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ABSTRACT
Contributions by different physical processes and cloud types to the sum of the large-scale vertical moisture
advection and apparent moisture sink observed by the DYNAMO field campaign northern sounding array
during the passage of a Madden–Julian oscillation (MJO) event are estimated using a cloud-resolving model.
The sum of these two moisture budget terms is referred to as the column-confined moisture tendency MC.
Assuming diabatic balance, the contribution of different physical processes and cloud types to the large-scale
vertical velocity and MC can be estimated using simulated diabatic tendencies and the domain-averaged static
stability and vertical moisture gradient. Low-level moistening preceding MJO passage is captured by MC and
dominated by the effects of shallow clouds. Because of the large vertical moisture gradient at this level,
condensational heating in these clouds generates ascent and vertical moisture advection overwhelming the
removal of water vapor by condensation. Shallow convective eddy transport also contributes to low-level
moistening during this period. Eddy transport by congestus and deep convective clouds contributes to subsequent mid- and upper-level moistening, respectively, as well as low-level drying. Because the upper-level
vertical moisture gradient is small, ice deposition within stratiform clouds has a net drying effect. The weak
eddy transport in stratiform clouds is unable to compensate for this drying. Nonprecipitating clouds mainly
modulate MC through their effects on radiation. During the enhanced phase, reduced longwave cooling results in less subsidence and drying; the opposite occurs during the suppressed phase. Large-scale horizontal
advection, which is not included in MC, is responsible for much of the drying during the dissipating phase.

1. Introduction
The Madden–Julian oscillation (MJO) is a planetaryscale phenomenon that modulates convective activity in
the tropics on intraseasonal time scales (30–100 days)
(Madden and Julian 1971, 1972). The MJO is characterized by an envelope of increased rainfall and freetropospheric water vapor that originates over the Indian
Ocean, propagates eastward at 5–8 m s21, and dissipates
over the central Pacific. This convective envelope
modulates rainfall and tropical cyclogenesis as it propagates while the associated latent heat release generates
teleconnection patterns that affect global weather and
climate (e.g., Zhang 2005, 2013). The ability of global
operational and climate models to capture moisture–
convection interactions within this convective envelope
is closely related to their being able to simulate its
growth and propagation (e.g., Bechtold et al. 2008;
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Hirons et al. 2013b,a; Kim et al. 2014; Klingaman
et al. 2015).
Observational studies have demonstrated that, moving eastward across the convective envelope, the dominant cloud type transitions from shallow convection to
congestus, to deep convection, to stratiform (Deng et al.
2013). The coincidence of low-level moistening and both
shallow and congestus clouds ahead of the MJO envelope has led many studies to infer that these cloud types
contribute significantly to this moistening (e.g., Johnson
et al. 1999; Benedict and Randall 2007). At long time
scales and large spatial scales in the tropics, vertical
velocity is closely related to the diabatic heating within
clouds (Sobel et al. 2001). Taking advantage of this fact,
Chikira (2014) used a global model with parameterized
convection to examine the contribution of different
physics processes to the moisture tendency observed
during the passage of an MJO envelope. This included
the contribution of each process to the large-scale
moisture advection diagnosed by relating large-scale
velocity and simulated diabatic heating. In this study, we
take a similar approach but instead use a cloud-resolving
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model (CRM) to examine the contribution of individual
physics processes and cloud types to the evolution of
moisture.
‘‘Moisture mode’’ theories of the MJO (Raymond
2001; Raymond and Fuchs 2009; Sobel and Maloney
2012, 2013; Adames and Kim 2016) hypothesize that the
growth/dissipation and movement of moisture anomalies is critical to the development and characteristics of
the eastward-moving convective envelope observed in
the Indian Ocean and west Pacific associated with the
MJO. This is supported by modeling experiments, which
have shown that simulating MJO-like convective envelopes requires the cumulus parameterization to be sensitive to moisture (Maloney 2009; Hannah and Maloney
2011, 2014) and that this feature cannot develop when the
growth of moisture anomalies is suppressed (Grabowski
and Moncrieff 2004).
On the scale of the MJO, column-integrated moist
static energy (MSE) anomalies, which are equivalent to
column water vapor anomalies under the weak temperature gradient (WTG) approximation, amplify
through increased surface fluxes (Sobel et al. 2010)
and reduced radiative cooling (Ma and Kuang 2011).
The modulation of horizontal advection by synopticscale eddies on the eastern side of the MJO envelope
(Maloney 2009; Kiranmayi and Maloney 2011; Andersen
and Kuang 2012) and the intense dry air advection by
westerlies on the western side of the MJO envelope
(Kerns and Chen 2014) appear to play an important role
in explaining the eastward movement of the MJO.
Vertical advection may also contribute to the eastward
propagation of the MJO through shallow and congestus moistening on the leading edge of the convective envelope but likely cannot explain why eastward
propagation is selected over westward propagation
(Masunaga and L’Ecuyer 2014; Sobel et al. 2014; Wang
et al. 2015).
The Dynamics of the MJO (DYNAMO)/ARM MJO
Investigation Experiment (AMIE)/Cooperative Indian
Ocean Experiment on Intraseasonal Variability (CINDY)
field campaign (herein referred to as DYNAMO) collected an unprecedented quantity of observations in
the Indian Ocean from October 2011 to March 2012
(Yoneyama et al. 2013; Zhang 2013). The properties
and behavior of convection during DYNAMO were well
observed by numerous radars operating at a variety of
wavelengths (Powell and Houze 2013; Zuluaga and
Houze 2013; Deng et al. 2014). In addition, the apparent heat source Q1 and moisture sink Q2 (Yanai
et al. 1973), as well as the large-scale advective tendencies, were derived using observations from two sounding
arrays (Johnson and Ciesielski 2013; Ciesielski et al. 2014;
Johnson et al. 2015).
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Assuming that they reproduce the frequency and
properties of different cloud types, CRMs forced by
large-scale advective tendencies can be used to estimate
the contributions of these cloud types to Q1 and Q2 (e.g.,
Tao et al. 2003). However, Q2 is only one part of the
moisture budget. In tropical regions with high rain rates,
there is often a large cancellation between the drying
due to Q2 and the large-scale vertical moisture advection (Chikira 2014). In such regimes, the vertical velocity
can be related to Q1 by assuming that vertical potential
temperature advection and Q1 are balanced. This is
closely related to the WTG and weak pressure gradient
or damped-wave approximations, which have been applied interactively within several CRM studies in what is
known as parameterized large-scale dynamics (Mapes
2004; Kuang 2008; Wang and Sobel 2011, 2012; Wang
et al. 2013).
Chikira (2014) examined the contribution of individual physics processes to the sum of Q2 and the vertical
moisture advection. We refer to this term as the columnconfined moisture tendency MC, since it accounts for all
processes within a column but not the exchanges between columns associated with horizontal advection.
The vertical moisture advection in MC can be taken directly from the sounding observations or approximated
using the vertical velocity calculated by assuming a balance between diabatic heating and vertical potential
temperature advection and the vertical moisture gradient. However, the column under consideration must
cover a large spatial scale for the approximation of diabatic balance to hold. The vertical velocity calculated
by assuming diabatic balance can also be decomposed
into its component parts using the contributions of various physical processes to diabatic heating.
Making use of these assumptions and relationships,
Chikira (2014) showed that the reduced radiative cooling
within the convective envelope of the MJO is associated
with anomalous moistening by the large-scale vertical
moisture advection. Furthermore, although the proximate effect of condensation from the cumulus parameterization was to dry much of the free troposphere, the
heating produced by the condensation is associated with
large-scale vertical moisture advection, which overwhelms this drying at low levels. This is because the lowlevel vertical moisture gradient is large. In contrast, the
ultimate effect of condensation was to dry the upper
levels, since the vertical moisture gradient is small at that
level. Chikira (2014) also found that the cooling associated with melting snow induced midlevel subsidence and
drying, while high-frequency (,20 day) variations in
vertical moisture advection moistened the upper levels.
In this study, a CRM forced by the advective tendencies derived for the northern sounding array (NSA)
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is used to simulate one of the MJO events during
DYNAMO. Output from the simulation is used to diagnose
the contribution of different physics processes (microphysics, eddy transport, and radiation) and individual
cloud types to the evolution of moisture, accounting for
both their direct effect on moisture and their indirect
effect on large-scale vertical moisture advection diagnosed using simulated diabatic heating and the assumption of diabatic balance.
The numerical model, physics parameterizations,
and simulation setup are described in section 2. In
section 3, the results of the simulation are described.
This begins with an overview of the moisture variability
during the simulation and analyses of simulated diabatic tendencies. This is followed by an analysis of the
validity of the diabatic balance framework used for
diagnosing the moisture budget and concludes with an
examination of the roles that different physical processes and cloud types play in the time evolution of
moisture. Section 4 summarizes the results and discusses their broader implications and relationship with
previous studies.

advection, diffusion, and microphysics is determined
from the difference in these quantities before and after
specific physics process are computed.

b. Data and simulation setup
The simulation in this study uses a commonly
employed framework in which observed large-scale
advective tendencies of potential temperature and water vapor mixing ratio are used to drive the evolution of
clouds in a CRM with periodic boundary conditions.
The simulation was performed using 3-hourly data from
the DYNAMO northern sounding array, since this array
captured more convective variability on the MJO time
scale (Johnson and Ciesielski 2013). Version 2a of the
sounding data, which is based only on observations, was
used. The goal of the simulation is not to determine the
total value of Q1 and Q2, since these are constrained by
the forcing, but the contributions of different physical
processes and cloud types to Q1 and Q2. The total largescale advective tendencies of potential temperature
u and water vapor qy are
›u
and
›z
›q
MTLSA 5 2v  $qy 2 w y .
›z
QTLSA 5 2v  $u 2 w

2. Model description and methodology
a. Model description
The model used in this study is the System for Atmospheric Modeling (SAM), version 6.8.2 (Khairoutdinov
and Randall 2003). The model solves the equations of
motion using the anelastic approximation. Microphysics
are parameterized using the two-moment Morrison
scheme, which has five prognostic hydrometeor types
(cloud water qc, cloud ice qi, rain qr, snow qs, and graupel
qg) (Morrison et al. 2005, 2009). Radiation processes are
parameterized using the Rapid Radiative Transfer Model
(RRTM) scheme (Iacono et al. 2008), and subgrid turbulence is parameterized using the Smagorinsky scheme.
The prognostic thermodynamic variable, liquid–ice
static energy (sli 5 CpT 1 gz 2 Lcqliq 2 Lsqice), is
conserved for advection and phase changes but not
hydrometeor sedimentation. Here, Cp is the specific
heat of dry air at constant pressure, T is the temperature, g is gravity, z is the height, Lc and Ls are the
latent heat of evaporation and sublimation, and qliq
and qice are the liquid and frozen hydrometeor mixing
ratios.
The cloud water mixing ratio is computed using saturation adjustment and advected in combination with
the water vapor mixing ratio qy. The cloud water mixing
ratio is also advected by itself as a tracer variable so that
qy can be diagnosed. The potential temperature and
water vapor mixing ratio tendency associated with

(1)
(2)

Here, v is the vector wind and w is the vertical velocity.
Overbars denote horizontal averages over the array.
As in Varble et al. (2011) and Fridlind et al. (2012),
model horizontal winds are nudged to observations at a
2-h time scale, which is sufficient to allow for the development of mesoscale circulations (Xu and Randall
1996). To prevent model drift due to errors in the
sounding array budget and model physics, domainaveraged potential temperature and water vapor in
the simulation are nudged to NSA average profiles at a
6-h time scale. In previous CRM studies, this has been
shown to improve the overall properties of simulated
clouds (Varble et al. 2011; Fridlind et al. 2012). Simulations that exclude temperature and water vapor
nudging are able to produce a sustained period of enhanced moisture during the passage of the MJO but
have moisture biases that lead to a poorer representation of the transition from shallow to deep convection
observed by radar. In addition, daily sea surface temperatures (SST) from the Objectively Analyzed Air–
Sea Fluxes (OAFlux) product (Yu and Weller 2007)
are used as boundary conditions in the simulation instead of prescribing the surface sensible and latent
heat fluxes.
The version 7 TRMM 3B42 rain product (Huffman
et al. 2007) and sounding- and radar-derived rain rates
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FIG. 1. The 5-day boxcar-averaged large-scale total advection of (a) water vapor (g kg21 day21)
and (b) potential temperature (K day 21) and (a) daily and (b) 5-day boxcar-averaged
3B42 (black), Q2-derived (white), 1-km S-Pol (gray), and surface simulated (green) rain
rate (mm day 21 ). In all subsequent plots, 5-day boxcar averaging is also applied to shaded
fields and rain time series. The MJO event is separated into four phases: suppressed (1–17
Nov), developing (17–24 Nov), enhanced (24–28 Nov), and dissipating (28 Nov–5 Dec).

are compared to the simulation. Sounding-derived rain
rates are calculated using the observed Q2. Observed
reflectivity and rain rates are from the S-band dualDoppler polarimeteric radar (S-Pol) survey scans
(Powell and Houze 2013). These were gridded to a 2-km
horizontal and 500-m vertical resolution Cartesian grid.
The simulation covers the period 1 November–5 December; the first 48 h are excluded to account for model
spinup. The model domain is 256 3 256 km2 in the
horizontal with 1-km grid spacing and a stretched vertical grid with 106 levels extending from the surface to
30 km with a 250-m grid spacing in the free troposphere.
The size of this horizontal domain is larger than that
used in previous periodic CRM simulations that were
able to develop robust mesoscale circulations (Varble
et al. 2011). Damping is applied to the upper 10 km. The
horizontal grid spacing is fairly coarse for resolving deep
convective cloud-scale circulations (e.g., Bryan et al.
2003) and especially coarse for resolving the circulations
within shallow clouds (e.g., Brown 1999; Cheng and Xu
2008; Cheng et al. 2010; Matheou et al. 2011). However,
this compromise is necessary to simulate the passage of
the MJO convective envelope on a periodic computational domain large enough to permit the development of mesoscale circulations. Sensitivity tests with

horizontal grid spacings of 125–4000 m and vertical grid
spacings of up to 125 m were performed during the
transition from shallow to deep convection. Deep convection is relatively insensitive to resolution, congestus
rain rates decrease by half when horizontal grid spacing
is decreased to 4000 m, stratiform rain rates increase as
resolution is decreased, and shallow nonprecipitating
clouds are more frequent at higher resolutions. While
the partitioning of rain rate Q1 and Q2 between cloud
types is sensitive to model resolution, the total values
are not.
The evolution of the observed large-scale advective
tendencies used to force the simulation is shown in
Fig. 1. Similar to Sobel et al. (2014), most time–height
plots and rain rates in this study have been smoothed
with a 5-day moving average to highlight intraseasonal
time-scale processes. However, daily observed and
simulated rain rates are shown in Fig. 1a to show that the
MJO time scale envelope of enhanced rain rates is
modulated by higher-frequency events. Large-scale
moistening and cooling, displaying a transition from
bottom- to top-heavy profiles, are observed during the
convectively enhanced phase, while small amounts of
drying and heating occur during the most suppressed
conditions. Because of the constraint of prescribed
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thermodynamic forcing, rainfall from the simulation and
sounding array are in close agreement. The S-Pol radar
is located near the southwest corner of the NSA and
therefore tends to lead the rainfall over the sounding
array. The 3-hourly large-scale moisture advection is
highly variable in time and the vertical—even compared
to the 3-hourly potential temperature advection.
When a 5-day moving average is applied to this field,
horizontal stripes appear (Fig. 1a). These horizontal
stripes are a result of the temporal averaging; they do
not occur at preferred levels and are not apparent in
the 3-hourly data (P. E. Ciesielski 2016, personal
communication).

c. Cloud type identification
Cloud types are identified using both observed S-Pol
and simulated reflectivity. Similar to Varble et al.
(2011), simulated Rayleigh regime radar reflectivity is
calculated by integrating the sixth moment of the rain,
snow, and graupel mixing ratios, taking into account the
number concentrations and assumed size distributions
in the Morrison microphysics scheme. Dielectric factors
in the radar calculation follow Smith (1984).
The first step in identifying the cloud types is applying the algorithm of Steiner et al. (1995) to the
1-km-altitude S-Pol and surface simulated reflectivity.
Because low-level stratiform echoes rarely exceed 40 dBZ
(e.g., Penide et al. 2013), grid points with reflectivity exceeding this value are designated convective cells; the
same criteria are applied to DYNAMO radar data in
Deng et al. (2014) and Xu and Rutledge (2014). Grid
points with high reflectivity peakedness or roughness are
also identified as convective cells; this follows Eq. (B1) of
Yuter and Houze (1997), where the radius used to calculate the background reflectivity is 11 km, and the tunable parameters a and b are 16 and 64, respectively.
Convective cells are then radially expanded based on the
background reflectivity using the parameters in Fig. 6b of
Steiner et al. (1995).
To ensure reliable detection by S-Pol, precipitating
cloud types (shallow convection, congestus, deep
convection, and stratiform) detected in the S-Pol and
simulated reflectivity are required to have a reflectivity
exceeding 0 dBZ at 1 km and the surface, respectively.
All grid points with .0 dBZ low-level echoes and
0 dBZ echo tops ,4 km are identified as shallow convection. Of these grid points, most of the rainfall
comes from grid points identified as convective based
on their low-level reflectivity texture; the few identified as stratiform based on their low-level reflectivity
texture have heating and moistening profiles consistent with shallow convection. Congestus and deep
convective clouds are identified by a convective

low-level reflectivity texture and 0-dBZ echo tops between 4 and 7 km and greater than 7 km, respectively.
The echo top criteria used to distinguish congestus
clouds from shallow and deep convective clouds is
similar to that in Wall et al. (2013) and Schumacher
et al. (2015). Hydrometeor profiles of the simulated
shallow convective clouds indicate they are entirely
driven by warm-rain processes. In contrast, the simulated congestus clouds are weakly glaciated, consistent
with Johnson et al. (1999) and Wall et al. (2013); however, they have dramatically less graupel than the deep
convective clouds (Rowe and Houze 2014). Stratiform
clouds are identified by a stratiform low-level reflectivity
texture and echo tops .4 km. This ensures that stratiform
clouds have depositional ice growth aloft and low-level
evaporation, resulting in heating and moistening profiles
that are consistent with observations (e.g., Yang and
Smith 2000). Grid points that do not fall into the above
categories are designated weakly and nonprecipitating
clouds and contain the weakest shallow convective
clouds, anvil, and clear sky.

3. Results
a. Evolution of moisture and diabatic processes
Figure 2 shows the time evolution of observed and
simulated moisture anomalies. Both the observed and
domain-averaged simulated moisture anomalies are
calculated with respect to the mean observed qy profile
during 3 November–5 December. Because of the application of thermodynamic nudging, the observed and
simulated moisture evolutions are in close agreement.
The average simulated rain rate is considerably lower
than the average S-Pol rain rate but closer to the
sounding-derived and TRMM 3B42 rain rate (Table 1).
The average simulated shallow convective rain rate is
over twice that in S-Pol, even though the cloud type
covers less area in the simulation. At horizontal grid
spacings of 125 and 250 m, the shallow convective rain
rate more closely matches observations. The average
congestus rain rate and area are lower in the simulation
than in S-Pol (Table 1). Average simulated and radarobserved deep convective rain rates are similar, but the
deep convective area is greater in the simulation. In
contrast, the average stratiform rain rate in S-Pol greatly
exceeds the simulated value even though the simulated
stratiform area is greater. Comparing the distributions
of simulated and S-Pol stratiform rain rates shows
that the simulation significantly underestimates the
frequency of 1–10 mm h21 rain rates (not shown); this
occurs in most bulk microphysical schemes (Varble et al.
2011).
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FIG. 2. (a) Observed and (b) simulated water vapor mixing ratio anomalies (g kg21)
(anomalies are with respect to the observed 3 Nov–5 Dec mean) and the fraction of the cumulative rain rate (area) from precipitating cloud types (weakly and nonprecipitating cloud)
from (a) S-Pol and (b) the simulation. Lines indicate the shallow convective (pink), congestus
(red), deep convective (dark red), stratiform (blue), and weakly/nonprecipitating (gray)
cloud types.

Figure 2 also shows the fraction of the rain rate (or rain
area in the case of weakly and nonprecipitating cloud)
from S-Pol and the simulation at each time. Compared to
S-Pol, the simulation underestimates (overestimates) the
fraction of deep convective and stratiform rain, which
occurs during the dry (wet) periods.
The apparent heat source Q1 and moisture sink Q2
(Yanai et al. 1973) at each grid point can be expressed as
follows:


›u
›u
Q1 [ p
1 V  $u 1 w
›t
›z


0 0
1 ›rw u
5p 2
2 $  V0 u0 1 QD
r ›z
1 QM 1 QR 1 QN

and

(3)



L ›qy
›q
1 V  $qy 1 w y
Q2 [ 2 y
Cp ›t
›z


0
0
Ly
1 ›rw qy
0 0
2
2 $  V qy 1 MD 1 MM 1 MN ,
5
Cp
r ›z
(4)
where QD, QM, and QR are the tendency of potential
temperature u due to diffusion, microphysics, and radiation; MD and MM are the qy tendency due to diffusion and microphysics; Ly is the latent heat of
vaporization; p 5 ( p/P0 )R/Cp is the Exner function,
where P0 5 1000 hPa is the reference pressure; and
R is the gas constant for dry air. Overbars indicate
horizontal averages, and primes indicate deviations
from the horizontal averages. As in Tao et al. (2003),

TABLE 1. Simulated surface and S-Pol 1-km mean rain rates (mm day21) and area coverage (%) during 3 Nov–5 Dec for each cloud type.
The mean rain rates for the Q2-based sounding estimate and TRMM 3B42 product are 9.36 and 8.20 mm day21, respectively.
Cloud type

Simulated rain rate

S-Pol rain rate

Simulation area

S-Pol area

Total
Shallow convective
Congestus
Deep convective
Stratiform
Weakly and nonprecipitating

7.16
0.41
0.71
4.93
1.12
0.02

11.19
0.16
1.77
5.14
4.10
0.01

—
2.67
0.49
2.08
12.09
82.68

—
3.37
1.10
1.26
9.38
84.88
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FIG. 3. Simulated (a) water vapor (g kg21 day21) and (b) potential temperature (K day21)
nudging tendency. Rain-rate convention follows Fig. 1b.

overbars are excluded from the eddy terms since Q1
and Q2 are evaluated at individual grid points and for
specific cloud types.
The terms QN and MN are the u and qy tendencies due
to thermodynamic nudging; the overbars indicate that
they are uniformly applied across the domain. These
terms represent the heat and moisture tendencies necessary to compensate for errors in the sounding array
budget and model physics. Because they are applied
uniformly across the domain, they cannot be decomposed by cloud type.
Since the main interest of this study is the moisture
budget, we focus on the quantity 2Q2Cp/Ly. When
considering averages of Q1 and 2Q2Cp/Ly over the
entire domain, the potential temperature and moisture tendencies due to advection (QA and MA), calculated as the difference in these fields before and
after calling advection, are used in place of the eddy
flux convergence terms. This produces a slightly poorer
budget closure.
Figure 3 shows the simulated water vapor and potential temperature nudging tendencies. The persistent drying and heating by the nudging tendency at 900 hPa
may be because of biases in the simulated shallow convection due to the coarse resolution of the simulation (e.g.,
Cheng et al. 2010). It could also be due to excessive lowlevel rainwater evaporation by precipitating cloud systems
(Bryan and Morrison 2012). Throughout the simulation—
but especially from 3 to 13 November—nudging potential

temperature to observed values results in heating between 300 and 600 hPa (Fig. 3b). One possible explanation for this is overestimated cooling by the large-scale
advective tendency (Fig. 1b). Large-scale advective cooling is proportional to the sounding-derived rain rate based
on Q1. During 3–13 November, this sounding-derived
rain rate was 5.17 mm day21, much greater than the
2.13 mm day21 estimated by TRMM 3B42. Simulations with and without thermodynamic nudging had
rain rates of 1.38 and 4.85 mm day21, respectively,
during this period. This suggests that nudging may be
compensating for errors in the advective tendency. The
Research Vessel Revelle was at port during early November, reducing the NSA from four radiosonde sites to
three, which could result in a less accurate advective
forcing tendency.
Because of the imposed advective forcing, the time
evolutions of the observed and simulated Q1 and
2Q2Cp/Ly including nudging terms are very similar
(Figs. 4a–d). The convectively active periods are characterized by top-heavy heating and drying profiles that peak
near 400 hPa. The suppressed period, centered on 14 November, is characterized by small amounts of cooling
and moistening. Figures 4e and 4f show the heat and
moisture tendency from just the physics processes.
There is considerably more cooling and moistening
during the suppressed period (Figs. 4e,f), which may be
more consistent with the exceptionally dry conditions
(Fig. 2).
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FIG. 4. Observed (a) Q1 (K day 21 ) and (b) 2Q2 Cp /Ly (g kg 21 day21 ) and simulated (c) Q1 (K day21 ) and
(d) 2Q2 Cp /Ly (g kg21 day 21 ). (e),(f) As in (c) and (d), but excluding nudging terms. Rain-rate convention
follows Fig. 1b.

Figure 5 shows the simulated and S-Pol rain rates and
area for the precipitating cloud types and weakly and
nonprecipitating cloud, respectively, as well as the contributions of each cloud type to Q1 and 2Q2Cp/Ly in the
simulation. Nudging terms cannot be decomposed by
cloud type and are excluded. Simulated heating from
shallow convective clouds is concentrated between 700
and 900 hPa (Fig. 5a), while drying is concentrated below
800 hPa with a small amount of moistening near 700 hPa
(Fig. 5b). The mismatch is due to eddy moisture transport, which produces moistening near 700 hPa and drying
below 850 hPa. In congestus clouds, heating is caused by
condensation and peaks between 600 and 800 hPa
(Fig. 5c). Similar to shallow convection, the drying due to
condensation near the top of the cloud is canceled out by
eddy moisture transport (Fig. 5d). During the enhanced
period, simulated deep convective clouds produce intense heating and drying through the depth of the free
troposphere (Figs. 5e,f). Within stratiform clouds,
heating and drying associated with deposition occurs at
upper levels, while cooling and moistening due to
reevaporation occurs at low levels (Figs. 5g,h). These
heating and moistening profiles are broadly consistent
with previous modeling (e.g., Johnson et al. 2002; Lang
et al. 2003; Tao et al. 2003; Tulich et al. 2007) and observational studies (e.g., Johnson 1984; Yang and Smith
2000; Schumacher et al. 2007; Kodama et al. 2009; Hagos
2010). The apparent heat source Q1 in the weakly and
nonprecipitating cloud category (Fig. 5i), which includes

clear sky conditions, is dominated by radiation. Longwave cooling is greatest during the suppressed period
and lowest during the enhanced period. Upper-level
heating is also produced by ice deposition within anvil
clouds. In addition, eddy transport by weakly and nonprecipitating shallow clouds produces moistening near
900 hPa (Fig. 5j).
Because of the thermodynamic nudging, the evolutions of the observed and simulated moisture tendencies are very similar. The simulation features low-level
moistening during the suppressed and developing period followed by a stepwise transition to upper-level
moistening around 17 November (Fig. 6a). This is followed by drying, which begins near the surface on
21 November and intensifies as it expands vertically,
eventually encompassing most of the troposphere by
the end of November.
Equation (4) can be rearranged so that
›qy
5 MV 1 MH 2 Q2 Cp /Ly 5 MC 1 MH .
›t

(5)

Here, MC is the column-confined moisture tendency,
introduced by Chikira (2014), which includes the largescale vertical moisture advection MV and 2Q2Cp/Ly.
This term is referred to as the column-confined moisture
tendency because it includes all the processes that take
place in a vertical column; it is not a vertically integrated
quantity. The advantage of this rearrangement of terms
is that it combines MV and 2Q2Cp/Ly, two large and
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FIG. 5. The (left) Q1 2 QN (K day21; shaded) and (right) 2Q2Cp/Ly 2 MN (g kg21 day21; shaded) for each
cloud type and 1-km S-Pol (gray) and surface simulated (green) rain rate (mm day21) for (a),(b) shallow convection, (c),(d) congestus, (e),(f) deep convection, (g),(h) stratiform, and area (%) for (i),( j) weakly and nonprecipitating clouds. Unconditional averages are performed for each cloud type and include zeros when the cloud
type is absent.

canceling terms, which, as will be shown in section 3b,
are both closely related to clouds. The large-scale horizontal moisture advection is MH.
Figure 6b shows the time evolution of MC [Eq. (5)]
using the observed MV and simulated 2Q2Cp/Ly. Most
of the time tendency of moisture up through 21 November (Fig. 6a) is explained by MC. That is because
the moisture tendency due to large-scale horizontal
advection is small during this period (Fig. 6c). Drying
due to MH shows a tilted signature (Fig. 6c) similar to
that in the dissipating period (after 21 November in
Fig. 6a) but with a much larger amplitude. MC appears
to be canceling out most of the drying associated with
this large-scale horizontal advection. The focus of the
remainder of this study will be on explaining the time

evolution of MC, treating MH as an external process. In
the following section, MV, which is a major component
of MC, is parameterized assuming a balance between
diabatic heating and large-scale vertical potential
temperature advection.

b. Contribution of physical processes and clouds to
moisture
Numerous studies have shown that vertical motion in
the deep tropics is closely related to diabatic heating.
Under these conditions, both the weak temperature gradient (Sobel et al. 2001) and damped-wave or weak pressure gradient approximation (Kuang 2008; Romps 2012a,b)
generally hold. Assuming a balance between diabatic
heating and the large-scale vertical potential temperature
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FIG. 6. Simulated (a) dqy/dt and (b) MC, and (c) observed MH (g kg21 day21; shaded). Rain-rate
convention follows Fig. 1b.

advection, the domain-averaged vertical velocity w can be
approximated as w ’ 21/p (›u/›z)21 Q1 . The static stability and Q1 can be taken from either observations or the
simulation. Using this estimate of w, the large-scale
vertical moisture advection assuming diabatic balance
can be expressed as
MVDB [ 21/p(›qy /›z)(›u/›z)21 Q1 .

(6)

Adding 2Q2Cp/Ly to MV DB yields an approximation of
the column-confined moisture tendency MC assuming
diabatic balance:
MCDB [ MVDB 2 Q2 Cp /Ly .

(7)

The quantity MVDB can also be expressed as MVDB 5
a(LV /Cp )Q1 , where a [ 21/p(Cp /Ly )(›qy /›z)(›u/›z)21
is an efficiency parameter that describes the amount of
large-scale vertical moisture advection for a given
amount of heating (Chikira 2014). Only domain averages of a are used in the calculation of MVDB and MCDB
since the vertical velocity resulting from heating is

meant to represent the effects of large-scale gravity
wave adjustment occurring over the entire domain.
Figures 7a and 7c show the observed vertical velocity
and the diabatic balance approximation using simulated
static stability and Q1. Similarly, Figs. 7b and 7d show
the observed MV and its diabatic balance approximation
MVDB using simulated fields. The analysis is limited to
above 950 hPa, because, as one approaches the surface, boundary layer effects become important and
the diabatic heating and static stability can no longer
be used to estimate the large-scale vertical velocity
(Raymond and Zeng 2005; Wang et al. 2013). Both the
observed vertical velocity and that approximated using diabatic balance are greatest during the enhanced
phase and peak between 200 and 300 hPa (Figs. 7a and
7c). The observed and diabatic balance approximation
of the large-scale vertical moisture advection are less
top heavy since the vertical moisture gradient is greatest
at low levels (Figs. 7b,d). The horizontal stripes apparent
in the observed MV (Fig. 7d) are absent in MVDB (Fig. 7d);
this is because MVDB is not dependent on Q2 [Eq. (6)].
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FIG. 7. Observed (a) vertical velocity (31022 m s21) and (b) vertical moisture advection (g kg21 day21), and the
simulated (c) vertical velocity (31022 m s21) and (d) vertical moisture advection (g kg21 day21) approximated using
diabatic balance. Rain-rate convention follows Fig. 1b.

Vertical moisture advection MV is a large component of
the large-scale moisture advection in Fig. 1a and also
contains the same horizontal striping pattern because of
the temporal and vertical variability of this field. In contrast, MVDB is derived from the more smoothly varying
simulated diabatic heating (Fig. 4a) and vertical moisture gradient and does not contain these horizontal
stripes.
The similarity of MC (Fig. 6b) and MCDB (Figs. 8a)
suggests that MCDB can be partitioned into contributions from different terms and cloud types using the
model output. Figures 8b and 8c show the contributions
from physics processes MCDB-PYS and thermodynamic
nudging MCDB-N to MCDB. This is calculated by decomposing Q1 and 2Q2Cp/Ly [Eqs. (3) and (4)] within
Eq. (7) to the components that exclude QN and MN and
only include these nudging terms. Fig. 8b shows that
physics processes are responsible for the stepwise transition from low-level to upper-level moistening between
the suppressed and developing phases in MCDB (Fig. 8a).
The contribution from thermodynamic nudging MCDB-N
is responsible for mid- and upper-level moistening during the suppressed phase (Fig. 8c), which may be associated with the errors in the sounding array budget
discussed earlier. The horizontal stripes apparent in
Fig. 8 are a result of temporal averaging being applied
to a field with occasional high magnitude values associated with short-lived bursts of convection. During these
bursts of convection the diabatic balance assumption
may break down even though it captures the overall
behavior during the four periods. The stripes do not
have a preference for a particular level.
In addition to variations in diabatic heating and moistening, changes in the thermodynamic environment represented by a also affect MCDB. The profiles of observed

and simulated a averaged over 3 November–5 December
(Fig. 9a) closely resemble those in Chikira (2014) (their
Fig. 12a). Similar to Chikira (2014), we also find that
a decreases with height because of the decrease in ›qy /›z
with height. Approaching the surface, values of a sharply
increase because of the very low values of ›u/›z near the
surface. However, as was mentioned earlier, boundary
layer effects become important near the surface, and the
assumption of diabatic balance no longer holds.
For illustrative purposes, let us consider a simplified
version of Eq. (7) where only condensation and evaporation take place; the equation reduces to (c 2 e)(a 2 1)
(Chikira 2014). In this case, values of a greater (less)
than one are associated with net moistening (drying)
when there is condensation. Fig. 9a shows that a 5 1
near 625 hPa just below the melting level (dashed line)
at 575 hPa. Above the melting level, deposition occurs
that produces additional heat release because of the
latent heating of freezing. However, the effect of additional latent heating is quickly overwhelmed by the decrease in ›qy/›z with height.
Figure 9b shows the simulated a anomalies (shaded)
and total values (contours). When a is anomalously
large (small) diabatic heating is particularly efficient
(inefficient) at generating moistening through large-scale
vertical advection. At midlevels, positive a anomalies are
observed in the developing phase and negative a anomalies
occur in the dissipating phase. This behavior is due to the
tilted moisture anomaly centered on the enhanced phase
(Fig. 2b). Positive (negative) a anomalies are also observed
at upper levels during the enhanced (suppressed) phase. In
general, a and ›qy/›z increase with the value of qy so that
a anomalies at this level have the same sign as the moisture
anomalies (Fig. 2b). The level where a 5 1 varies from 550
to 700 hPa.
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FIG. 8. Simulated (a) MCDB, (b) MCDB-PYS, and (c) MCDB-N (g kg21 day21). Rain-rate
convention follows Fig. 1b.

The importance of different cloud types and physical processes (microphysics, eddy transport, and
radiation) to the time evolution of moisture can be
expressed by partitioning MCDB-PYS (Fig. 8b) into the
components associated with each cloud type and
process.

The contribution of microphysics to MCDB can be expressed as
MCDB2M 5 a(LV /Cp )QM 1 MM .
(8)
Discarding the diffusion and horizontal eddy flux convergence terms, which are negligible, the equation for

FIG. 9. (a) Average value of observed and simulated a (unitless) and (b) simulated a anomalies (unitless; shaded) and
the total value of a (contoured in magenta at 1.0). In (a), the horizontal and vertical lines indicate the freezing level and
a 5 1, respectively. In (b), anomalies are with respect to the 3 Nov–5 Dec mean. Rain-rate convention follows Fig. 1b.
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the MCDB tendency due to eddy transport can be expressed as


1 ›rw0 u0
1 ›rw0 q0y
MCDB2E 5 a(LV /Cp )p 2
2
. (9)
r ›z
r ›z
Last, the simulated MCDB tendency due to radiation can
be expressed as
MCDB2R 5 a(LV /Cp )QR ,

(10)

where QR can be partitioned into both longwave QLW
and shortwave QSW contributions. These moisture tendencies can also be separated into contributions from
different cloud types. For example, MCDB-M due to deep
convection is calculated by averaging QM and MM over
the whole domain after setting grid points without deep
convection to zero.
The left and center columns of Fig. 10 show the time
evolution of MM and MVDB-M, the second and first terms
in Eq. (8), respectively; the right column shows their
sum, MCDB-M. Contributions of weakly and nonprecipitating clouds, shallow convection, congestus, and
deep convection to MM are dominated by drying, which
peaks at 950, 900, 700, and 600 hPa, respectively
(Figs. 10a,d,g,m). Stratiform is characterized by drying
aloft and moistening below the melting level because of
the reevaporation of rainwater (Fig. 10j). The panels in
the right column show that there are large cancellations
between MM and MVDB-M. However, because of the
higher values of a at low levels, when the two terms are
added together, moistening due to MCDB-M occurs below 700 hPa for cloud types with low-level condensation. The exception is stratiform cloud (Fig. 10l). When
reevaporation occurs at low levels, where a is greater than
one, the direct moistening from reevaporation (Fig. 10j) is
overwhelmed by the drying effect of evaporative-coolinginduced subsidence (Fig. 10k). Melting graupel and snow
in deep convective and stratiform clouds produce cooling,
which results in subsidence and the drying peaks near
600 hPa (Figs. 10i,l). Liquid–ice transitions were also
found to have a major drying effect at midlevels in
Chikira (2014).
Figure 11 shows the moisture tendency due to the
eddy transport processes. In shallow convection, the
second term in Eq. (9), the eddy moisture transport ME
produces moistening near 800 hPa and drying below
925 hPa (Fig. 11a). Shallow convection in the simulation
is characterized by a positive vertical eddy moisture flux
w0 q0y anomaly, near 800 hPa. As a result, eddy moisture
flux convergence and divergence occur above and below
this level. Congestus and deep convection are characterized by deeper updrafts producing an elevated w0 q0y
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anomaly, which explains why the dipole of moistening is
located at higher altitudes (Figs. 11d,g). Moistening
above 500 hPa in deep convection is greatest during the
developing period; this appears to be associated with
more top-heavy vertical velocity profiles during the
developing period (not shown). Weakly and nonprecipitating clouds are best characterized as a shallower
version of the precipitating shallow convection, and their
moistening peak occurs near 950 hPa (Fig. 11m). When
summed together, the eddy moisture transport in these
four cloud types resembles that for convective clouds in
Xu (1995). The moistening at 800 hPa due to ME in
stratiform regions (Fig. 11j) is associated with a negative
w0 q0y anomaly resulting from downdrafts. Xu (1995) also
found moistening from eddy transport at this level as well
as a couplet of drying over moistening centered near the
melting level and weak eddy moistening near 300 hPa.
The total moistening due to ME is greatest at low levels in
the suppressed period and rapidly transitions to a topheavy moistening profile during the developing period
(Fig. 11p).
The first term in Eq. (9), MVDB-E, is much smaller than
the second, ME. With the exception of deep convection
and weakly and nonprecipitating clouds (Figs. 11h,n) its
effect is negligible. Profiles of eddy heat transport QE,
which is used to calculate MVDB-E for the various cloud
types, are also similar to those in Xu (1995). The lowlevel drying in deep convection is associated with a
positive w0 u0 anomaly near 600 hPa that produces upperlevel warming and moistening and low-level cooling and
subsidence (Fig. 11h). Weakly precipitating shallow
clouds are associated with a positive w0 u0 anomaly near
900 hPa producing a similar dipole of moistening over
drying (Fig. 11n). Overall, the evolution of MCDB-E for
each cloud type is much more similar to ME than MVDB-E ,
illustrating the importance of ME.
Despite the fact that deep convective updrafts are
much stronger than those in congestus and shallow
convection (Schumacher et al. 2015), the magnitude of
the moistening by eddy transport is remarkably similar
for these cloud types. This is because the maximum intensity of water vapor anomalies is much lower at the
altitude where deep convective updrafts peak due to the
lower saturation mixing ratio.
Figure 12 shows the contributions of shortwave and
longwave radiation to MCDB-R [Eq. (10)]. Only the total
fields are shown since most of the variability occurs
within the weakly and nonprecipitating cloud type because of the extensive area coverage of this type.
The suppressed period, centered on 15 November, is
characterized by longwave cooling, which results in
drying (Fig. 12a), and shortwave heating, which results
in moistening (Fig. 12b). During the enhanced period,
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FIG. 10. The (left) MM, (center) MVDB-M, and (right) MCDB-M (g kg21 day21) for (a)–(c) shallow convection, (d)–(f) congestus, (g)–(i) deep
convection, ( j)–(l) stratiform, (m)–(o) weakly and nonprecipitating clouds, and (p)–(r) all points. Rain rate and area in (a)–(o) follow Fig. 5.
Rain-rate convention in (p)–(r) follows Fig. 1b.

increased cloud cover results in additional longwave
trapping and reduced drying. Shortwave heating and
moistening is also reduced, but this is canceled out by the
longwave effect (Fig. 12c). Chikira (2014) also found
that reduced longwave cooling within the MJO convective envelope produces midlevel moistening. However, in contrast to Fig. 12c, that study suggested that
radiation has little effect above 400 hPa. In addition,
Chikira (2014) estimated that radiation plays a more
important role in moistening the midlevels of the MJO

convective envelope than the eddy transport, while our
results suggest the opposite.
The combined effect of microphysics, eddy flux convergence, and radiation on MCDB is shown in Fig. 13.
Anomalies with respect to the time mean are also shown to
emphasize the contrasts between the steady-state moistening from each cloud type and the temporal variations
responsible for the growth of the MJO moisture anomaly.
Shallow convection produces moistening between 650 and
925 hPa (Fig. 13a) and a peak moistening anomaly of
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FIG. 11. As in Fig. 10, but for (left) ME, (center) MVDB-E, and (right) MCDB-E (g kg21 day21) for (a)–(c) shallow convection, (d)–(f)
congestus, (g)–(i) deep convection, ( j)–(l) stratiform, (m)–(o) weakly and nonprecipitating clouds, and (p)–(r) all points.

0.2 g kg21 day21 on 17 November, several days before the
peak rain rate from this cloud type (Fig. 13b). Figure 13b
shows that shallow convection makes a substantial contribution to low-level moistening associated with the
MJO but does not show that the transition to midlevel
and upper-level moistening from congestus and deep
convection is an inevitable outcome of the presence of
shallow convection. Previous studies have suggested
that shallow convection can exist in a steady state being
balanced by the subsidence and drying associated with
radiative cooling (Emanuel et al. 2014). The shallow

convection category includes a wide range of cloud
morphologies: isolated cells and those connected to
convective systems and shallow clouds that develop
into congestus and deep convection and those that do
not. Changes in the relative amount and properties of
these shallow convection subtypes may help explain the
peak in moistening on 17 November (Fig. 13b); we
leave this to future studies.
The total moistening from shallow convective clouds
is larger and more uniform in time than the moistening
from congestus clouds (Figs. 13a,c), but the magnitudes
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FIG. 12. The (a) MCDB-RLW, (b) MCDB-RSW, and (c) MCDB-R (g kg21 day21). Rain-rate
convention follows Fig. 1b.

of the moistening anomalies are similar (Figs. 13b,d).
The congestus moistening anomaly is strongest between
500 and 600 hPa and follows the shallow convective
moistening anomaly by several days. The total moisture
tendency resulting from deep convection is characterized by upper-level moistening and low-level drying
(Fig. 13e). For this cloud type, there is a large amount of
cancellation between MCDB-M and MCDB-E. The drying
aloft due to MCDB-M (Fig. 10i) is overwhelmed by
moistening due to MCDB-E (Fig. 11i), which is itself
dominated by ME (Fig. 11g). The opposite occurs at low
levels; moistening due to MCDB-M is overwhelmed by
drying due to MCDB-E.
Stratiform is characterized by drying throughout the
free troposphere (Fig. 13g). Both stratiform and deep
convective clouds are characterized by upper-level
drying due to MCDB-M (Figs. 10i,l). However, within
stratiform clouds MCDB-E is weak at upper-levels
(Fig. 11l) and unable to counteract the drying due to
MCDB-M (Fig. 10l). This is due to the presence of very
weak updrafts in the stratiform clouds consistent with

modeling (Del Genio et al. 2012) and observational
(Schumacher et al. 2015) studies.
Weakly and nonprecipitating clouds are characterized
by anomalous drying, particularly at midlevels, during
the suppressed period and also by anomalous moistening, particularly at low levels, during the enhanced
period (Fig. 13j). Condensation (Fig. 10o) and eddy
moisture transport (Fig. 11o) within weakly and nonprecipitating shallow clouds are responsible for the
sliver of low-level moistening in Fig. 13i; however, when
the time mean is removed, this moistening is less apparent. Long-term observational studies also suggest
that shallow clouds are much more weakly modulated by
the MJO than other cloud types (Deng et al. 2013;
Barnes and Houze 2013). The results of this study suggest that this is especially true for the weakly and nonprecipitating shallow clouds. However, the difficulty of
accurately simulating these clouds at such a coarse resolution should be emphasized.
To better quantify these results, Fig. 14 shows anomalies of the vertically integrated moisture tendencies
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FIG. 13. (left) Total MCDB-PYS and (right) MCDB-PYS anomalies (g kg21 day21) for (a),(b) shallow convection,
(c),(d) congestus, (e),(f) deep convection, (g),(h) stratiform, and (i),(j) weakly and nonprecipitating clouds.
Rain rate and area time series show total values following Fig. 5.

from various terms, including a subdivision by cloud type
for MCDB-M and MCDB-E, for three layers and each period. The lowest layer only extends down to 900 hPa,
since the assumption of diabatic balance becomes questionable below this level. The residual is the difference
between the observed dqy /dt and the individual terms. In
each panel, the two largest moistening and drying terms
are highlighted in blue and red, respectively, with the
largest of each in bold. In addition, the panel where each
term experiences its largest absolute value is indicated by
an underlined number. During the suppressed period, the
two largest moistening terms at low levels are deep convective eddy transport and horizontal advection. The
mean total value of each term during 3 November–
5 December is negative; however, the reduction of a large
drying term can produce anomalous moistening too.
Deep convective eddy transport clearly plays a major role

in the onset of upper-level moistening during the developing and enhanced periods. During the dissipating
period, the most important term is the large-scale horizontal advection, which dries out all three layers.

4. Summary and discussion
In this study, a cloud-resolving model (CRM) forced
by observed large-scale advective tendencies was used
to examine the contributions of specific cloud types
and physical processes to the evolution of the vertical
structure of moisture during the second MJO event of the
DYNAMO campaign. Following Chikira (2014), the direct or cloud-scale effect of various cloud types and
physical processes on 2Q2Cp /Ly was combined with the
indirect effect on large-scale vertical moisture advection
associated with diabatic heating.
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FIG. 14. Anomalies (with respect to the 3 Nov–5 Dec mean) of the moisture tendency terms in the key integrated over the indicated layer
during each period (see Fig. 1) (kg m22 day21). The residual is the difference between dqy /dt and the sum of the individual terms. The
contribution of each cloud type is shown to (center) the microphysical [Eq. (8)] and (right) eddy flux convergence [Eq. (9)] columnconfined moisture tendency. (top)–(bottom) The cloud types within these columns are shallow convection (SH), congestus (CN), deep
convection (DC), stratiform (ST), and weakly and nonprecipitating clouds (WP). The two largest moistening and drying anomalies within
each panel are highlighted red and blue, respectively, and the largest of each is in bold. The panel with the largest absolute value of each
term is indicated by underlined values.

Figure 15 summarizes the key processes responsible
for the evolution of moisture within the simulation
during the suppressed, developing, enhanced, and dissipating phases of local MJO convective activity. The
suppressed period was characterized by reduced rain
rates and midlevel water vapor and low-level moistening
largely captured by the column-confined moisture tendency MCDB. The tendency MCDB represents the sum
of 2Q2Cp/Ly and the large-scale vertical moisture advection, which is estimated using Q1 and an efficiency
parameter a assuming diabatic balance. Analysis of
MCDB showed that low-level moistening during the
suppressed period has large contributions from the
vertical eddy moisture transport by shallow convective
clouds. However, this may be dependent on the resolution of the simulation and how cloud types are identified.
The arrows in Fig. 14 illustrate the magnitude and orientation of w0 q0y . Eddy moisture flux convergence and
moistening occurs at the head of the vector, while divergence and drying occurs at the tail. Condensation
within warm clouds (indicated by solid blue dots) also
acts to moisten low levels because the ascent associated

with the heating advects more moisture than is removed
by condensation. This is because of the large vertical
moisture gradient at low levels, which allows a small
amount of heating to produce a large amount of largescale vertical moisture advection. Midlevel drying due to
radiative-cooling-induced subsidence is also present
during this period.
Increased convective activity during the developing
phase coincided with a stepwise transition from lowlevel to mid- and upper-level moistening largely captured by MCDB. Midlevel moistening was partly due to
condensation within congestus clouds and vertical eddy
moisture flux convergence at their tops. Moistening
above 500 hPa was primarily due to eddy moisture
transport associated with deep convection that overwhelms the drying associated with ice processes.
The dissipating period was characterized by a relatively high stratiform rain fraction. Ice deposition in
stratiform clouds heats and removes moisture from the
upper troposphere. As in deep convection, because of
the low value of a aloft, the heating-induced moisture
advection only partially cancels out the direct removal
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FIG. 15. Summary of the contribution of different physical processes and cloud types to the
evolution of moisture in the simulated MJO event. Red (blue) indicates processes that dry
(moisten). The w0 q0y vectors indicate the orientation of the moisture flux, while the shading
indicates either moisture flux convergence (blue) or divergence (red).

of moisture. However, in contrast to deep convection,
upper-level moistening by eddy moisture transport is
weak in stratiform clouds, so the net effect of stratiform
on MCDB is to dry these levels. Large-scale horizontal
advection produces significant dry air advection, which
begins at low levels and builds upward; however, this
process is not included in MCDB. Because the low levels
dry before the upper levels, the midlevel value of a is
depressed during this period, making the diabatic
heating less efficient at generating vertical moisture
advection.
The temporal coincidence of low-level moistening and
relatively shallow clouds during the developing phase of
the MJO has led many studies to infer that these clouds
are responsible for this low-level moistening (Johnson
et al. 1999; Kemball-Cook and Weare 2001; Benedict
and Randall 2007; Thayer-Calder and Randall 2009) and
could possibly be a precondition for the development of
deep convection. However, observational studies reveal
that convective deepening on small spatial scales can
occur very quickly, and the direct moistening from these
clouds does not appear to be a deciding factor
(Hohenegger and Stevens 2013; Masunaga 2013). Instead, these studies attribute the moistening required for
convective development to large-scale ascent. However,
in the context of the MJO, a much larger and longertime-scale process, large-scale ascent is almost entirely
due to the heating within clouds. At these scales, shallow
clouds are especially efficient at moistening because the
amount of moistening for a given amount of heating is
much greater at low levels than aloft (Chikira 2014).
However, consistent with Deng et al. (2013) and Barnes

and Houze (2013), we found that precipitating and
nonprecipitating shallow convection and their moistening are fairly constant in time.
Recent studies have also suggested that nonprecipitating cirrus and anvil clouds could also play a
key role in the moistening observed during the developing period by reducing radiative cooling (Chikira
2014; Wang et al. 2015), consistent with our results.
Although the focus of this study was on the developing
period, our results also suggest that stratiform clouds are
important to the discharge of moisture by the MJO.
Therefore, the onset of widespread stratiform could be
key to the time scale on which MJO moisture anomalies
dissipate.
It should be noted that numerous processes that could
trigger a transition from shallow to deep convection are
observed during MJO events; this includes cold pools,
2-day waves, and extratropical activity. Therefore, our
results do not imply that the transition from shallow to
deep convection is an unavoidable outcome of eddy
moisture transport by shallow convective and congestus
clouds. Instead, the results of this study should merely be
taken as an accounting of the relative importance of
each physical process and cloud type to the intraseasonal
time-scale moistening observed during the passage of
the MJO convective envelope.
Klingaman et al. (2015) found that the moisture tendency as a function of rain rate over the equatorial Indian and Pacific Oceans is an excellent predictor of MJO
forecast skill, which highlights the importance of understanding moisture–convection interactions. The
vertical velocity in CRM simulations is highly sensitive
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to microphysical parameterization and model resolution
(Varble et al. 2014), which is likely to affect the vertical
eddy moisture transport. Ice clouds, which indirectly affect the moisture tendency through their effects on radiation and large-scale ascent, are also a major uncertainty
in CRMs. The framework presented in this study should
prove useful in identifying the cause of biases in the
moisture–convection relationship in regional and global
CRM simulations of the MJO arising from biases in the
parameterization of different physics processes.
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