms of MJO intensification and

slower propagation.

b. Physical Processes Causing the Changes
1) MSE MAINTENANCE AND PROPAGATION

The general consensus of previous studies suggests the moisture’s importance in MJO mecha-
nisms. To better understand MJO-like mode’s maintenance and propagation, we can infer the key
processes from the moist static energy (MSE) budget analysis.

The MSE (denoted by k), also referred to as frozen MSE, is defined as
h = C,T +gZ + L,q — Lyq,, 3)

where C), is the specific heat at constant pressure, T is the temperature, g is the gravitational
acceleration, Z is the height, L, is the latent heat of vaporization, ¢q is the specific humidity of
water vapor, L is the latent heat of sublimation and ¢; is the specific quantity of ice. The MSE is
conserved in moist adiabatic processes. The mass-weighted column-integrated MSE is the integral

of MSE from the bottom to the top of the atmospheric column as follows:
Psfc d
(hy = / n<L, (4)
Ptop 8

where (...) represents the mass-weighted vertical integral, p is the pressure, pg is the surface
pressure and pyop is the pressure at the top of model. The other column-integrated variables all
follow this equation.

The column-integrated MSE tendency can be expressed in the budget style:
oh Oh
<E> = —(wa—) —(V-Vh)y + LH + SH + (LW) + (SW), 5)
p

where V is the horizontal wind vector on a pressure level, V is the gradient operator, w is the
pressure velocity, LH and SH are the latent heat flux and the sensible heat flux from the surface
into the atmospheric column, and the (LW) and (SW) are the column-integrated LW and SW

radiative heating rates. The term on the left of Equation 5 is the local (/) tendency (MSE tendency
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term). On the right of Equation 5, the first term is column-integrated horizontal advection of A
(horizontal advection term), the second term is column-integrated vertical advection of & (vertical
advection term) and the rest four terms are the heating sources. The residual term is calculated
as the differences between the directly calculated (04 /dt) and the sum of six budget terms to the
right of Equation 5, representing the numerical errors.

The patterns of column-integrated MSE anomalies and column-integrated MSE tendency anoma-
lies associated with MJO are shown in Figure 10. The upper row of Figure 10 exhibits positive
MSE anomalies at the MJO center with the two dry anomalous regions on both sides of the east and
west. This pattern is similar to the precipitation and OLR fields in Figure 8, also reflecting the basic
spatial structure of MJO-like mode. The column MSE anomalies at the MJO center increase from
DCS200 to DCS800 generally, while the DCS500 case seems to exhibit higher maximum values.
In the lower row of Figure 10, the distribution of MJO-regressed column MSE tendency shows
approximately a quarter phase difference ahead of column MSE. The MSE tendency has positive
anomalies to the east of the convective center with negative anomalies to the west. The config-
uration of MSE and its tendency anomalies determines the eastward propagation of MJO. When
CRI intensifies, the zonal range of strong MSE tendency anomalies shrinks toward the convective
center and the amplitude of MSE tendency variance in deep tropics seems to become lower. These
changes imply the slower propagation of MJO-like mode, consistent with our previous results.

To examine how the MSE budget terms contribute to the maintenance and propagation of MJO-
like mode, we follow the projecting method proposed by Andersen and Kuang (2012). Figure 11
illustrates the calculation results which are the fractional contributions of MJO-regressed MSE

budget terms to the MJO-regressed column MSE and MSE tendency. They can be calculated as

_ -l

= e ©
_llx-@n/an) |
500 = S aniant 7

where S, and S, represent the projection onto the maintenance and propagation respectively, x
is MJO-regressed MSE budget term, || y ||= / / ydA is the integral of y over the deep tropics
A (5°S-5°N, all longitude). If we enlarge the integral region to 10°S-10°N, similar results are

obtained. The sum of six projection terms is named “total” in Figure 11. The differences between
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Fic. 10. The regression of (a, b, ¢) column-integrated MSE (units: 10° J/m?) and (d, e, f) column-integrated

MSE tendency (units: 10° J m~2 day~' ) onto the MJO index.

“total” and the MSE tendency term are due to the existence of the residual term. Although the
residual term is not small enough to be ignored, it does not affect our qualitative analysis of other
terms.

As we can see from Figure 11, the LW radiation term is distinguishable from other sources,
contributing to the maintenance of column MSE and slowing down its propagation. The SW
radiation term has the same effect, however, its contribution is not significant. Regarding the two
terms as total radiative heating source, the MSE budget bar chart obviously highlights the role of
CRI in MJO-like mode. When DCS increases, the CRI has a larger positive contribution to the
maintenance and a larger negative contribution to the propagation. It is the only term among the
MSE budget terms that is well consistent with the characteristic changes of the MJO-like mode,
intensifying the MJO-like mode and retarding its eastward propagation with the increasing DCS.

The horizontal advection term is the source for eastward propagation but the sink for main-
taining the column MSE. When CRI intensifies, the role of horizontal advection in dissipation
weakens, beneficial to the MJO intensification while the contribution of horizontal advection to
the propagation barely changes. However, in Figure 11, the vertical advection term is detrimental

to the maintenance and accelerates MJO’s eastward moving, especially when DCS becomes larger.
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FiG. 11. The projection of MSE budget terms onto the MJO-regressed (a) column MSE and (b) column MSE

tendency. The region used for calculation is all longitude within 5°S-5°N

Obviously, such effects are opposite to our simulation results. For the MJO maintenance, the
change in the vertical advection contribution with DCS is opposite to the change in horizontal
advection contribution, making their effects offset each other and their total effect insignificant in
MJO changes. Though the vertical advection term indeed tends to give a faster MJO propagation in
DCS800, the radiation tendency still dominates over the advection (take the ratio = 1 as reference).

It is interesting that the latent heat term is a sink of column MSE (Figure 11), while in the
WISHE-moisture mode theory represented by Fuchs and Raymond (2017), the WISHE feedback
plays a dominant role in the instability growth and propagation acceleration, which particularly
has a positive effect on MJO intensity. How to understand such differences is not what this study

focuses on, but is worth further investigating in the future.
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In conclusion, the MSE budget analysis confirms the crucial role of CRI in changing MJO-like
mode in our simulations. The changes in MJO-like mode are dominantly determined by CRI,
rather than the dynamic processes associated with the intraseasonal moisture advection.

When DCS increases, the larger cloud fraction with more cloud ice produces more radiative
heating in the MJO center, warming the troposphere therein (Figure 9). The DCS-induced radiative
feedback exerts direct effects on the intraseasonal variability, driving a stronger moist ascending at
the MJO convective center, beneficial to the deep convection and precipitation generation associated
with MJO. CRI intensification also decelerates the MJO-like mode, which is mainly because the
phase difference between the LW radiative forcing and the MSE tendency (the specific figures
are not shown but it can be inferred from the OLR anomalies in Figure 8 and the regressed
column MSE tendency anomalies in Figure 10), manifesting as the LW heating center lagging
behind the positive MSE tendency center. The stronger LW radiative forcing with increasing DCS

consequently intensifies this deceleration.

2) INFERENCES FROM MEAN STATE CHANGES

The CRI not only influence the MJO behavior directly in intraseasonal scale, but also likely
influence MJO through the DCS-induced mean state changes.

In Section 3, we find that the DCS-induced CRI intensification warms and moistens the tropics
(Figure 2), meanwhile causing a strengthened HC (Figure 3). The changed CRI and atmospheric
mean state stimulate cloud-radiative-circulation feedback, which provides favorable conditions for
the development of deep convection and generation of convective clouds in tropics, consistent with
the power changes in the symmetric WK99 spectra (Figure 6a, 6¢, and 6e). In those spectra as
well as the background spectra (figure not shown), we can see the power intensifies almost in all
spatial-temporal scales.

MJO is an organized convective system traveling in the tropics. In such an environment conducive
to convection, MJO is more likely to generate stronger convection and precipitation. As shown
in the symmetric WK99 spectra, the power signal within the MJO band becomes stronger as the
signals in other scales do. It can be regarded as a pathway that the mean state change influences

MJO.
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What’s more, the subtropical mid-troposphere dries as we increase DCS (Figure 2d-f). This
enhances meridional moisture gradient, and might further accelerate MJO propagation based on
Kang et al. (2021), who discuss the MJO propagation over the Maritime Continent in boreal
winter. However, the changes in MJO propagation in our simulations are inconsistent with Kang
et al. (2021). Our idealized simulations without zonal asymmetry, seasonal cycle, and land-sea

distribution may partially account for this discrepancy, which is worth further investigation.

5. Summary and Discussion

This study investigates how CRI affects tropical mean state and MJO-like mode by tuning
a sensitive cloud microphysics parameter (DCS) in the CESM2 aquaplanet model. The findings
suggest that DCS-induced CRI changes play a crucial role in altering the mean state and modulating
the MJO characteristics.

Turning DCS larger results in the changes in cloud properties, leading to more high clouds
with a stronger CRI. It greatly changes the tropical mean state by increasing the tropospheric
temperature and moisture in the tropics, increasing the meridional heat and moisture gradient,
as well as strengthening the Hadley circulation and trade winds. The tropical precipitation and
cloud radiative forcing are also enhanced under the CRI intensification. On the one hand, the
mean state changes in our simulations can be explained by the direct role of cloud microphysics
parameterization changes. On the other hand, the mean state changes with CRI can be also
elucidated from the so-called cloud-radiative-circulation feedback. The DCS-induced mean state
changes create a favorable environment for deep convections, generating more convective clouds.
The CRI, thereby, can be also strengthened via cloud-radiative-circulation feedback, which is a
different pathway from the manual parameter tuning.

The unique role of DCS in cloud forcing and precipitation is also examined from the probability
density function. Increasing DCS strongly affects the extreme cloud forcing (larger than 100 W/m?),
and shifts the median of precipitation PDF to a heavier precipitation range. As to the relationship
between them (call it R-P relation), it exhibits a non-linear “S” shape. If the cloud forcing and
precipitation are near the median, the cloud forcing grows faster with increasing precipitation when

DCS is larger, leading to a stronger cloud-radiative effect per unit precipitation. However, the cloud
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forcing saturates when precipitation is very strong, which indicates that the cloud forcing has its
limit and the effect of tuning DCS is also limited when the DCS value is over a reasonable range.

The DCS-induced CRI changes can also influence the MJO-like mode characterized by eastward
propagation, wavenumber-1 features, and a 20-100-day period. With the strengthened CRI, the
MIJO-like mode intensifies and propagates more slowly with a lower frequency. According to the
MSE budget analysis, the CRI, especially the LW radiative forcing, directly influences MJO on the
intraseasonal scale, dominating its intensity and propagation changes. With the increasing DCS,
LW radiative heating has a larger positive contribution to MJO maintenance and a larger negative
contribution to MJO eastward propagation. As to other terms in the MSE budget, some of them
offset each other, some of them barely change, and some of them are opposite to our simulation
results. The role of CRI can be also explained as follows: when strengthening CRI, more clouds,
more precipitation, stronger radiative heating, and stronger upward motion are diagnosed at the
MJO convective center, supporting the intensification of MJO-like mode. The phase difference
between LW heating and MSE tendency accounts for the deceleration.

The CRI not only influences MJO directly on the intraseasonal scale but also influences MJO
through the DCS-induced mean state changes. The mean state changed by CRI intensification
provides a warmer, moister tropical atmosphere with stronger HC, beneficial to the tropical con-
vection in all spatial-temporal scales, including the convection within “MJO band” shown in WK99
spectra.

It needs to emphasize the special method that simply uses the DCS parameter to control the CRI.
It provides a novel perspective for considering the effects of CRI. However, the DCS parameter
behaves with different values in different models (Zhang et al. 2013; Fan et al. 2021) and is chosen
arbitrarily (Eidhammer et al. 2014) due to no physical and observational basis (Eidhammer et al.
2017). Efforts are underway to address this uncertainty. It may be worth exploring the realistic
conditions under which DCS can increase to establish a connection between DCS and the real
world before new approaches replace the “auto-conversion” in parameterization schemes.

As discussed before, we observe disparities in the WISHE effect on MJO based on different
analyzing methods: Andersen and Kuang (2012) and Fuchs and Raymond (2017). The latter
supports the view that WISHE feedback plays a dominant role in instability growth and propagation

acceleration in a linearized model. A recent review paper (Jiang et al. 2020) categorizes these
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two theories into different groups by the criterion that whether CRI or WISHE determines the
MJO features. However, the reasons for such disparities and which mechanism, CRI or WISHE,
determines MJO have not been answered yet and lack consensus. One suspicion is that the
disparities are the discrepancies between linearized models with growing modes and the nonlinear

numerical models with steady-state disturbances. It also warrants further investigation.
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