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Abstract This work seeks to find the most effective
parameters in a deep convection scheme (relaxed Arakawa—
Schubert scheme) of the National Centers of Environmen-
tal Prediction Climate Forecast System model for improved
simulation of the Madden—Julian Oscillation (MJO). A
suite of sensitivity experiments are performed by changing
physical components such as the relaxation parameter of
mass flux for adjustment of the environment, the evapora-
tion rate from large-scale precipitation, the moisture trig-
ger threshold using relative humidity of the boundary layer,
and the fraction of re-evaporation of convective (subgrid-
scale) rainfall. Among them, the last two parameters are
found to produce a significant improvement. Increasing the
strength of these two parameters reduces light rainfall that
inhibits complete formation of the tropical convective sys-
tem or supplies more moisture that help increase a potential
energy to large-scale environment in the lower troposphere
(especially at 700 hPa), leading to moisture precondition-
ing favorable for further development and eastward prop-
agation of the MJO. In a more humid environment, more
organized MJO structure (i.e., space—time spectral sig-
nal, eastward propagation, and tilted vertical structure) is
produced.
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1 Introduction

The Madden—Julian Oscillation (MJO) is the most promi-
nent mode of tropical intraseasonal (30-90 days) variabil-
ity (Madden and Julian 1994; Zhang 2013) and affects the
weather and climate over the globe, including the initiation
and withdrawal of the Indian and Australian monsoon sys-
tems (Wheeler and McBride 2005), modulation of tropi-
cal cyclones (Maloney and Hartmann 2000; Kim and Seo
2016), formation of extratropical circulation anomalies
through teleconnections (Seo and Son 2012), and some El
Nifio events (Takayabu et al. 1999).

Despite its significant impact on global climate and
weather, most contemporary general circulation models
(GCMs) suffer from difficulties in realistically simulating
the MJO (Lin et al. 2006; Seo et al. 2007; Seo and Wang
2010; Hung et al. 2013; Kim et al. 2014; Jiang et al. 2015).
Hung et al. (2013) demonstrated that seven out of 20 cou-
pled GCMs, participating in the Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment Report (ARS),
are able to produce a MJO-like variance and a pronounced
30-70-day period spectral peak. However, only one model
reproduced a realistic eastward propagation of the MJO.
Furthermore, Jiang et al. (2015) showed that only eight out
of 27 models used in the MJO Task Force (MJOTF) and
GEWEX Atmospheric System Study (GASS) Global MJO
Model Comparison Project, are able to capture dominant
signals of MJO propagation.

Deficiencies and uncertainties in MJO simulation stem
from a deep convection parameterizations, which are
one of the most important issues in the climate modeling
community. For example, Wang and Schlesinger (1999)
showed that increasing the relative humidity threshold
in a deep convection scheme leads to the improved MJO
simulation. The MJO evaluation in the IPCC ARS models
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by Hung et al. (2013) demonstrated that GCMs using con-
vective triggers linked to low-level moisture convergence
can simulate the MJO well. Recently, it has been widely
documented that the MJO is considered a moisture mode
(Sobel et al. 2001; Sobel and Maloney 2012, 2013) and a
robust relationship between deep convection and environ-
mental moisture has been found in observations (Brether-
ton et al. 2004) and modeling studies (Thayer-Calder and
Randall 2009; Kim et al. 2014; Hagos et al. 2014, 2016).
Kim et al. (2014) suggested that MJO simulation skill is
significantly correlated with moisture—convection sensi-
tivity. Therefore, it is important to investigate the physical
relationship between convection and moisture for robust
MJO simulations.

In this study, we investigate control parameters (such
as thresholds related to moisture triggers and the fraction
of re-evaporation of convective rainfall) in a deep convec-
tion scheme for an improved simulation of the MJO, using
the National Centers for Environmental Prediction (NCEP)
Climate Forecast System (CFS) model with a relaxed
Arakawa—Schubert (RAS) (Arakawa and Schubert 1974;
Moorthi and Suarez 1999) cumulus scheme. A previous
study by Seo and Wang (2010) showed that this version of
the model produces a much-improved tropical intraseasonal
oscillation, but that the model deficiencies still exist. We
have conducted a variety of sensitivity experiments with
the RAS scheme by modifying physical components such
as the relaxation parameter of mass flux for adjustment
of the environment, the evaporation rate from large-scale
precipitation, the moisture trigger threshold using relative
humidity of the boundary layer, and the fraction of re-evap-
oration of convective (subgrid-scale) rainfall. Among them,
only the last two parameters are selected for the evaluation
because no sensitivity appears in the other parameters.

Section 2 portrays the models, experimental configura-
tion, and observational data. The distribution of the rea-
sonable mean state precipitation, and relationship between
environmental moisture and convection for the realistic
MJO simulation are presented in Sect. 3. In Sect. 4, results
from the sensitivity simulations that seek to understand
the characteristics of the horizontal and vertical organiza-
tion are described. Finally, the summary and discussion are
given in Sect. 5.

2 The CFS model, experiment and observations

The NCEP’s coupled ocean—atmosphere CFS model (Saha
et al. 2006) is used in this study. The atmospheric compo-
nent (the Global Forecast System model) adopts a spectral
truncation of 62 waves (T62) in the horizontal (~209 km)
and a finite differencing in the vertical with 64 sigma lay-
ers. The oceanic component is the Geophysical Fluid
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Dynamics Laboratory Modular Ocean Model version 3
(Pacanowski and Griffies 1998).

The RAS scheme invoked in this study is an updated
version of the original scheme (Moorthi and Suarez 1992),
which includes convective downdrafts (Cheng and Arakawa
1997a, b), evaporation of falling precipitation (Sud and
Molod 1988), and an improved cloud updraft model. In
particular, the RAS scheme considers multiple cloud types
with relaxed quasi-equilibrium states, and allows updraft
detrainment at different cloud tops. In addition, a thresh-
old of relative humidity of the boundary layer is added as a
trigger function of convection initiation.

A series of sensitivity experiments were conducted by
applying different values of critical relative humidity (RH)
of the boundary layer for convection triggering. Thresh-
old values of 65.0 % (RH65), 75.0 % (RH75, control run),
80.0 % (RHS80), 82.5 % (RHS825), and 85.0 % (RH85) are
used. We regard higher values of the critical RH as more
stringent triggers, which make it harder for deep convection
to be initiated. Two additional simulations are performed to
investigate the sensitivity to a fraction of re-evaporation of
convective precipitation: the weakened case (Reevap_W)
was set to be about one-tenth of its original fraction, while
the strengthened case (Reevap_S) was configured to be
twice the original fraction (see Table 1). Note that as the
fraction of re-evaporation of falling rainfall increases, more
enhanced deep convection occurs in a more humid atmos-
phere. The exact formalism related to this process can be
found in Moorthi and Suarez (1999) (see their Egs. 102—
103). A summary of the experimental design is shown in
Table 1. Note that uncoupled (atmosphere-alone) model
experiments were performed by applying the same varia-
tions as those for coupled runs, but all simulations showed
stationary or westward-moving intraseasonal disturbances.
Also, these simulations produced more overreddened
variance (no isolating intraseasonal power) and weaker
dynamic—thermodynamic organization than the coupled
ones. For these reasons, we adopt the coupled atmosphere—
ocean CFS model in this study.

Simulations were initiated from the observed analy-
sis of 1 January 1984 and run for six years. Only the last
5 years of model output were analyzed. Note that all CFS
simulations in this study exhibit one El Nifio event and
one La Nifia event over the NINO 3.4 region (5°S—5°N,
170°W-120°W) during the integration time period, imply-
ing that the simulated sea surface temperature (SST)
anomaly over this region does not drift towards perpetual
El Nifio or La Nifia state. The observational data used in
this study consist of the daily outgoing longwave radiation
(OLR) data from the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting series of satel-
lites (Liebmann and Smith 1996), the Global Precipitation
Climatology Project, version 1.1 (GPCP vl1.1) (Huffman
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Table 1 Experimental details

Critical relative humidity® (%) Fraction of re-evaporation of falling convective precipitation

f Experiment

Qr the NCEP CFS model Name?

simulations
RH65 65.0
RH75 75.0
(CTRL)
RHS80 80.0
RHS825 82.5
RHS85 85.0

Reevap_ W  75.0
Reevap_S 75.0

Normal
Normal

Normal
Normal
Normal
Weak*®

Strong?

Bold indicates the modified parameters in each simulation

4 The Relaxed Arakawa—Schubert (RAS) cumulus scheme is applied to all experiments

b Convection occurs when relative humidity of the boundary layer equals or exceeds a critical value

¢ Fraction of re-evaporation of falling convective rainfall is reduced to one-tenth of the original value

4 Fraction of re-evaporation of falling convective rainfall is doubled

et al. 2001), and the European Centre for Medium-Range
Weather Forecasts (ECMWF) Interim Re-Analysis (ERAI)
(Dee et al. 2011). The data period is from 1997 to 2006.

All datasets are regridded into a 2.5° by 2.5° longitude—
latitude grid to match the CFS output. Daily anomalies for
all datasets are calculated by subtracting the time mean and
the first three harmonics.

3 Relationship between environmental moisture
and convection

According to previous studies of the MJO (Kim et al. 2009;
Jiang et al. 2015), a reasonable mean state precipitation is
necessary for the realistic MJO simulation. Figure 1 shows
annual-mean precipitation from observation (GPCP) and
NCEP CFS simulations. Most of the CFS runs struggle
with a double inter-tropical convergence zone (ITCZ) over
the western Pacific and excessive rainfall over the Indian
Ocean and the Maritime Continent. However, as the mois-
ture trigger or the fraction of re-evaporation of precipitation
is strengthened, although the climatological-mean precipi-
tation pattern for most of RH experiments (Fig. 1c—e) does
not change much from the control simulation (Fig. 1b), the
mean pattern in Reevap_S (Fig. 1h) is improved with a sig-
nificant reduction in wet bias over the Indian Ocean and the
western Pacific.

Contemporary climate models used in the Phase 3 and
Phase 5 of the Coupled Model Intercomparison Project (i.e.,
CMIP3 and CMIP5) have produced frequent light rainfall
(0.1-10 mm day~!) that inhibits complete formation of the
tropical convective cloudiness (Xavier 2012; Kim et al.
2014). Accordingly, the frequency of background precipita-
tion rate needs to be examined. The distribution of precipi-
tation over the equatorial warm pool region (10°S—10°N,

50°-180°E) as a function of accumulated percentiles
(divided by the lower 80th and upper 20th percentiles) is
presented in Fig. 2, which shows that zero precipitation in
GPCP accounts for about 36 % (Fig. 2a). As the more strin-
gent RH threshold is applied as a trigger function, large
percentiles for no rainfall appear; 21 % for RH65, 22 % for
RH75 (CTRL), 31 % for RH80, 42 % for RH825, and 44 %
for RH85. Since 80 % of total precipitation in the sensitiv-
ity experiments corresponds to ~10 mm day~' (upper limit
of light (0.1-10 mm day ') rainfall), the frequency of light
rainfall can be estimated by subtracting the percentage of
no rainfall. This results in light rainfall representing only
~35-40 % of the total precipitation for RH85 and RHS825,
whereas the RH65, RH75 (CTRL), and RH80 simulations
produce light rainfall making up ~50-60 % of the total pre-
cipitation. Note that sensitivity experiments associated with
the relaxation parameter of mass flux for adjustment of the
environment and the evaporation rate from large-scale pre-
cipitation also show higher rate of light rainfall similar to
RH75 (CTRL) (not shown). Overall, the RH825 simulation
shows a frequency distribution that most closely matches
the GPCP data (Fig. 2a) and the overly frequent light rain-
fall occurs for the experiment with the less stringent RH
threshold. From the distribution of the higher rainfall inten-
sities (Fig. 2b), it is evident that more intense precipitation
(Fig. 2b) is generated as the moisture trigger or the fraction
of re-evaporation of convective rainfall is strengthened.

To provide additional details regarding the relation-
ship between moisture and convection, composite verti-
cal profiles of the RH as a function of daily average rain-
fall over the tropical warm pool region are presented in
Fig. 3. In the observation (Fig. 3a), as the rainfall inten-
sity increases, the lower troposphere becomes more
humid, and the entire column is fully saturated for pre-
cipitation amounts greater than 25 mm day~!. That
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Fig. 1 Annual-mean precipitation (contours; intervals of 2 mm day ™' starting at 4 mm day™") from a GPCP and b—h NCEP CFES simulations: b
RH75 (control run; CTRL), ¢ RH65, d RH80, e RH825, f RHSS, g Reevap_W, and h Reevap_S

is, heavier rainfall is suppressed until the atmosphere
becomes nearly saturated with relative humidity higher
than 70 % (shown as dotted contours). This is similar
to the previous finding of Bretherton et al. (2004), who
showed that more convective rainfall develops in a more
humid atmosphere (i.e., moisture—convection feedback).
Compared to the observation (Fig. 3a), RH75 (CTRL)
(Fig. 3b) shows a much drier atmosphere for low precipi-
tation intensity (~1 mm day~!); this dry bias can be seen
in many contemporary climate models. Also, a wet bias is
observed in the lower to middle troposphere for moder-
ate to heavier rainfall (>10 mm day~!). This means that
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the updated RAS scheme that includes realistic physi-
cal processes (e.g., convective downdrafts, evaporation
of falling rainfall, and improved convective structure),
leads to the improved vertical moistening structure than
the original version (Moorthi and Suarez 1999). However,
as the moisture trigger or the fraction of re-evaporation
of precipitation becomes stronger, certain precipitation
rate occurs in a more humid environment (Fig. 3b-h). In
particular, experiments with a more stringent moisture
trigger (RH825 and RHS85) exhibit more humid regions
in the lower troposphere (between 900 and 700 hPa) for
light rainfall (0.1-10 mm day_l) (Fig. 3e, f), and the
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Fig. 2 Histogram of precipitation (mm day~') over the equatorial
warm-pool region (10°S—10°N, 50°-180°E) as a function of accumu-
lated percentiles. a Lower 80th percentiles, and b upper 20th percen-
tiles are plotted

experiment with a stronger re-evaporation of convective
rainfall (Fig. 3h) shows more moist areas in the boundary
layer to the middle troposphere (surface to 500 hPa) for
moderate to heavier rainfall (>10 mm day~') (Fig. 3h).

To further clarify this difference of moist environment,
Fig. 4 shows the composite vertical profiles of difference
in relative humidity between sensitivity simulations and
the RH75 (CTRL). In contrast to RH75 (CTRL), RH825
(Fig. 4a) and RHS85 (Fig. 4b) produce a maximum humid
environment in the lower troposphere for light rainfall
regime. Although humid regions exist in the upper tropo-
sphere (about 300 hPa), these two simulations still show
dry biases compared with the observation (Fig. 3d, f). This
moistening in the lower troposphere represents a reduction
in the frequency of light precipitation due to a more strin-
gent moisture trigger (see Fig. 2a). For the simulation with
re-evaporation of convective rainfall, Reevap_W (Fig. 4c)
shows an overall dry bias for moderate to heavier rainfall,
whereas Reevap_S (Fig. 4d) reproduces moist column
for generally all rain rates. In particular, the moist regime
is concentrated at the lower troposphere (about 700 hPa).

Also, the RH in moderate to heavier regime increases rela-
tive to a light rainfall regime (see Fig. 3h). This is related to
more organized intense rainfall through more humid envi-
ronment. This result suggests that a rigorous moisture trig-
ger and stronger fraction of re-evaporation of convective
precipitation may be critical factors for the realistic mois-
ture—convection feedback.

An additional simulation is conducted to assess the
combined effects of the two experiments (i.e., RH825 and
Reevap_S) that produce a favorable humid environment for
deep convection (not shown). Interestingly, this simulation
produces an overly moist column for all rainfall intensities
(especially at 700 hPa). However, this simulation shows
an overreddened signal (>100 days), weaker moisture pre-
conditioning, and lack of top-heavy heating (cooling in the
entire column) in the deep convection phase. Due to com-
plex interactions between physical processes in the deep
convection scheme, the cause for this degeneration remains
unanswered and this will be investigated in detail in the
near future.

4 Sensitivity of simulated MJO

To check the dominant MJO-related spectral signals, we
examine the signal-to-noise ratio of the observed and mod-
eled convection (OLR) anomalies using the methodology of
Wheeler and Kiladis (1999). Figure 5 shows the signal-to-
noise ratio in the wavenumber—frequency spectral domain
of symmetric components of the observed and simulated
OLR anomalies. Only spectra of symmetric components are
presented, as the characteristics of the antisymmetric spec-
tra are similar. In the observation (Fig. 5a), westward-mov-
ing equatorial Rossby (ER) waves emerge, and eastward-
moving MJO and Kelvin waves with stronger amplitude are
verified. The observed MJO signal is evident in the intrasea-
sonal band of 30-80-day periods (and wavenumbers 1-3)
with a center at around 40-50 days and zonal wavenumber
1. The RH65 (Fig. 5¢), RH75 (Fig. 5b), RH80 (Fig. 5d), and
Reevap_W (Fig. 5g) display the MJO spectral peak existing
at periods of 70-90 days and wavenumbers 2—4, and hence,
they tend to have higher signal-to-noise ratio at slightly
lower frequencies (which originates from part of red back-
ground noise as suggested by Lin et al. (2006)) and higher
wavenumbers than the observation. Note that when the
relaxation parameter of mass flux for adjustment of the envi-
ronment and the evaporation rate from large-scale precipita-
tion are modified, spectral signals in these simulations are
similar to the RH75 (not shown). However, the spectral sig-
nal-to-noise ratio for RH825 (Fig. 5e¢) shows that the domi-
nant variance is concentrated in an eastward-propagating
signal at periods near 50 days and wavenumber 1, but with
weaker magnitude. Compared with the RH825 simulation,
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Fig. 3 Composite vertical profiles of relative humidity catego-
rized by daily average rainfall over the tropical warm-pool region
(10°S-10°N, 50°-180°E) for a observations (OBS) (contour intervals
of 10 %) and b-h vertical profiles of the difference in relative humid-

RHS85 (Fig. 5f) has higher frequencies (~30 days). The
other two experiments, Reevap_W (Fig. 5g), and Reevap_S
(Fig. 5h), show that as the fraction of re-evaporation of con-
vective rainfall is strengthened, the MJO signal becomes
stronger with realistic frequencies (55 days for Reevap_S),
similar to the observation.

We further investigate the horizontal and vertical MJO
structures by regressing onto a time series of the 20-90 day
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ity (contour intervals shown in the lower color bar) between observa-
tions and simulations; b RH75 (CTRL), ¢ RH65, d RH80, e RH825,
RHSS, g Reevap_W, and h Reevap_S. In (a), the 70 % contour line is
dotted for clarity

bandpass-filtered OLR averaged over the equatorial Indian
Ocean (5°S—-5°N, 75°-85°E). Note that results are simi-
lar for time series based on the western Pacific (5°S-5°N,
130°-150°E) (not shown). The regressed OLR in the longi-
tude—time domain is illustrated in Fig. 6. The negative OLR
anomaly (i.e., enhanced convection) moves eastward from
the Indian Ocean to the dateline at a speed of about 4 m s~
in RH825 (Fig. 6e) and Reevap_S (Fig. 6h), comparable to
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Fig. 4 As in Fig. 3, but for vertical profiles of the difference in relative humidity between RH75 (CTRL) and other simulations: a RH825, b

RHSS, ¢ Reevap_W, and d Reevap_S

the observation (Fig. 6a). However, the other models tend to
exhibit too slow eastward-propagating signals (i.e., phase
speed of about 2.5 m s7!), which are represented in the
intraseasonal variance shifted toward the lower frequencies
(>80 days) in Fig. 5. In addition, westward-moving signals are
found over the western Pacific (especially, Fig. 6¢c, d, and f).
Vertical profiles of regressed specific humidity at lag day
0 are shown in Fig. 7. In the observation (Fig. 7a), shallow
moistening to the east of enhanced convection grows up to
700 hPa, making a favorable condition for subsequent deep
convection. During and after deep convection, deep mois-
tening develops in the entire troposphere (700-300 hPa)
with a peak near 650 hPa, while drying appears in the
lower troposphere (below 600 hPa). In particular, the mod-
els (both RH825 and Reevap_S) that perform better in the
moisture—convection feedback and the MJO spectral struc-
ture (Fig. 7e and h) exhibit abundant low-level moisten-
ing prior to intense deep convection and a gradual upward
development of moisture anomalies, in agreement with the
observation. Note that there is no sensitivity to differences
in the integration level (e.g., 1000-850 or 1000-100 hPa)
because a large amount of moisture resides in the lower
troposphere (below 600 hPa). As described above, low-
level moistening ahead of enhanced convection is also well
simulated in the RH825 and Reevap_S (Fig. 8a). West of
deep convection, drying signature in these two simulations
is well captured although the magnitude is larger than the
other simulations and observation. Furthermore, the posi-
tive MSE anomalies in the lower troposphere to the east
of deep convection (Fig. 8b), which act to supply richer

energy to the well-organized convection, are similar to the
observation. This is consistent with the recharge—discharge
theory by Bladé and Hartmann (1993) and Kemball-Cook
and Weare (2001).

To explain the reason for a better MJO simulation in the
RHS825 and Reevap_S, vertical profiles of regressed appar-
ent convective heating, Q; (Yanai et al. 1973), are presented
in Fig. 9. Note that Q, is averaged over preconditioning
(120°-135°E) and trailing (50°-65°E) regions to represent
the robust heating structure before and after the enhanced
MJO convection. In Fig. 9b, a typical bottom-heavy heat-
ing structure over the preconditioning region is observed
in the lower troposphere with a maximum amplitude near
850 hPa, while RH75 (CTRL) displays no shallow heating
in the lower troposphere and almost cooling throughout the
atmospheric column. However, RH825 and Reevap_S show
a structure similar to the observation, even though peak
heating is weaker than in the observation. Wu (2003) pro-
posed that a shallow (bottom-heavy) heating profile asso-
ciated with a preconditioning signal drives a stronger low-
level moisture convergence. For this, column-integrated
(surface to 850 hPa) moisture convergence (—V - (¢ V))
is calculated (not shown) and both RH825 and Reevap_S
show somewhat stronger low-level moisture convergence
prior to intense convection than the other simulations. To
the west of the enhanced convection (Fig. 9a), top-heavy
heating related to the second baroclinic structure is evident,
because condensational heating associated with stratiform
clouds occurs mainly in the upper and middle troposphere
(with a peak near 400 hPa) and cooling develops in the
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Fig. 5 Signal-to-noise ratio

in the wavenumber—fre-

quency spectral domain of

the 15°S—15°N symmetric
components of OLR anomalies
for a NOAA OLR, b RH75
(CTRL), c RH65, d RHS80, e
RH825, f RH8S5, g Reevap_W,
and h Reevap_S. Dispersion
curves of the tropical waves

are superimposed for the three
equivalent depths of 12, 25, and
50 m (where the uppermost line
is 50-m equivalent depth). The
contour interval is 0.2 W2 m™,
and shading begins at a value of
12W?m™

(a) NOAA OLR
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lower troposphere (below 650 hPa for only the observation

and Reevap_S).

5 Summary and discussion

To investigate the effect of control parameters in a deep
convection scheme for the proper simulation of the MJO, a
series of experiments were performed with the NCEP CFS
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model employing the RAS convection scheme by modify-
ing a moisture triggering parameter and a fraction of re-
evaporation of convective precipitation. In the basic state,
the former is related to a reduction of frequent light rain-
fall (0.1-10 mm day~") due to stringent convective triggers
(requirement of more moisture in the lower troposphere
between 900 and 700 hPa) and the latter produces a more
humid environment from the boundary layer to middle
troposphere (especially at 700 hPa) for moderate to heavier
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Fig. 6 Lag-longitude cross section of regressed OLR anomalies
(contours, intervals of 3.0 W m~2 including = 1.0 W m™2) against
the OLR time series at the reference box (5°S-5°N, 75°-85°E) for
a OBS, and b-h NCEP CFS model simulations. Regressed fields

rainfall (>10 mm day~') with enhanced evaporation. A
signal-to-noise ratio in wavenumber—frequency spectral
domain shows that all CFS experiments tend to simulate
spectral signal at slightly lower frequencies (from part of
an overreddened spectrum) and higher wavenumbers than

1
1 3 6 9 12 15

are averaged for the latitudes from 10°S to 10°N. The zero contour
is omitted and the black rectangles in the abscissa denote the loca-
tions of the reference points. For each panel, the slanted solid (long-
dashed) line represents phase speed of 5.0 ms™' (2.5 m s ™)

the observed (except for RH85). However, RH825 and
Reevap_S generate a more realistic spectral band at periods
near 50-55 days and wavenumber 1 (except for Reevap_S
with wavenumber 3). Furthermore, in these two simulations
the eastward-moving signal and the structure of dynamic
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Fig. 7 Longitude-height cross section of regressed specific humidity
anomalies (contours, intervals of 0.05 g kg™') on lag day O against
the OLR time series at the reference box (5°S-5°N, 75°-85°E) for a

and thermodynamic variables associated with the MJO are
better organized than the other simulations. Under these
humid environmental conditions resulting from rigorous
moisture triggers and a higher fraction of re-evaporation
of convective rainfall, the atmosphere is preconditioned by
existence of more active shallow cumulus and congestus

@ Springer

OBS, and b-h NCEP CFS model simulations. Regressed fields are
averaged for the latitudes from 10°S to 10°N. The black rectangles in
the abscissa denote the locations of the reference points

clouds, leading to more moistening and warming in the
lower troposphere. The subsequent enhanced deep con-
vection induces more a humid environment owing to
increased detrainment, leading to a higher potential for a
more organized convective system, consistent with the
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Fig. 8 As in Fig. 7, but for vertically integrated (from the surface to
600 hPa) fields of regressed a specific humidity and b moist static
energy against the OLR time series at the reference box (5°S—-5°N,
75°-85°E)

moisture—stratiform instability theory proposed by Mapes
(2000) and Kuang (2008).

Recent analyses on the observational data from the
2011 Dynamics of the MJO (DYNAMO) field campaign
provided insights into the three-dimensional MJO struc-
ture (Hagos et al. 2014, 2016; Wang et al. 2015; Xu and
Rutledge 2014). Here we analyzed these DYNAMO CSU
Array—Averaged products (Johnson and Ciesielski 2013;
Ciesielski et al. 2014) over the Northern Sounding Array
(NSA) region. The Wheeler—-Hendon real-time multivariate
MJO (RMM) index (Wheeler and Hendon 2004) is used to
classify MJO phase. The following results, which are con-
sistent with the previous findings, are confirmed: (1) coher-
ent moisture—convection relationship (Fig. 10a; similar to
those from ERAI as shown in Fig. 3a), (2) shallow-to-deep-
to-stratiform moistening (or moist static energy) transition
during MJO life cycle (Fig. 10b, c; similar to Figs. 7a, 8),
and (3) bottom-heavy heating profile at the precondition-
ing stage, top-heavy heating profile at the mature and trail-
ing phases, and cooling profile during suppressed phase
(Fig. 10d; similar to Fig. 9).

On the other hand, cloud-radiative interaction is consid-
ered to be an essential processes to simulate the realistic
MIJO (Del Genio and Chen 2015; Jiang et al. 2011; Kim
et al. 2015; Ma and Kuang 2011). To investigate the role
of cloud-radiative interaction, we plotted the column inte-
grated net radiative heating vs precipitation anomalies
regressed onto the OLR time series measured at the refer-
ence box of the equatorial central Indian Ocean (5°S-5°N,
75°-85°E), as done in Del Genio and Chen (2015). Only

Fig. 9 Asin Fig. 7, but for (a) Trailing region (Q , 50E~65E) (b) Preconditioning region (Q,, 120E~135E)
vertical profiles of regressed 200 T T 200 T y 7T T
apparent convective heat source
(Q;, in unit of K day™") for
RH75 (CTRL), RH825, and
Reevap_S, averaged over a trail-
ing (IOOS*IOON, SOO*GSOE) and 400 400
b preconditioning (10°S—10°N,
120°-135°E) region
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Fig. 10 Composite fields of the DYNAMO CSU 3-month sounding
products averaged over the NSA region: a vertical structure of rela-
tive humidity relative to precipitation rate in TRMM 3B42v7, b ver-
tical profile of specific humidity anomalies, ¢ vertically integrated
(from the surface to 600 hPa) specific humidity and moist static
energy, and d vertical profile of apparent convective heat source (Q,)

active phase (around zero lag) is plotted in Fig. 11. From
this plot, it is seen that both the column net radiative heat-
ing and precipitation anomalies are greater in RH825
(Reevap_S) than in RH65 (Reevap_W, respectively),
implying that cloud-radiative interaction acts to enhance
the intraseasonal activity. Similarly, for the nearly same net
radiative heating anomalies (say, lag —5 days for RH825
and RH65 in Fig. 11a, or lag —10 days for Reevap_S and
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sis indicate the number of each MJO phase during 01 Oct 2011-31
Dec 2011. In d, because the NSA region represents phases 2 or 3 in
WH RMM index, phase 1, 2, 3, and 6 corresponds to preconditioning,
mature, trailing, and suppressed state, respectively

Reevap_W in Fig. 11b), RH825 (Reevap_S) produces
more precipitation than RH65 (Reevap_W, respectively),
suggesting greater efficiency in generating intraseasonal
variability in RH825 or Reevap_S. Therefore, the proper
cloud-radiative interaction is important in producing the
MJO-like variability.

As a complimentary evaluation of the overall per-
formance of the precipitation process in the model, the
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Fig. 11 Time evolution of rainfall anomalies and column integrated
(from the surface to 200 hPa) net radiative heating for a RH825 and
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OLR time series at the reference box (5°S—-5°N, 75°-85°E) and then
averaged over the equatorial central Indian Ocean (10°S—10°N, 75°-
85°E). The crosses (diamonds) represent positive (negative) lag days
relative to the OLR time series with every 5 days marked
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Fig. 12 The fraction of stratiform precipitation to total precipitation
over the equatorial warm-pool region (10°S—10°N, 50°-180°E) for
each simulation

fraction of stratiform precipitation out of total precipitation
over the equatorial warm pool region is depicted in Fig. 12.
Especially the stratiform precipitation process plays a criti-
cal role in the maintenance of the MJO by elevating a ver-
tical heating profile and generating eddy available poten-
tial energy (Fu and Wang 2009; Seo and Wang 2010). In
this study, the stratiform rain fraction accounts for ~40 %
in RH825 and ~38 % in Reevap_S, which is in very good
agreement with the observed ratio described in Schumacher
and Houze (2003).

To summarize, our results suggest that the MJO simula-
tion using the coupled CFS with the RAS scheme is sensi-
tive to a moisture triggering parameter and fraction of re-
evaporation of convective precipitation, and that a positive
relationship between moisture and convection is a neces-
sary key factor for simulating a realistic MJO. However,
there remain some deficiencies in RH825 and Reevap_S.
For example, the variance of the MJO disturbance (Fig. 5)
and the shallow (bottom-heavy) heating or low-level mois-
ture convergence prior to deep convection (Fig. 9b) are
weaker than in the observation, even though these mag-
nitudes are larger than in other simulations. Furthermore,
the MJO simulations associated with the relaxation param-
eter of mass flux for adjustment of the environment and
the evaporation rate from large-scale precipitation produce
a considerable amount of light rainfall and higher signal-
to-noise ratio at lower frequencies and higher wavenum-
bers than the observation (not shown). Therefore, there
still exist many physical processes that are in need of
improvement.
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