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Abstract

Recent study indicates that the noninstantaneous interaction of convection and
circulation is essential for large-scale convective systems. It is incorporated into
cumulus parameterization (CP) by relating cloud-base mass flux of shallow convection
to a composite of subcloud moisture convergence in the past. Three pairs of 19-yr
simulations with original and modified CP schemes are conducted in a tropical channel
model to verify their ability to reproduce the MJO. Improved eastward propagation
signal and stronger intraseasonal variability are observed in the simulations with the
modified CP schemes based on the noninstantaneous interaction. It is found that
enhanced feedback between shallow convection and low-level moisture convergence
results in amplified shallow convective heating and/or extended heating duration,
shaping tilted heating as in observations. It also generates enhanced moisture
convergence which transports more moisture upward. The improved simulations of
eastward propagation of the MJO are largely attributed to higher specific humidity in
the lower troposphere to the east of maximum rainfall center, which is related to
stronger boundary layer moisture convergence forced by shallow convection. Large-
scale horizontal advection causes asymmetric moisture tendencies relative to rainfall
center (positive to the east and negative to the west) and also gives rise to eastward
propagation. The zonal advection, especially the advection of anomalous specific
humidity by mean zonal wind, is found to dominant the difference of horizontal

advection between each pair of simulations.
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1. Introduction

The Madden-Julian oscillation (MJO) is a planetary-scale convectively coupled
equatorial wave that usually propagates eastward at a speed of 5-8 m s’ (see Zhang
(2005) for a complete review). The MJO has long been the focus of research community
for its far-reaching influences on global climate and weather systems (Lau and Waliser
2012; Zhang 2013). Though much improvement in the simulations of MJO has been
made in terms of model resolution, physical parameterization, air-sea coupling, etc.,
general circulation models still struggle to realistically simulate the MJO (Lin et al.
2006; Hung et al. 2013; Jiang et al. 2015). Among the most salient features that should
be reproduced, eastward propagation is hardly captured by models participating in the
MJO task force global model comparison project (Jiang et al. 2015). More than two
thirds of participating models show a stationary or even westward propagating
intraseasonal signals.

Associated with the eastward-moving convective envelope of the MJO, a
prominent transition from convectively suppressed to active phase can be observed in
the regions of equatorial Indian and western Pacific oceans (Hendon and Salby 1994;
Johnson and Ciesielski 2013). During the transition period, clouds over the region also
develop gradually from shallow cumulus/congestus mode to deep convective and
stratiform mode (Kikuchi and Takayabu 2004; Riley et al. 2011; Xu and Rutledge 2016).
Considering the significant importance of tropospheric moisture content for tropical
convection (Bretherton et al. 2004; Holloway and Neelin 2009, Ahmed and

Schumacher 2018), it is proposed that shallow convection serves to moisten the lower
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troposphere for subsequent transition to deep convection and thus is vital for the
eastward propagation of the MJO.

A direct moistening mechanism related to shallow convection is vertical transport
of the tropospheric moisture. Benedict and Randall (2007) conducted moisture-budget
analysis using reanalysis data and found that vertical advection by shallow cumulus
dominated moisture tendency prior to the onset of deep convection. This gradual
increase of positive moisture and temperature anomaly corresponds to the “recharge”
process of organized convection in the tropics (Bladé and Hartmann 1993; Kemball-
Cook and Weare 2001). By comparing performance of parameterized shallow and deep
cumulus in the global compressible nonhydrostatic Model for Prediction Across Scales
(MPAS), Pilon et al. (2016) showed that shallow convection plays a key role in
transporting moisture upward to the lower and middle troposphere and then enhances
diabatic heating and precipitation. Many other studies also come to a similar conclusion
though different observation data or numerical simulations are analyzed (e.g., Hagos
and Leung 2011; Del Genio et al. 2012; Bellenger et al. 2015; Janiga and Zhang 2016;
Hirota et al. 2018).

However, local (convective scale) moistening of shallow cumulus and congestus
clouds seems inadequate to explain the observed increase in lower-troposphere
moisture. According to the estimation made by Hohenegger and Stevens (2013) with
bulk analysis and large-eddy simulations, actual time taken by the transition from
congestus to deep convection is much shorter than that needed for congestus clouds to

sufficiently moisten the atmosphere. They suggested that upward motion forced by
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large-scale disturbances may contribute to the extra moistening. Hagos et al. (2014)
conducted a regional cloud-resolving simulation that captures the shallow-to-deep
convection transition of the MJO. Their results indicate that the probability of transition
is highly sensitive to midlevel large-scale humidity and uplift. The increased moisture
at midlevel can also be attribute to large-scale updraft. Observation analysis with
satellite (Masunaga 2013) and radar (Kumar et al. 2013) data both confirm the
significant moistening by large-scale process. Particularly, Masunaga (2013)
highlighted the importance of large-scale upward transport of moisture and heat through
cloud base (i.e., large-scale convergence in subcloud layer) to this moistening,
especially in organized convective systems.

Evidence also exists that interaction between large-scale disturbances and shallow
convective heating/moistening favors initiation and propagation of MJO convection
(e.g., Hsu and Li 2012; Ruppert and Johnson 2015; Rowe and Houze 2015). Wave-
CISK is one of the mechanisms that explain the interaction, but horizontal scale
predicted by wave-CISK is unrealistically small (Crum and Dunkerton 1992; Matthews
and Lander 1999). Recently, Liu et al. (2019, hereafter LTW19) revealed that bottom-
heavy heating profile of shallow convection drives intense wind response and
converges low-level moisture, which effectively feeds back to diabatic heating via
upward transport and condensation. This cooperative interaction between shallow
convection and low-level moisture convergence may lead to unstable growth and
upscale organization of convection systems. Unlike conventional wave-CISK, feedback

in LTW19 is noninstantaneous as the time is needed for convective heating to force
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low-level moisture convergence, and moisture convergence to moisten and heat the
lower troposphere as well. Although the noninstantaneous wave-CISK mechanism has
been proved to be able to capture the eastward propagation of large-scale Kelvin wave
signals quite well in an idealized model as in LTW19, its performance in reproducing
the propagation of the MJO in a more realistic model configuration still needs to be
verified.

A tropical channel configuration of the Weather Research and Forecasting (WRF;
Skamarock et al. 2008) model is widely used to test mechanisms of the MJO (Ray et al.
2011; Ulate et al. 2015; Hall et al. 2017), for its convenience in choosing different
boundary conditions and physical parameterizations. In the present study the tropical
channel model is used with cumulus parameterizations (CPs) modified to incorporate
the basic idea of noninstantaneous convection-circulation interaction based on the
theorical diagram in LTW19. Comparison is made between simulations with original
and modified CP schemes to see how feedback between shallow convection and low-
level moisture convergence (hereafter FSM) influence convective organization and
promote eastward propagation of the MJO. Relative contributions of convergence
(vertical transport) and horizontal advection are identified.

The remainder of the paper is arranged as follows. We first briefly introduce the
basic concept of noninstantaneous wave-CISK in section 2. In section 3, introduction
of data sources, model settings and modification of CP scheme is given. Section 4
presents mean-state features of simulations with different CP schemes. Section 5 and 6

compare related processes that lead to enhanced FSM and improved eastward
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propagation. Discussion and summary are offered in section 7 and 8.

2. Noninstantaneous wave-CISK
It is compelling that the time scale of large-scale system is larger than that of
individual cumulus convection embedded in it. As small-scale convective process can
be regarded as instantaneous (ignoring the convective time scale of hours), large-scale
system is rather noninstantaneous. The time scale generally comes from two main
aspects of large-scale convective process (or two legs of convection-circulation
feedback). Firstly, even suitable dynamical condition for convection is provided by
large-scale circulation, it still takes time for numerous clouds to moisten the troposphere
through detrainment and re-evaporation of precipitation and thus morphological
structures could be built up (Johnson and Ciesielski 2013; Powell and Houze 2015).
Secondly, time is also needed for the forced response to convective heating to propagate
out and serve the development and propagation of convective system (e.g., Wu 2000).
In order to represent this noninstantaneous character of the FSM, LTW19
constructed a simple cumulus parameterization scheme in which shallow convective
heating is determined by the weighted mean of subcloud moisture convergence in the
past period, i.e.,
M= ert,./It rdt,, (1)
-7 -7
where M is the subcloud moisture convergence at the time of #, ¢ is the current time, 7
is the specific time scale of composite, which is called the accumulation-consumption

time scale of moisture in LTW19. The quantity 7 is a time dependent weighting function
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of which the definition is:

1_[ti _(;/_27/2)]2

= ,  1—7<t<t. )

In this circumstance, moisture convergence keeps nourishing convective development
(by releasing latent heat) for a period of 7 once it is forced by convective heating. On
the other hand, convective heating is also slowly varying and exerting long-term

influence on the atmosphere.

3. Data and model runs
3.1. Data

The European Center for Medium-Range Weather Forecasting (ECMWF) ERA-
Interim reanalysis data (Dee et al. 2011) are used for model initiation and lateral
boundary conditions. Atmospheric state computed with ERA-interim data is also
referred to as observation. Sea surface temperature (SST) data is obtained from NOAA
1/4° daily Optimum Interpolation Sea Surface Temperature Analysis Version 2
(OISSTv2; Reynolds et al. 2007). In order to validate simulated rainfall and propagation
signal of MJO, we utilize data of the Global Precipitation Climatology Project (GPCP)
daily precipitation estimates (Huffman et al. 2001) and the National Oceanic and
Atmospheric Administration (NOAA) Climate Data Record (CDR) of Daily Outgoing
Longwave Radiation (OLR; Lee and NOAA CDR Program 2011). Both of them are

daily analysis data defined on a global 1.0° x 1.0° longitude-latitude grid.

3.2. Model configuration
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The model used is the WRF Model version 3.7.1 with a tropical channel
configuration, which is similar to that of Ray et al. (2009) and Hall et al. (2017).
Horizontal resolution is set to 1.0° x 1.0°. 32 model levels are placed vertically with the
top level at 50 hPa. The model domain is periodic in the zonal direction and bounded
at 30°S and 30°N in the meridional direction. Geopotential, temperature, relative
humidity, and zonal and meridional winds from ERA-Interim reanalysis are
interpolated to model grids at these boundaries. Prescribed SST from OISSTv2
interpolated to 1° resolution and 4 times daily is also used as lower boundary to force
the model. The followings are the physical parameterization schemes used in this study:
the WRF single-moment 3-class simple ice scheme (Hong et al. 2004), the Yonsei
University planetary boundary layer scheme (Hong et al. 2006) with a surface layer
scheme based on the Monin-Obukhov similarity theory (Monin and Obukhov 1954),
the unified NOAA land-surface model (Chen and Dudhia 2001), the Rapid Radiative
Transfer Model for longwave scheme (Mlawer et al. 1997), and the Dudhia (1989)
shortwave scheme.

FSM emphasizes the importance of low-level moisture convergence forced by
shallow convection to upward transport of moisture and heat, which is usually
determined by mass flux at cloud base in some CPs. To facilitate modification and
analysis, three mass-flux type CP schemes with particular treatments of shallow
convection are chosen for the control runs in the present study. These schemes are the
new Simplified Arakawa-Schubert (SAS) scheme (Han and Pan, 2011), the new Tiedtke

(TDK) scheme (Zhang and Wang, 2017), and the Kain-Fritsch scheme (Kain, 2004)
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with the Ma-Tan trigger (Ma and Tan, 2009; hereafter KFMT). The new trigger is used
in Kain-Fritsch scheme for its better performance under weak synoptic forcing.
Although these schemes differ greatly in their treatment of convective process (see the
listed papers above and the references therein), they can all be divided into relatively
separated parts, i.e., convective trigger, cloud model and closure assumption. Here we
modify closure assumptions of these three schemes to that constructed based on the

noninstantaneous wave-CISK.

3.3. Modification of cumulus parameterization

According to LTW19, two main facts that should be considered in CP are: 1)
shallow convection drives low-level moisture convergence which is strong enough to
sustain itself, while deep convection does not; 2) feedback between shallow convection
and low-level moisture convergence is noninstantaneous and usually takes a couple of
days for large-scale convection systems. Noninstantaneous wave-CISK assumes that
convective heating rate is proportional to low-level moisture convergence, but in mass-
flux type CP schemes, it is difficult to assign heating rate directly. Closure assumptions
of SAS, TDK and KFMT all relate cloud-base mass flux to boundary layer process
(Table 1), which controls the intensity of shallow convective activity. As noted by
Arakawa (2004), boundary layer moisture convergence is the dominant contributor to
moisture flux tendency. Suhas and Zhang (2015) also confirmed the significant positive
correlation between moisture convergence and mass flux. Here cloud-base mass flux is

set to be proportional to a composite of subcloud moisture convergence in the past. In
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this way, shallow convective heating is related to low-level moisture convergence
indirectly. We still use Eq. (1) and (2) to calculate the composite of moisture
convergence. The time scale 7, which can be regarded as the time needed for moisture
convergence to force upward mass flux, is set to 6 h after several sensitive tests. Low-
level moisture convergence is calculated as:
M ==|" pV,(vq)z
5 : 3)
= —IO pqV , *vdz — _[0 pveV,qdz,

where p and ¢ are the density of air and the specific humidity respectively, z, is the
height of cloud base (calculated in each CP schemes), and v is horizontal velocity. The

last two terms in Eq. (3) represent mass convergence and horizontal moisture advection

respectively. The modified closure assumption can thus be written as:

aM’™, M >0
r= . @)
0, M" <0,

where F is cloud-base mass flux, a is a factor tuned in each CP schemes. Except for
closure assumption of shallow convection parameterization, other aspects of CP are
kept unchanged.

The procedure to distinguish deep and shallow convection follows that of original
CP schemes. Table 1 summaries the criteria for shallow convection in each scheme. At
each time step, subcloud moisture convergence (M) is saved once the criteria for
shallow convection are satisfied, but shallow convection will not be activated until the
time composite of moisture convergence (M™) turns positive. After the transition from
shallow to deep convection, stored memory of moisture convergence is eliminated for

the consumption of them by deep convection is very fast (LTW19). It should also be
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noted that definitions of shallow convection are different in these schemes, but the main

conclusion drawn in this study is not altered by the difference.

4. Mean-state feature

In this study, six 19-yr simulations from 1996 to 2014 are carried out with original
(denoted as SAS, TDK and KFMT, respectively) and modified (denoted as SAS-n,
TDK-n and KFMT-n, respectively) CP schemes. Diagnostics are focused on boreal
winters (November-April) during this period. Averaged winter precipitation for
observation and simulations is shown in Fig. 1. All the experiments with original CP
schemes reproduce rain belts along climatological convergence zones in the western
Pacific and over the Maritime Continent, though the amount of rainfall is generally
overestimated (left panels of Fig. 1). However, these simulations miss the rainfall center
in the eastern Indian Ocean and produce too much rainfall in the middle to western
Indian Ocean. In the right panels, boreal winter-mean precipitation differences between
modified and original schemes are displayed. Although the modification is only made
to shallow convection which basically is nonprecipitating, rainfall is still modulated
through interaction between shallow and deep convection. The modulation is quite
moderate over the simulation region, except that precipitation is largely suppressed over
the Maritime Continent in TDK-n. It means deep convection is largely mitigated in this
case.

As rainfall is overestimated in the Indian Ocean, so is the MJO-filtered

precipitation variance (Fig. 2). Here only eastward-propagating signals with zonal

12
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wavenumbers 1-5 and periods 20—-100 days are saved in order to filter MJO-related
precipitation. Modification of shallow convection schemes is able to raise the
precipitation variance to a level close to observation, but the location is still uncorrected.
The precipitation variance over the Maritime Continent in TDK-n also decreases as
precipitation itself.

In the following analyses, a lag-regression/correlation method is used. Before
calculating regression/correlation coefficient, the climatological annual cycle (annual
mean and three leading harmonics) is removed first, and then a 20-100 day band-pass
filtering is operated with Butterworth filter. Regression/correlation coefficients are thus
calculated against anomalies averaged over a box (80-90°E; 5°S—5°N) in the Indian
Ocean. Lag correlations of filtered OLR with itself averaged over the box is shown in
Fig. 3. Compared to observations, the propagation signals in control runs are rather
weak and confined in the Indian Ocean area. Modification of shallow convection
schemes helps to strengthen the eastward propagation of convection systems and extend
them further into the western Pacific Ocean. Notice that the most significant
improvement is observed in TDK-n (Fig. 3e), but the rainfall and its variance are
decreased markedly (Figs. le and 2e). It suggests that vigorousness of shallow
convection may lead to a suppression of deep convection.

Following Wheeler and Kiladis (1999), the wave number-frequency power spectra
of equatorially symmetric component of tropical OLR between 15°S and 15°N is
depicted in Fig. 4. Although control runs are able to reproduce the spectral power peak

in the right range corresponding to MJO, its amplitude is reduced to a much lower level.
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The modification of CPs generally augments the spectral power, especially in TDK-n

and KFMT-n.

S. Enhanced feedback between shallow convection and low-level
moisture convergence

As seen from above assessments, modification of shallow convection produces
stronger intraseasonal variability and more importantly the improved eastward
propagation. To figure out how the noninstantaneous moisture convergence closure
improve MJO simulations, we will investigate the process of FSM first. Moisture
content has been recognized to dominate the buildup and propagation of MJO
convection (Sobel and Maloney 2012; Raymond and Fuchs 2009; Majda and
Stechmann 2009). Fig. 5 displays lagged regression of specific humidity anomaly at
850 hPa against rainfall over the Indian Ocean, together with regressed zonal wind at
the same level. With the implication of new shallow convection closure, moisture and
zonal wind anomalies increase, propagation signals extend to the further east, and the
propagation speed slows down to that of the MJO (8 m s™!). According to Wu (2003),
decreased propagation speed is due to the smaller equivalent depth corresponding to
enhanced shallow convection. Another noteworthy feature is that moisture anomalies
lag easterly winds and collocate with the convergence zone of easterly winds. Above
analysis indicates a concurrent enhancement of large-scale convergence, shallow
convection, and low-level moisture content.

To display the changes of FSM brought about by noninstantaneous moisture

14
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convergence closure, we calculate lag-regression of 10°S-10°N averaged diabatic
heating at the longitude of 90°E against intraseasonal precipitation over the Indian
Ocean. The total diabatic heating is derived with a residual budget analysis based on
the temperature equation (Yanai et al., 1973; Ling and Zhang, 2011). Vertical-time
regression pattern is shown in Fig. 6. The vertical backward tilting of diabatic heating
is clearly seen in observation, but few of the control runs reproduce this tilted structure.
As modified closure strengthens shallow convective heating which usually leads the
main convective heating of MJO, simulations with modified CP schemes show more
tilted heating structures. In simulations with TDK scheme, the time lag between shallow
and deep convection on intraseasonal timescales is so short that they burst almost at the
same time (Fig. 6d). Modification of shallow convection closure marginally alters the
time lag, but it effectively enhances shallow convective heating and inhibits deep
convective heating (Fig. 6e).

As in Fig. 6, the regression patterns of mass convergence and horizontal moisture
advection terms composing moisture convergence (rhs terms of Eq. 3) are plotted in
Figs. 7 and 8, respectively. The magnitude of horizontal advection is about one order
smaller than that of mass convergence, so it is the mass convergence term that
dominates moisture convergence. Similar to that of diabatic heating, regression patterns
of mass convergence also show tilted structures which are better captured with modified
CP schemes. Since shallow convection transports moisture upward (Benedict and
Randall 2007; Pilon et al. 2016), enhanced shallow convection helps to extend mass

convergence zone to higher levels. In contrast, horizontal advection of moisture usually
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leads diabatic heating by about 10 days. Larger positive moisture advection seen near
day -10 in modified simulations may be related to more suppressed convection ahead
of major convection (Kim et al., 2014). This positive moisture advection contributes to
moisture convergence and thus helps to trigger noninstantaneous convection-
circulation feedback. Afterwards, enhanced shallow convection induces stronger
moisture advection in the boundary layer (near day O in Fig. 8). It also helps to
transports more moisture to higher levels and increase moisture content in the lower
troposphere.

To better illustrate the influence of shallow convection closure on FSM, evolutions
of regressed diabatic heating in the lower troposphere (850 hPa) and moisture
convergence in the boundary layer (925 hPa) are plotted in Fig. 9. These two particular
layers are chosen because shallow convective heating usually peaks at 850 hPa and
moisture convergence maximizes and is vertically uniform in the boundary layer (Fig.
7). In observation, diabatic heating leads boundary layer moisture convergence, which
may be related to the fact that anomalous short wave heating starts near the surface
before day -10 when convection is suppressed (Ciesielski et al. 2017). Numerical
simulations seem not able to reproduce this time lag. Low-level diabatic heating and
moisture convergence are almost in phase therein. Introducing a shallow convection
closure based on the noninstantaneous wave-CISK helps to extend heating duration
(Fig. 9b), increase heating amplitude (Fig. 9c), or both (Fig. 9d), and strengthen
boundary layer moisture convergence as well. Although LTWI9 suggests

noninstantaneous convection-circulation feedback should be able to alter the phase
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relationship between heating and moisture convergence, a finer time resolution is

needed to display this change.

6. Eastward propagation of MJO convection

The remained question is, how this enhanced FSM promotes eastward propagation
of MJO convection. Fig. 10 displays horizontal patterns of regressed moisture
convergence at 925 hPa and horizontal winds at 850 hPa. Note that convection
(precipitation) center is located in the Indian Ocean box (80°-90°E; 5°S-5°N). The
prominent feature of observation is that boundary layer moisture convergence extends
to the east of MJO convection center and all the way to the western Pacific Ocean.
Easterly winds are prevalent over the Indo-Pacific warm pool region and located to the
further east of moisture convergence. These features can also be found in numerical
simulations, with increased convergence and easterly winds over the warm pool region
in SAS-n and KFMT-n. In the simulations with TDK type schemes, eastward extension
of low-level moisture convergence is narrowly confined near the convection center over
the Indian Ocean, which is consistent with the little vertical tilt in regressed heating
structure (Fig. 6). Besides the enhanced shallow convective heating, boundary layer
friction may also contribute to the increased moisture convergence (Wang and Rui 1990;
Hsu and Li 2012).

Vertical-longitude regressions of specific humidity anomaly averaged between
10°S and 10°N associated with rainfall over the Indian Ocean box are shown in Fig. 11.

Westward tilt of specific humidity can be observed in observation, with positive
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moisture anomaly in the lower troposphere to the east of convection center (80°-90°E).
Comparing simulation results with different CP schemes, the biggest change is the
enhanced positive moisture anomaly in lower levels to the east of 90°E, corresponding
to the enhanced moisture convergence zone (Fig. 10).

Following Eq. 3, moisture convergence is decomposed into two terms associated
with mass convergence and moisture advection. Difference between regressed moisture
convergence terms at 925 hPa are plotted in Fig. 12. Obviously, mass convergence term
dominates moisture convergence. In SAS simulations, modified CP scheme increases
moisture convergence along the equator from the middle Indian Ocean to the western
Pacific Ocean. While in the other two cases moisture convergence increments are found
in smaller regions, they help to foster new convection to the east of convection center
all the same. In contrast, positive horizontal advection in the boundary layer is usually
located in regions where vigorous deep convection present, which can also be deduced
from Fig. 8.

Although advection term makes little contribution to the total amount of moisture
convergence, it may noticeably modulate the propagation of MJO due to its asymmetric
pattern relative to convection center. Here the longitude-height plot of horizontal
moisture advection averaged in tropical belt (10°S—10°N) and the difference between
simulations with modified schemes and original ones are shown in Fig. 13. In
agreement with previous studies (Kim et al. 2014; Adames and Wallace 2015; Zhu and
Hendon 2015), the asymmetric structure of horizontal advection relative to rainfall

center also contributes to eastward propagation (Figs. 13a, 13b, 13d and 13f). It
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moistens the lower troposphere before the maximum rainfall (east of 90°E) while dries
the lower troposphere after that (west of 90°E). Compared to control runs, modified
schemes almost double the asymmetric advective tendencies and thus give rise to the
eastward propagation (Figs. 13c, 13e and 13g).

Differences of horizontal moisture advection can be partitioned into contributions
from zonal and meridional components. Fig. 14 displays differences of regressed zonal
(Figs. 14a, 14c and 14e) and meridional (Figs. 14b, 14d and 14f) advection between
simulations with modified CP schemes and control runs. Obviously, the difference of
horizontal moisture advection mainly comes from the difference of zonal advection
over the Indian and western Pacific Ocean. This result contradicts previous studies that
the meridional component plays a key role in producing the asymmetric structure of
horizontal moisture advection (Maloney 2009; Kim et al. 2014; Zhu and Hendon 2015).
It may be related to enhanced shallow convection that usually locates to the east of
maximum rainfall center and causes kelvin-wave response.

Following Maloney (2009) and Zhu and Hendon (2015), further analysis by
separating horizontal advection into time mean and deviation from the time mean shows
that the main contribution of the difference of regressed zonal advection is from that of
advection of anomalous specific humidity by mean zonal wind (not shown). It means
that, although enhanced shallow convection with modified CP schemes does not induce
substantially stronger easterly winds to the east of 90°E (Fig. 10), it effectively moistens
the lower troposphere there (Fig. 11), and then easterly winds advect anomalous

moisture in the region of 90°E—120°E (see Fig. 14a, 14c and 14e).
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7. Discussion

Previous studies demonstrate that shallow convection preconditions the
atmosphere for the subsequent onset of active deep convection, which is fundamental
to the eastward propagation of the MJO (Benedict and Randall 2007; Adames and
Wallace 2015). However, if upward transport by large-scale forcing is not incorporated,
shallow convection alone is not able to sufficiently moisten the lower troposphere
(Hohenegger and Stevens 2013; Masunaga 2013; Kumar et al. 2013). In fact, shallow
convective activity cannot be separated readily from its large-scale background, since
a strong interaction exists between them. Notice that modified closure assumption of
shallow convection only relates cloud-base mass flux to low-level moisture
convergence. The feedback between shallow convection and low-level moisture
convergence is not guaranteed therein. Improved simulation with modified CP scheme
demonstrates that this feedback is an intrinsic character of large-scale convective
system, and that the modified closure assumption helps to patch this feedback to make
it work.

It is widely recognized that improved simulation of the MJO can be realized by
increasing the sensitivity of deep convection to tropospheric humidity, such as
increasing convective entrainment rate (Tokioka et al. 1988; Bechtold 2008; Benedict
et al. 2014) or rain evaporation fraction (Maloney 2009; Hannah and Maloney 2011;
Kim et al. 2012). These two modifications both help to suppress deep convection until

other processes like shallow convection sufficiently moisten the atmosphere.
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Noninstantaneous wave-CISK mechanism behaves quite similarly. Change of the ratio
of shallow and deep convection in three pairs of simulations are plotted in Fig. 15. In
agreement with above discussion, enhanced shallow convection is related to suppressed
deep convection. KFMT scheme produces the largest increment of shallow convection,
consistent with the strongest heating and moistening tendency seen in Figs. 6 and 11 in
the lower troposphere. In this sense, merely modifying closure assumption seems
inadequate to get a satisfying MJO simulation. Further work is required to study the
interaction of shallow and deep convection and improve its description in CP scheme
in the future.

Jiang et al. (2016) analyzed simulations with 25 climate models and observed an
anti-correlation between convective time scale and MJO amplitude. The variable of
convective time scale in their study is a measure of how rapidly precipitation must
increase to remove excess column water vapor (see also Bretherton et al., 2004; Sobel
and Maloney 2012). Similarly, the time scale (z) here is a description of how rapidly
converged moisture is transported upward through cloud base. 7= 6 h used in modified
CP schemes is a rather rough estimation. We cannot determine its exact value at this
moment. Sensitivity tests show that increased time scale leads to decreased amplitude
of intraseasonal variability and westward propagation tendency. Suhas and Zhang (2015)
estimated a time lag between moisture convergence and mass flux of about 1 h using
cloud-resolving model simulation. But their model domain is 256 x 256 km?, which
means only meso-scale or small-scale process is included. Considering the large-scale

system we intend to deal with, the time scale of 6 h is a reasonable estimation. More
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study on the time scale 7 with observations and high-resolution numerical simulations

will be conducted in the future.

8. Summary

Based on the noninstantaneous wave-CISK proposed in LTW 19, three CP schemes
are modified to couple shallow convection with large-scale circulation through low-
level moisture convergence in this study. Simulations with modified CP schemes show
improved eastward propagation signals and stronger intraseasonal variabilities of
convection (OLR) without degrading the mean states. Through positive feedback
between shallow convection and large-scale circulation, the intrinsic instability of
noninstantaneous wave-CISK incorporated in CP schemes results in amplified shallow
convective heating and/or extended heating duration, shaping tilted heating structure as
in observations (Fig. 6). On the other hand, enhanced moisture convergence transports
more moisture upward with horizontal advection augmenting the moistening prior to
deep convection onset (Fig. 7 and 8).

The eastward propagation of the MJO is highly sensitive to the lower troposphere
moisture content. To the east of major convection center, strong boundary layer
moisture convergence is forced by shallow convection, which effectively moistens the
lower atmosphere. Large-scale horizontal advection gives rise to eastward propagation
by causing positive moisture tendency in the front of convection center and negative
tendency in the tail. Zonal component is found to dominant the changes of moisture

advection brought about by modification of CP schemes. In addition, the difference of
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zonal advection mainly comes from the advection of anomalous specific humidity by
mean zonal wind, which means FSM generates larger moisture anomaly than zonal

wind anomaly.
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690  Table 1. Summary of criteria and closure assumptions for shallow convection in 3

691 cumulus parameterization schemes used in this study. Ps is the surface pressure.
692 Dmin 1s the minimum cloud depth, which is a function of the temperature of lifting
693 condensation level.
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Tables

Criteria for shallow Closure assumptions for shallow
CP schemes ) )
convection convection (cloud-base mass flux)

Simplified Arakawa- Cloud depth < 150 hP
fmpitied Arakawa oud dep & Related to surface buoyancy flux

Schubert (SAS) cloud top pressure > 0.7Ps
Related to tendency of bounda
Tiedtke (TDK) Cloud depth <200 hPa . . Y Y
layer moist static energy
Kain-Fritsch with Cloud depth < Dmin, Dimin Related to subcloud layer turbulent
trigger (KFMT) varies from 2 km to 4 km kinetic energy

Table 1. Summary of criteria and closure assumptions for shallow convection in 3
cumulus parameterization schemes used in this study. P; is the surface pressure. Dmin iS
the minimum cloud depth, which is a function of the temperature of lifting condensation

level.
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Figure captions

Figure 1. Boreal winter-mean precipitation (mm d') in observation (a) and simulations
with CP schemes of SAS (b), TDK (d) and KF (f). The difference of boreal winter-
mean precipitation (mm d!) between simulations of SAS-n and SAS (c), TDK-n
and TDK (e), KF-n and KF (g).

Figure 2. Boreal winter variance of MJO-filtered (periods 20-100 days, eastward
propagating wavenumbers 1-5) precipitation (mm? d?) in observation (a) and
simulations with CP schemes of SAS (b), SAS-n (c¢), TDK (d), TDK-n (e), and KF
(f) and KF-n (g).

Figure 3. Longitude-time evolution of OLR anomalies by lag correlations of 20-100
day band-pass-filtered anomalous OLR with itself averaged over the equatorial
Indian Ocean box (80-90°E; 5°S-5°N). (a) is for observation and (b)-(g) are for
simulations with different CP schemes. Fields are averaged between 10°S and
10°N. Solid lines in each panel denote the eastward propagation speed of § ms™!.

Figure 4. Frequency-zonal wavenumber power spectra of the symmetric component
(about the equator) of OLR for (a) observation and (b)-(g) simulations with
different CP schemes. Shaded is the base-10 logarithm of the averaged power
between 15°S and 15°N.

Figure 5. Longitude-time evolution of specific humidity anomalies (g kg™!, shading)
and 850 hPa zonal wind anomalies (contours, interval of 0.3 m s™, positive, zero
and negative values represented by thin dashed, thick solid and thin solid lines) by

lag regression of 20-100 day band-pass-filtered anomalous specific humidity and
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zonal wind against Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for

observation and (b)-(g) are for simulations with different CP schemes. Regression

is scaled to 3 mm d! precipitation rate. Fields are averaged between 10°S and
10°N. Solid straight lines in each panel denote the eastward propagation speed of
8ms,

Figure 6. Time-height structures of diabatic heating anomalies (K) by lag regression of
20-100 day band-pass-filtered anomalous total diabatic heating at the longitude of
90°E against Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation
and (b)-(g) are for simulations with different CP schemes. Thick solid lines
represent zero heating anomaly. Regression is scaled to 3 mm d™! precipitation rate.
Fields are averaged between 10°S and 10°N.

Figure 7. As in Fig. 6, but for the mass convergence term (10° g kg™ s™) in Eq. (3).

Figure 8. As in Fig. 6, but for the horizontal moisture advection term (10° g kg' s 1) in
Eq. (3).

Figure 9. Time evolution of diabatic heating (K, red line) and moisture divergence (10
6 g kg! s!, sign reversed moisture convergence, blue line) anomalies by lag

regression of 20-100 day band-pass-filtered anomalous of 850-hPa total diabatic

heating and 925-hPa moisture convergence at the longitude of 90°E against Indian

Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation and (b)-(d) are for

simulations with different CP schemes. In (b)-(d), solid and dashed lines represent

original and modified schemes respectively. Regression is scaled to 3 mm d’!

precipitation rate. Fields are averaged between 10°S and 10°N.
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Figure 10. Horizontal patterns of moisture convergence (10 g kg™ s!) and horizontal
wind anomalies calculated by zero lag-regression of 20-100 day band-pass-filtered
anomalous 925-hPa moisture convergence and 850-hPa horizontal wind against
Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation and (b)-(d)
are for simulations with different CP schemes. Regression is scaled to 3 mm d!
precipitation rate.

Figure 11. Longitude-height structures of specific humidity (g kg™ calculated by zero
lag-regression of 20-100 day band-pass-filtered anomalous specific humidity
against Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation and
(b)-(g) are for simulations with different CP schemes. Regression is scaled to 3
mm d! precipitation rate. Fields are averaged between 10°S and 10°N.

Figure 12. Horizontal patterns of the differences of moisture convergence terms (10
g kg s) between 3 pairs of simulations with different CP schemes, calculated by
zero lag-regression of 20-100 day band-pass-filtered anomalous 925-hPa mass
convergence (a, ¢, €) and moisture advection (b, d, f) against Indian Ocean
precipitation (80-90°E; 5°S-5°N). Regression is scaled to 3 mm d™! precipitation
rate.

Figure 13. Longitude-height structures of moisture advection (10 gkg™! s™!) calculated
by zero lag-regression of 20-100 day band-pass-filtered anomalous horizontal
moisture advection against Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is
for observation and (b), (d), (f) are for simulations with SAS, TDK, and KF

schemes respectively. (c), (e), (g) are the differences between 3 pairs of
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simulations. Regression is scaled to 3 mm d' precipitation rate. Fields are
averaged between 10°S and 10°N.

Figure 14. As in Fig. 13 (¢), (e) and (g), but for the zonal (a, ¢, ¢) and meridional (b, d,
f) moisture advection (10 g kg™ s).

Figure 15. Ratio number (occurrence times averaged by total time steps and the number
of horizontal grids in the region of 60-180°E, 15°S-15°N) change for shallow
(circle) and deep (triangle) convection in 3 pairs of simulations with different CP

schemes.
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Figure 1. Boreal winter-mean precipitation (mm d') in observation (a) and simulations
with CP schemes of SAS (b), TDK (d) and KFMT (f). The difference of boreal winter-

mean precipitation (mm d!) between simulations of SAS-n and SAS (c), TDK-n and
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Figure 3. Longitude-time evolution of OLR anomalies by lag correlations of 20-100
day band-pass-filtered anomalous OLR with itself averaged over the equatorial Indian
Ocean box (80-90°E; 5°S-5°N). (a) is for observation and (b)-(g) are for simulations
with different CP schemes. Fields are averaged between 10°S and 10°N. Solid lines in

each panel denote the eastward propagation speed of 8§ m s™.
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797  Figure 4. Frequency-zonal wavenumber power spectra of the symmetric component
798  (about the equator) of OLR for (a) observation and (b)-(g) simulations with different
799  CP schemes. Shaded is the base-10 logarithm of the averaged power between 15°S and

800  I5°N.
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Figure 5. Longitude-time evolution of specific humidity anomalies (g kg™, shading)
and 850 hPa zonal wind anomalies (contours, interval of 0.3 m s™!, positive, zero and
negative values represented by thin dashed, thick solid and thin solid lines) by lag
regression of 20-100 day band-pass-filtered anomalous specific humidity and zonal
wind against Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation and
(b)-(g) are for simulations with different CP schemes. Regression is scaled to 3 mm d-
! precipitation rate. Fields are averaged between 10°S and 10°N. Solid straight lines in

each panel denote the eastward propagation speed of 8 m s™.
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Figure 6. Time-height structures of diabatic heating anomalies (K) by lag regression of
20-100 day band-pass-filtered anomalous total diabatic heating at the longitude of 90°E
against Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation and (b)-
(g) are for simulations with different CP schemes. Thick solid lines represent zero
heating anomaly. Regression is scaled to 3 mm d' precipitation rate. Fields are

averaged between 10°S and 10°N.
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Figure 7. As in Fig. 6, but for the mass convergence term (10° g kg! s!) in Eq. (3).
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Figure 8. As in Fig. 6, but for the horizontal moisture advection term (10° g kg s7) in
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Figure 9. Time evolution of diabatic heating (K, red line) and moisture divergence (10
6o kg! s7!, sign reversed moisture convergence, blue line) anomalies by lag regression
of 20-100 day band-pass-filtered anomalous of 850-hPa total diabatic heating and 925-
hPa moisture convergence at the longitude of 90°E against Indian Ocean precipitation
(80-90°E; 5°S-5°N). (a) is for observation and (b)-(d) are for simulations with different
CP schemes. In (b)-(d), solid and dashed lines represent original and modified schemes
respectively. Regression is scaled to 3 mm d™!' precipitation rate. Fields are averaged

between 10°S and 10°N.
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838  Figure 10. Horizontal patterns of moisture convergence (10 g kg™ s7') and horizontal
839  wind anomalies calculated by zero lag-regression of 20-100 day band-pass-filtered
840  anomalous 925-hPa moisture convergence and 850-hPa horizontal wind against Indian
841  Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation and (b)-(g) are for
842  simulations with different CP schemes. Regression is scaled to 3 mm d! precipitation

843 rate.
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Figure 11. Longitude-height structures of specific humidity (g kg™') calculated by zero
lag-regression of 20-100 day band-pass-filtered anomalous specific humidity against
Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation and (b)-(g) are
for simulations with different CP schemes. Regression is scaled to 3 mm d

precipitation rate. Fields are averaged between 10°S and 10°N.
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Figure 12. Horizontal patterns of the differences of moisture convergence terms (10

gkg! s between 3 pairs of simulations with different CP schemes, calculated by zero

lag-regression of 20-100 day band-pass-filtered anomalous 925-hPa mass convergence

(a, c, €) and moisture advection (b, d, f) against Indian Ocean precipitation (80-90°E;

5°S-5°N). Regression is scaled to 3 mm d™! precipitation rate.
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Figure 13. Longitude-height structures of moisture advection (10 gkg™! s!) calculated
by zero lag-regression of 20-100 day band-pass-filtered anomalous horizontal moisture
advection against Indian Ocean precipitation (80-90°E; 5°S-5°N). (a) is for observation
and (b), (d), (f) are for simulations with SAS, TDK, and KFMT schemes respectively.
(c), (e), (g) are the differences between 3 pairs of simulations. Regression is scaled to

3 mm d’! precipitation rate. Fields are averaged between 10°S and 10°N.
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868  Figure 14. As in Fig. 13 (c), (e) and (g), but for the zonal (a, c, ) and meridional (b, d,

869  f) moisture advection (10° g kg™! s1).
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871

872  Figure 15. Ratio number (occurrence times averaged by total time steps and the number
873  of horizontal grids in the region of 60-180°E, 15°S-15°N) change for shallow (circle)

874  and deep (triangle) convection in 3 pairs of simulations with different CP schemes.
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