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Abstract A convection scheme for climate model is
developed based on Tiedtke’s (Mon Weather Rev
117:1779-1800, 1989) bulk mass flux framework and is
evaluated with observational data and cloud resolving model
simulation data. The main differences between the present
parameterization and Tiedtke’s parameterization are the
convection trigger, fractional entrainment and detrainment
rate formulations, and closure method. Convection is trig-
gered if the vertical velocity of a rising parcel is positive at
the level at which the parcel is saturated. The fractional
entrainment rate depends on the vertical velocity and buoy-
ancy of the parcel as well as the environmental relative
humidity. For the fractional detrainment rate, a linear
decrease in the updraft mass flux above maximum buoyancy
level is assumed. In the closure method, the cloud base mass
flux is determined by considering both cloud layer instability
and subcloud layer turbulent kinetic energy as controlling
factors in the strength of the convection. The convection
scheme is examined in a single column framework as well as
using a general circulation model. The present bulk mass flux
(BMF) scheme is compared with a simplified Relaxed
Arakawa-Schubert (RAS) scheme. In contrast to the RAS,
which specifies the cloud top, cloud top height in BMF
depends on environmental properties, by considering the
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conditions of both the parcel and its environment in a frac-
tional entrainment and detrainment rate formulations. As a
result, BMF shows improved sensitivity in depth and strength
of convection on environmental humidity compared to RAS,
by strengthening coupling between cloud and environment.
When the mid to lower troposphere is dry, the cloud
resolving model and BMF produce cloud top around the dry
layer and moisten the layer. In the framework of general
circulation model, enhanced coupling between convection
and environmental humidity in BMF results in improved
representation of eastward propagating intraseasonal vari-
ability in the tropics—the Madden-Julian oscillation.

Keywords Cumulus parameterization -
Moisture sensitivity - General circulation model

1 Introduction
1.1 Moisture sensitivity of convection

Moist convection is one of the most important phenomena
in the atmosphere, considering its role of the redistribution
of heat, moisture and momentum. It has been shown that
the climate simulated by the general circulation model
(GCM) heavily depends on the cumulus parameterization
of the model. Representations of the diurnal cycle (Lee
et al. 2008), convectively coupled equatorial waves
(CCEWs, Lin et al. 2008) including the Madden-Julian
Oscillation (MJO, Wang and Schlesinger 1999; Maloney
and Hartmann 2001; Lee et al. 2003), the El Nino southern
oscillation (ENSO, Wu et al. 2007; Kim et al. 2008; Neale
et al. 2008) and the intertropical convergence zone (ITCZ,
Wu et al. 2003) are significantly altered by changing
cumulus parameterization and its detailed implementation.

@ Springer



412

D. Kim, L.-S. Kang: A bulk mass flux convection scheme

Therefore, accurate representation of cumulus convection
in the GCM is necessary for reliable simulations of the
climate. Furthermore, the poor simulation of the above
phenomena in contemporary GCMs (e.g. MJO—Lin et al.
2006) points to deficiencies in cumulus parameterization
and the need for its additional development.

Several observational (Brown and Zhang 1997; Sher-
wood 1999; Bretherton et al. 2004; Sherwood et al. 2004;
Takayabu et al. 2006; Holloway and Neelin 2009) studies
emphasize the role of low-level tropospheric humidity as a
regulator of cumulus convection in tropical oceanic
regions. It is shown in the above studies that there is a
statistically significant relationship between low-level tro-
pospheric moisture and convection over various time scales
ranging from 3-hourly to monthly. On the issue of causality, it
is thought that a dry lower troposphere inhibits deep convec-
tion. This argument is supported by the results of a simple
parcel model (Brown and Zhang 1997; Holloway and Neelin
2009), which show that an updraft parcel easily loses its
buoyancy through entrainment in dry conditions.

Cloud resolving model (CRM) simulations in various
configurations (Tompkins 2001; Grabowski 2003; Cha-
boureau et al. 2004; Derbyshire et al. 2004; Kuang and
Bretherton 2006) support the simple parcel model results.
A dry free troposphere inhibits the organization of deep
convection in CRM simulations of the above modeling
studies. Derbyshire et al. (2004) show that, with an idealized
configuration, two different CRMs simulate deep and strong
convection in wet conditions while a shallow and weak
updraft is simulated in dry conditions. It seems that the sen-
sitivity to free tropospheric moisture is one of the robust
relationships between convection and the environment and
therefore needs to be simulated in any convection schemes.

Unfortunately, the relationship between free tropo-
spheric moisture and convection is hardly simulated with
convective parameterization of climate models (Ridout
2002; Derbyshire et al. 2004; Biasutti et al. 2006). Der-
byshire et al. (2004) compared single column models
(SCMs) with cloud resolving models, focusing on the
relationship. They showed that most of the SCMs lack the
sensitivity of moist convection, characterized by cloud top
height and the strength of the upward mass flux, on envi-
ronmental humidity compared to CRMs. In other words,
current convection schemes exhibit a poor ability to sim-
ulate proper sensitivity on environmental moisture. From
the above observational, numerical simulation studies, we
can conclude: (i) that cumulus convection has a robust
relationship with environmental moisture, and (ii) that
current convection schemes poorly represent the sensitivity
of cloud top height and the strength of convection to
environmental moisture. Here our aim is to improve the
sensitivities in the bulk mass flux convection scheme
framework.
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1.2 Parameterization of entrainment rate

In the bulk mass flux convection scheme (Tiedtke 1989),
one of the popular type of convection schemes used in
many global and regional models, the fractional entrain-
ment rate is related to cloud top because a large (small)
degree of mixing results in a low (high) cloud top height.
Therefore, the value of entrainment rate for deep convec-
tion is smaller than that of shallow convection when the
same scheme is separately used to simulate both kinds of
convection (Tiedtke 1989). To represent various cumulus
clouds using one method, it seems necessary to have state-
dependent entrainment which is small (large) when the
environment is favorable for deep (shallow) convection.
This is consistent with cloud resolving model results in that
the entrainment rate is a function of both parcel and
environment properties (Lin 1999).

The results of simple parcel models (Brown and Zhang
1997; Holloway and Neelin 2009) suggest that represen-
tation of the entrainment process, through which cumulus
clouds are affected by the environment, is at the center of
the problem. It is, unfortunately, hard to obtain entrainment
rates from observation data because it needs information of
in-cloud properties at very high spatial and temporal res-
olution. Instead, we can obtain that physical quantity from
the numerical simulation of convection with a sufficiently
high resolution. Several cloud resolving model studies have
explicitly calculated the entrainment rate (Lin 1999; Cohen
2000; Swann 2001) from their simulation results. They
show that the fractional entrainment rate is not constant in
height, as in some mass flux schemes, but large near the
cloud base and top. Furthermore, Lin (1999) suggests that a
fractional entrainment rate depends on the buoyancy of the
parcel.

Meanwhile, using the cloud-mean vertical velocity
equation, Gregory (2001) has suggested a parameterization
of the entrainment rate that depends on parcel buoyancy
and vertical velocity. The derivation of the entrainment rate
is made from the kinematic view of cloud parcel in that
some portion of the kinetic energy generated by positive
parcel buoyancy should be transferred to the air entrained
into clouds (Grant and Brown 1999). The vertical velocity
of the environment is assumed to be zero; therefore
entrained air needs kinetic energy to go upward with the
cloud air. We adopted his method with modification on the
value of the fraction of kinetic energy to be transferred to
the entrained air.

A bulk mass flux convection scheme is developed in this
study regarding the above considerations. Firstly, based on
the framework of the bulk mass flux representation of
convection (Tiedtke 1989), the entrainment rate formula-
tion is revised. We have added the moisture factor to
Gregory (2001)’s parameterization. Bechtold et al. (2008)
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applied a simple entrainment rate formulation based on
environmental moisture to the ECMWF model. Their
results show that the entrainment rate has huge positive
impacts on both climate simulations and predictions. And,
to consider both cloud layer instability and subcloud tur-
bulent kinetic energy as a driving forcing for cumulus
convection, the hybrid closure method, which combines
closures for deep and shallow convection scheme, is used.

The paper is organized as follows. The next section
describes the bulk mass flux scheme in detail. In Sect. 3,
the models and datasets used are described. Moisture sen-
sitivity is tested in an idealized single time step experiment
in Sect. 4. Results from a GCSS moistening period
experiment using SCM and long-term integrations of GCM
are presented in Sect. 5. The summary and conclusions are
given in Sect. 6.

2 Description of the convection scheme

In this chapter, the bulk mass flux (hereafter, BMF) con-
vection scheme developed in this study is described. The
BMF convection scheme represents an ensemble of
cumulus clouds using a single cloud model. The mass flux
convection scheme consists of three parts; which are (a)
cloud base properties and trigger, (b) cloud model, and (c)
closure. We follow Tiedtke (1989) for the formulations of
effects of the convection scheme on the environment. And
we adopted downdraft and rain re-evaporation processes
from Numaguti et al. (1995).

2.1 Cloud base properties and triggering

At first, the scheme decides whether cumulus convection
will be activated or not. Without an appropriate triggering
process, convection could occur too frequently over the
tropics, which could prevent the host model from properly
simulating large-scale organization of convection (e.g.
CCEWs). For a mass flux-type convection scheme (e.g.
Arakawa and Schubert 1974), triggering based on envi-
ronmental humidity (Wang and Schlesinger 1999) and
boundary layer depth (Tokioka et al. 1988) improves the
simulation of CCEWs, including the MJO, through inhib-
iting too frequent convections (Wang and Schlesinger
1999; Lee et al. 2003; Lin et al. 2008). Although these
simple methods are based on observation and have a
positive impact, results are much too sensitive to a single
parameter. For example, by changing the parameter o in the
method espoused by Tokioka et al. (1988), we can regulate
MJO variance by more than factor of two (Lin et al. 2008).

For the triggering process of the present convection
scheme, we have followed Jakob and Siebesma (2003)’s

approach. Their method is based on an entraining parcel
model, consistent with the cloud model that will be
described later in this chapter. The triggering decision for
convection is made at the level at which the parcel is sat-
urated. If the vertical velocity of the parcel is positive at
that level, convection occurs. To determine the thermo-
dynamic properties (e.g. moist static energy and total
water content) and vertical velocity of the rising parcel,
Egs. 6 and 8 are used. All constants are the same as the
cloud model except for ¢, the fractional entrainment rate,
which is prescribed as a function of height (de Roode et al.
2000),

1
eXce—, c.=0.55, (1)
z
where z is height above the surface.
The surface value of w, is determined using an empir-
ical formulation suggested by Holtslag and Moeng (1991),

Wu(Zl) = O-W(Zl)7 (2)
3 1/3

(1) o 1.2{(“—*) +0.62| (3)

Wy Wy Z;

where z; represents model’s first level, o, 1is the

standard deviation of vertical velocity, wx is the sub-
cloud layer vertical velocity scale, u« is the friction
velocity, z is height and z; is PBL height. Temperature
and humidity excesses are added on to the model’s first
layer (surface layer) values of temperature and specific
humidity, using below formulation (Troen and Mahrt
1986)

w0,

O'W(Zl)

Du(z1) = 0(z1) +b , b=1, (4)
where () is the temperature or specific humidity and W’—@g
the surface flux.

In the current scheme, convection is permitted only if
the vertical velocity of the parcel has a positive value
when the cloud liquid water is firstly diagnosed—the
lifting condensation level. The negative vertical velocity
at the lifting condensation level represents stable and/or
dry situations within the sub-cloud layer, which prevents
the activation of cumulus convection. A convection
scheme without a triggering method (e.g. Arakawa and
Schubert 1974) implicitly assumes that cumulus con-
vection always occurs when convective available
potential energy (CAPE) is positive. In reality, however,
deep convection can be suppressed during the period of
high CAPE, when rising parcels contain buoyancy
which is not enough to penetrate sub-cloud layer. The
triggering mechanism reflects PBL influence on cumulus
convection.
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2.2 Cloud model

The cloud model determines in-cloud properties, such as,
the normalized mass flux profile, temperature, specific
humidity and cloud liquid water of the rising parcel. We
employed an entraining-detraining plume model equations

on_

= (&= o, (5)
%@Z - —g(wu - @) + Sy, (6)

where 7 is the normalized mass flux, and ¢ and 0 are
fractional entrainment and detrainment rates respectively.
In Eq. 6, the generic variable () can be moist static energy
(h) and total water (q,). The in-cloud temperature, specific
humidity and liquid water are diagnosed using and g by the
method in Arakawa and Schubert (1974). () and ()y
represent the grid mean and updraft parcel value,
respectively. Sy represents the source or sink term of
conserved variables. Here, the simple microphysics for
conversion of cloud liquid water to rain drops is a sink term
for q, following Ogura and Cho (1973); that is,

—CprA
Sqtu B lu{l - exp( (if/r Z) }, (7)
u

where 1, is cloud liquid water, cp = 0.02 s2is a
conversion coefficient, Az is layer depth, and w, is the
updraft vertical velocity. The vertical velocity equation of
the updraft parcel is given by (Simpson and Wiggert 1969;
Gregory 2001),

low2
20z
where a and b are constants which are specified here as

a=1/6 and b = 2. B, is the buoyancy of the updraft
parcel, defined as

Bu = TE(TVu - Tv) - glm (9)

v

aB, — bew? (8)

u’

where g is the gravitational constant, and T, the virtual
temperature. In Eq. 8, the effects of pressure perturbation
are implicitly represented as a linear combination of two
terms on the right hand side.

Gregory (2001) suggested fractional entrainment rate
parameterization based on budgets of cumulus vertical
velocity as

C,
e = e85

2
Wi

By, (10)

where C, is the conversion factor of the kinetic energy
generated by buoyancy to entrained air. A value of 0.25
(0.6) is used for deep (shallow) convection in Gregory
(2001).
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The effects of buoyancy and vertical velocity on
entrainment rate seem to be opposite; a parcel with a
stronger vertical velocity (more buoyancy) has a smaller
(larger) entrainment rate. It is reasonable, however, to think
that the entrainment rate is more strongly dependent on
vertical velocity because the (square of) vertical velocity
has larger order of magnitude (O(10%) m?%s?) than that of
buoyancy (~O(107") K). A large entrainment rate with a
small vertical velocity suggests that the entrainment rate is
large near the cloud base and top, where the vertical
velocity of a rising parcel is small. This is consistent with
entrainment rates that are calculated from cloud resolving
model studies (Lin 1999; Cohen 2000; Swann 2001).

Lack of sensitivity to environmental humidity is sug-
gested as a problem of the current convection scheme
(Derbyshire et al. 2004) as discussed in Sect. 1. We put the
moisture factor in C, to account for the sensitivity. Sub-
stitution of (10) into (8) results in

10w?2
2 0z

—a(l — C,b)B,. (11)

C, plays a key role in the current entraining-detraining
plume model by modulating the fractional entrainment rate
in (10) and the amount of kinetic energy increase per parcel
buoyancy in (11). With a large value of C,, an updraft
parcel entrains more, and its vertical velocity increases less
with the same buoyancy. We assumed a simple dependency
of C, on environmental humidity, such that

C, = <% 1>, (12)

where, RH is the relative humidity. When C, is larger than
1/b (currently 0.5), which is equivalent to the condition
where RH is smaller than 2/3, (11) implies that parcel
vertical velocity decreases with altitude even if there is
positive buoyancy. When buoyancy is negative, C, is set to
—0.25 to make the parcel rapidly lose its kinetic energy.
Note that fixed values of C, are used when RH is larger
than 99% (C, = 10_2) and smaller than 10% (C, = 10).
The maximum (minimum) value of the entrainment rate is
constrained to 1073(1075) m~'. The moisture factor is
based on the argument that a humid environment favors
convective organization (Grabowski 2003). With the
moisture factor, it is hard for the cloud parcel to penetrate
the dry layer because of stronger mixing with the envi-
ronment, which will effectively dilute the cloud parcel and
give it negative buoyancy. When vertical velocity of the
parcel becomes negative, the cloud top level is diagnosed
and the convection scheme stops to lift the parcel further.

The fractional detrainment rate is treated in a simple
manner based on physical argument and previous numeri-
cal modeling studies. We assumed that the mass flux is
linearly decreasing to zero at cloud top above the
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maximum buoyancy level. Bretherton and Smolarkiewicz
(1989) suggested that detrainment occurs when parcel
buoyancy decreases with height. In numerical modeling
studies using a large eddy simulation and a cloud system
resolving model on cumulus convection, monotonic
decreases of updraft mass flux above a certain level (e.g.
Fig. 7 of Cohen 2000) are often observed. Siebesma (1998)
and De Rooy and Siebesma (2008) used the same formu-
lation for shallow convection.

d=c+ B, <2<7 (13)

i —zZ
where z; and zp,, are cloud top and maximum buoyancy
height, respectively.

2.3 Closure

The closure method determines the strength of convection in a
mass flux convection scheme. The closure of the many con-
temporary deep convection schemes is based on the CAPE or
cloud work function, the amount of energy released when the
cloud parcel is lifted to the cloud top. It is based on the concept
of quasi-equilibrium (Arakawa and Schubert 1974), which
assumes the balance between the destabilizing effect of large-
scale (which has also longer time scale) phenomena and the
stabilizing effect of the ensemble of cumulus convection. Later
the strict quasi-equilibrium concept (instantaneous adjustment)
has been modified to a relaxed one (Moorthi and Suarez 1992)
and widely used now. This kind of closure method seems to be
adequate for deeper cumulus convection whose driving force is
mainly column instability between the cloud base and top. For
the cumulus whose vertical size is small, however, the appli-
cability of closure based on CAPE is questionable. Meanwhile,
Neggers et al. (2004) have compared three different closure
methods for the diurnal cycle of shallow convection. They have
shown in their comparison that the subcloud convective
velocity scaling method is superior, in their specific configu-
ration, to both the moist static energy convergence and the
CARPE closure methods for shallow convection.

Determining the cloud base mass flux is usually referred
to as the closure of mass flux-type convection schemes
because it is the only remaining procedure after deter-
mining normalized mass flux using the cloud model. A
subcloud convective velocity scaling method relates the
base mass flux to turbulent kinetic energy in the subcloud
layer. And turbulent kinetic energy is represented by a
vertical velocity scale of the subcloud layer defined as

() “

W, =

where, h is PBL height, (w’ 0’)0 the surface heat flux, 0y,
the surface virtual potential temperature.

In the bulk mass flux convection scheme developed
here, a hybrid method is used by combining CAPE closure
and a subcloud convective velocity scaling method. It
allows for more contribution from CAPE closure (subcloud
convective velocity scaling method) for deeper (shallower)
convection in determining cloud base mass flux. The
clouds which have their top below the minimum moist
static energy level are regarded as shallow convection and
a subcloud convective velocity scaling method is used as
closure for those clouds. CAPE closure is used only if the
cloud top is higher than the level of minimum moist static
energy level. The higher the cloud top is, the closer the
cloud base mass flux is to that of CAPE closure.

For the base mass flux for deep convection, we follow
Nordeng (1994) as,

CAPE 1
M, (deep) = . P (15)
Jetoud (C,,T—'\c,laé + 3%’7“)
CAPE = / Bdz (16)
cloud

where s is the dry static energy, t the convective adjust-
ment time scale. The relaxation time scale in CAPE closure
depends on ‘eddy overturning time scale’, which propor-
tions an amount of time needed when the hypothetical air
parcel travels from the surface to the cloud top.

We adopted Grant (2001)’s formulation of the base mass
flux for shallow convection,

M, (shallow) = 0.03 x w, (17)

where, w= is the convective velocity scale of the subcloud
layer, which is obtained from the planetary boundary layer
(PBL) process.The hybrid cloud base mass flux is then,

1
M, = 5 (D1M,, (shallow) + DM, (deep)) (18)

where, D is cloud depth, D; the depth between cloud base
and minimum MSE level, D, the depth between the min-
imum MSE level and the cloud top (D, = 0 and D = Dy, if
D, < 0).

Finally, the cloud mass flux is,

M =M, (19)

3 Models and experiments

3.1 General circulation model and single column
model

The GCM used in this study is the Seoul National Uni-

versity GCM (SNUGCM). A single column version of the
SNUGCM is used as a SCM in Sects. 4 and 5. The deep
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convection scheme is a simplified version of the relaxed
Arakawa-Schubert scheme (hereafter, RAS; Numaguti
et al. 1995). The large-scale condensation scheme consists
of a prognostic microphysics parameterization of total
cloud liquid water (Le Treut and Li 1991) with a diagnostic
cloud fraction parameterization. A non-precipitating shal-
low convection scheme (Tiedtke 1984) is also implemented
in the model for the mid-tropospheric moist convection.
The boundary layer scheme is a non-local diffusion scheme
based on Holtslag and Boville (1993), while the land sur-
face model is from Bonan (1996). Atmospheric radiation is
parameterized by a two-stream k distribution scheme, as in
Nakajima et al. (1995). Other details of the model physics
are described in Lee et al. (2001, 2003).

3.2 Cloud resolving model

The CRM used is the Goddard Cumulus Ensemble model
(GCE; Tao and Simpson 1993; Tao et al. 2003). The GCE
model solves non-hydrostatic governing equations with
sophisticated cloud microphysics. The prognostic variables
of the governing equations are horizontal and vertical
velocities, potential temperature, perturbation pressure,
turbulent kinetic energy, and mixing ratios of all hy-
drometeors. Two kinds of liquid water and three-category
ice-phase hydrometeors are used in the cloud microphysics
(Lin et al. 1983; Rutledge and Hobbs 1984). The sub-grid
scale turbulence scheme is based on Klemp and Wil-
helmson (1978). The GCE uses the radiation scheme of
Chou and Suarez (1999) for shortwave and Chou and Su-
arez (1994) for longwave radiation, respectively. Previous
studies have shown that the GCE model simulates tropical
cloud systems in a reasonable manner. (Johnson et al.
2002). In this study, a 2-dimensional version of the model
with cyclic boundary conditions in a 256 km domain size is
used. As described later, three different horizontal grid
sizes (125, 250 and 500 m) are tested and output from
500 m resolution model is mainly used here. The vertical
resolution is about 80 m near the surface, which gradually
increases with height up to about 700 m near the 10 km
level.

3.3 Experimental design

Recently, the Precipitating Cloud Systems Working Group
(PCS WG, Moncrieff et al. 1997) of the Global Energy and
Water Cycle Experiment (GEWEX) Cloud System Study
(GCSS) conducted a case-study using various modeling
frameworks, such as, CRM, GCM (include climate and
numerical weather prediction models), and SCM (Petch
et al. 2007; Willett et al. 2008). The GCSS aims to support
the development of new parameterizations of all cloud-
related processes for large-scale models (Randall et al.
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2000). The theme for a recent case study of the PCSWG is
‘modeling the suppressed and active convection’. It is of
interest to correctly simulate suppressed and active periods
of tropical convection because the successful simulation of
suppressed, active and transition periods of tropical con-
vection is crucial in the simulation of tropical sub-seasonal
variability, such as the MJO. The period for the case study
which focuses on the suppressed and active periods of
convection was chosen from the Tropical Ocean and Glo-
bal Atmosphere-Coupled Ocean—Atmosphere Response
Experiment (TOGA-COARE, Webster and Lukas 1992)
period.

Two periods were selected following PCSWG’s strat-
egy. They are period A (29 November—10 Decenber 1992)
and B (9 January-21 January 1993). These periods inclu-
ded suppressed and active convective regimes as well as
the transition between them. Figure 1 shows observed
relative humidity and budget derived precipitation during
the two periods. At a first glance, heavy precipitation
prefers to occur during the moistened period (e.g. 19 Jan-
vary). The Global Energy and Water Cycle Experiment
(GEWEX) Cloud System Study (GCSS) provides the initial
conditions and forcing data for SCM and CRM simula-
tions. We used the horizontal and vertical advection of
potential temperature and the specific humidity and
vertical profile of zonal and meridional winds for the
SCM and CRM experiments (Ciesielski et al. 2003,
http://tornado.atmos.colostate.edu/togadata/ifa_data.html).
The data represent an average over the TOGA-COARE
intensive flux array (IFA), a region of about 400 km by
250 km centered on 2°S 155°E. The sea surface tempera-
ture (SST) is prescribed as an observed value while the
surface fluxes are calculated using the model’s own surface
model. Therefore, the integration of the SCM is identical to
that of atmospheric GCM (AGCM) except for the advec-
tion term, which is replaced by prescribed forcing for
temperature and specific humidity and nudging toward
observed values for the zonal and meridional winds.

4 Moisture sensitivity in an idealized experiment

To test moisture sensitivity of the current convection
scheme, an idealized experiment is conducted in a SCM
framework. In Derbyshire et al. (2004) experiment, tem-
perature and humidity are relaxed toward specified profiles
to simplify the complex problem of feedback between
convection and large-scale circulation. We adopt a similar
method but we integrate a single column version of GCM
for just one time step using the specified profiles as initial
conditions. Therefore, there is no feedback from convec-
tion to environment and we only aim to see the response of
convection to the different environmental conditions. Also,
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we use the temperature and specific profiles from obser-
vations, while Derbyshire et al. (2004) used idealized
conditions.

Composites are made for all input variables to SCM,
which are zonal/meridional wind, temperature, specific
humidity and surface pressure, based on precipitable water
(PW) using the TOGA-COARE IFA data. Compositing
thermodynamic profiles based on PW is inspired by a
recent observational study (Holloway and Neelin 2009),
which showed the relationship between precipitation and
PW. Figure 2a shows composited precipitation and PW.
While PW increases linearly, precipitation is enhanced
rapidly after some critical PW (54 mm), consistent with
Holloway and Neelin (2009) results. Composited bright-
ness temperature, which roughly represents cloud top
height, is shown in Fig. 2b. A high PW, strong precipita-
tion regime has lower brightness temperature, suggesting
deep convection occurs in that regime. Composited moist
static energy, saturation moist static energy and relative
humidity are shown in Fig. 3a and b. A high PW amount is
accompanied by moist atmosphere throughout the tropo-
sphere (Fig. 3b). Note that the saturation moist static
energy for each category is not very different (Fig. 3a),
implying that the variability of temperature is relatively
small compared to that of specific humidity. The moist
static energy curves show that the moist static stability
varies much from most stable condition in most dry
atmosphere, to most unstable condition in most wet col-
umn. When we prescribe temperature and specific humidity
profile to SCMs, specific humidity amounts below 850 hPa

Period A

Period B

level are adjusted so as the columns have fixed environ-
mental relative humidity. The fixed value is 85% at
850 hPa and 90% at surface, with linearly increasing
condition from 850 hPa to the surface. The modification of
environmental specific humidity is to activate cumulus
convection in all categories and examine environmental
humidity impacts on simulated convection.

Figure 4 shows updraft mass flux, as a proxy of con-
vective activity, simulated by SCMs using two different
convection schemes. In RAS (Fig. 4a), cloud top is the
same in all experiments, representing inadequate sensitivity
of convection to environmental moisture. This is mainly
because it is assumed in RAS that all kinds of cumulus
clouds, characterized by their top height, potentially exist
(Arakawa and Schubert 1974). Practically, RAS tests all
cloud tops (types) above cloud base. When a cloud top
level is specified as neutral buoyancy level, entrainment
rate between cloud bottom and top is determined based on
in-cloud properties at cloud bottom and environmental
conditions at cloud top. In this framework, deep clouds,
which have small entrainment rate and therefore are rela-
tively less affected by environmental condition, could be
generated easily.

On the other hand, BMF (Fig. 4b) simulates shallower
and weaker updraft mass flux in drier environments and
vice versa, similar to the modulation of convection by
environmental moisture condition shown in previous
observational and modeling studies (Sherwood 1999;
Ridout 2002; Derbyshire et al. 2004; Takayabu et al.
2006; Holloway and Neelin 2009). BMF simulates deep
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convection only if the column is moist enough (Fig. 4b),
because the entrainment rate (Eq. 10) is enhanced and the
kinetic energy transfer efficiency (Eq. 11) is reduced in dry
conditions. BMF produces a low-heavy mass flux (Fig. 4b)
in dry cases, while it becomes top-heavy in moister envi-
ronments. Note that the maximum value of mass flux
appears in relatively higher levels (e.g. about 400 hPa),
especially for deep convections. The top-heavy profiles of
the mass flux make diabatic heating profile top-heavy
(Fig. 6).

Several sensitivity experiments are conducted using
BMF for a better understanding on factors which are
important to simulate proper cloud top height sensitivity to
environmental moisture. The results of sensitivity experi-
ments are shown in Fig. 5. In EXP1 (Fig. 5a), C, in (12) is
fixed to 0.3 to turn off the effect of environmental relative
humidity on the entrainment rate. To remove dependency
of the entrainment rate on parcel buoyancy and vertical
velocity, we set ¢ in Eq. (10) to 5 x 107% x C, in EXP2
(Fig. 5b). Therefore, the entrainment rate at a level is
determined solely by environmental relative humidity of
the level in EXP2. When dependence on relative humidity
is removed from the formulation of entrainment rate
(EXP1), cloud top pressures are lower than 200 hPa in
most cases (Fig. 5a). And, when parcel buoyancy and
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vertical velocity are not considered in entrainment rate
determination, the difference between mass fluxes in dif-
ferent moisture is reduced (Fig. 5b), although cloud top
varies in a similar manner to control. Therefore, it seems
that both environmental relative humidity and parcel
buoyancy and vertical velocity terms are needed to simu-
late proper sensitivity of cloud top and strength of con-
vection to environmental moisture condition.

In EXP3 and EXP4, to examine the impact of the clo-
sure method, only one method is used instead of the hybrid
method in Eq. (18). Only the CAPE closure (the subcloud
vertical velocity scaling closure) is used in EXP3 (EXP4).
In Fig. 5c, the CAPE closure is generally able to produce
the variation of base mass flux according to moisture
condition, shown in Fig. 4b, except for the shallowest
convection. With only the CAPE closure, the shallowest
convection has too strong (Fig. 5¢) mass flux because of
short eddy overturning time scale. When only the subcloud
vertical velocity scaling closure is used (Fig. 5d), mass
fluxes are too weak overall (scale is different from other
panels) and the base mass fluxes in different circumstances
are not clearly distinguished. Therefore, the hybrid
approach in closure in BMF has a positive impact on
simulating proper sensitivity of convective activity to
environmental humidity. By fixing the cumulus adjustment
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time scale as constant, we could roughly measure the cloud
adjustment time scale defined as a function of eddy over-
turning time scale in BMF, whereupon it is found to be
between 2,400 and 4,800 s (not shown).

Figures 6 and 7 show the effects of convection on
environment in the single time step experiments. The ten-
dency of potential temperature produced by two convection
schemes is presented in Fig. 6. Because potential

0 005 01 0.5 02 025 0.3

Updraft mass flux
(kg m= s7)

temperature is usually increasing with height, the subsi-
dence in environment, which compensates the upward
mass flux within cloud, produces heating in the most lay-
ers. Meanwhile, evaporation of detrained cloud water and
falling precipitation, and a compensating upward motion
by downdraft modifies the heating field. RAS generates
nearly identical heating for all cases (Fig. 6a), because both
environmental temperatures and mass flux profiles are
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similar in all cases. In the case of BMF, heating (Fig. 6b) is
consistent with mass flux (Fig. 4b); wetter cases have a
deeper and stronger heating and vice versa. Note that in
BMF, the structures of heating are relatively top heavy,
especially for the three wettest columns. This is because
the maximum buoyancy levels, from which plume starts to
detrain, are in higher altitudes in those columns, with lower
entrainment rate.

Figure 7 shows moistening profiles represented by two
convection schemes in different PW conditions. In the most
humid case, both schemes have similar effects on the
environment; convection dries the troposphere except for
near the cloud top level, in which cloud water is detrained.
RAS dries heavily the lower troposphere (near 800 hPa)
even when the column is dry and relative humidity is low.
By formulating entrainment rate as a function of environ-
mental relative humidity and parcel buoyancy and vertical
velocity, and by using hybrid closure method, BMF sim-
ulate shallower and weaker convection in drier conditions.
The shallower and weaker convection less warms and dries
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the environment, especially the lower troposphere. The
impact of the difference between BMF and RAS shown in
Figs. 6 and 7 will be examined in the following section
within SCM and GCM frameworks.

The convective precipitation produced in each experi-
ment is shown in Fig. 8. The sensitivity of precipitation to
environmental moisture condition, which can be measured
by either the saturation deficit or PW, is suggested as a
prerequisite for proper simulation of equatorial large-scale
waves (Raymond 2001). BMF (Fig. 8, red line) captures
the strong sensitivity of convective precipitation to envi-
ronmental moisture when PW is greater than 52 mm
(similar to observed value from which precipitation
increases rapidly). RAS (blue line) lacks the dependency of
precipitation on PW, precipitation is even greater in dry
cases (52 mm shows maximum precipitation), which is
consistent with its simulation of the mass flux (Fig. 4a).
The sensitivity produced by BMF is similar to the observed
feature, which is shown in Fig. 2a. The results given in this
section show that BMF is able to capture a proper
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Fig. 7 Same as Fig. 6, except for the tendency of specific humidity

sensitivity of convection to environmental moisture, which
is not adequately represented in RAS. The key factors for
regulating cloud top height and strength of convection
according to environmental moisture are also shown as the
dependence of entrainment rate on environmental and
cloud properties and the hybrid closure method.

5 Performance of the bulk scheme
In this section, the performance of the current convection

scheme is examined in SCM and GCM frameworks. In
SCM framework, observed tendencies of temperature and
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specific humidity are given to column to see the response
of the model physics, including cumulus parameterization.
A long-term (10 years) integration of AGCM is conducted
with two different convection schemes to see (i) whether
BMF convection scheme works properly in the global
model, and (ii) impacts of convection scheme on the sim-
ulation of the intraseasonal variability in the tropics.

5.1 Single column model
Before comparing the SCM results with observation and

the CRM simulation, the problem of the default convection
scheme (RAS) of SNUGCM is first diagnosed. Figure 9
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Fig. 8 The precipitation simulated in different precipitable water
circumstance by RAS (blue) and BMF (Red). Unit is mm dayf1

shows the relative humidity bias and precipitation simula-
tion over two selected periods described in Sect. 3.3.
Although SCM with RAS simulates total precipitation
relatively well (Fig. 9, bottom panels), relative humidity
has a systematic bias, that is, a dry lower troposphere and a
wet upper troposphere. The bias in relative humidity is
mainly from the specific humidity bias, in particular in the
lower troposphere (not shown). This problem is not just a
symptom of SCM, and it reflects the bias in climate sim-
ulation over the tropics. Figure 10 shows the difference
between the area-averaged relative humidity from the 40-
year European Centre for Medium-Range Weather Fore-
casts (ECMWF) Re-Analysis (ERA40, Uppala et al. 2005)
and atmospheric model intercomparison project (AMIP)-
type simulation of SNUGCM with a RAS convection
scheme. For AMIP-type simulation, SNUGCM is inte-
grated using observed sea-surface temperature as a
boundary condition for the period of 1999-2008, from
initial condition generated using the National Center for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis. Time-averaged, ver-
tical profile of relative humidity from ERA40 for the period
of 1979-2001 is compared to that from 10-year AGCM
simulation in Fig. 10. When relative humidity is averaged
over the TOGA-COARE IFA area (solid), the bias is
similar to that shown in the SCM experiment. Furthermore,
the similar structure of bias appears in tropics-averaged
relative humidity (dashed), suggesting this bias is typical
problem of the model in the tropics. The bias is mainly
because RAS poorly simulates sensitivity to lower tropo-
spheric moisture, as shown in the previous section. A
similar problem of a different convection scheme is shown
in Thayer-Calder and Randall (2009) for the Community
Atmosphere Model (CAM) version 3.0. They showed that a
lack of coupling between convection and environmen-
tal relative humidity results in the dry mid to lower
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troposphere in CAM3.0. In SNUGCM, incorrect simulation
of the interaction between convection and environmental
moisture in RAS causes systematic bias of the specific
humidity in both SCM and AGCM simulations.

We now focus on the updraft mass flux and relative
humidity simulations of RAS and BMF. Figure 11 shows
the updraft mass flux simulated by the GCE model for the
period A. Three different horizontal resolutions (125, 250
and 500 m) are tested. It is shown that the evolution of
mass flux over time simulated in CRM is not significantly
dependent on horizontal resolution, although some minor
differences (e.g. the earliest deep convection only appears
at 125 m resolution) are observed. We use 500 m resolu-
tion model results below for computational (simulation of
period B) and data handling efficiency. Note that GCE
simulates the amount of rainfall similar to observation
during both periods (not shown).

Figure 12 compares the updraft mass flux simulated by
GCE, and two SCM simulations with BMF and RAS. From
the GCE output, the updraft mass flux is calculated with
10 min interval by averaging all upward mass flux when
the vertical velocity is greater than 0 m/s and the grid
contains hydrometeors greater than a critical value (i.e. 1%
of saturation specific humidity). Then mass fluxes are
averaged into 6 hourly data for convenience of comparison.
A gradual increase of cloud top height (Fig. 12a, top of
updraft mass flux is regarded as cloud top here) with a
moistening of the troposphere (Fig. 13b) is simulated in
GCE after 1 December 1992 during period A. In contrast to
GCE, the mass flux simulated by RAS has weak signal of
gradual growth shown in CRM. Also, relative humidity
simulated by SCM with RAS shows the dry bias in the
lower layers (Fig. 13d). BMF produces a more realistic—
similar to observation and CRM simulation—updraft mass
flux and relative humidity (Fig. 12b and 13c). The gradual
increase of cloud top height and the strengthening of
convective activity from 1 December 1992 is captured in
BMF. Furthermore, the growth of cloud top height after 1
December 1992 is accompanied by moistening of the tro-
posphere, as in the observation and GCE. BMF doesn’t
have the severe dry bias in the lower troposphere, unlike
RAS (Fig. 13c). The difference between BMF and RAS is
similar in the period B; the gradual increase of cloud top
and strengthening of mass flux is better simulated in BMF
(Fig. 12, right panels).

Tendency of specific humidity by convection scheme is
shown in Fig. 14 to provide a possible reason for difference
between RAS and BMF in simulations of the relative
humidity. In general, RAS nearly always dries the lower
(below 600 hPa) troposphere (Fig. 14b), while BMF
moistens there when it is dry. The difference is clearly seen
when we look at a specific time domain, which is from 1st
to 3rd of December 1992 in period A. This time domain is
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characterized by most dry phase during period A for both
simulations, in terms of relative humidity below 600 hPa.
The RAS dries out the dry layers, so the lower troposphere
remains dry (Fig. 13d). In contrast, BMF moistens the
lower troposphere in this period (Fig. 14a), after which the

AGCMs are integrated for 10 years (1999-2008) by pre-
scribing observed sea surface temperature. In this paper,
only limited results are shown because the full analysis of
AGCM simulations is beyond the scope of the current
study.

Figure 15 shows annual mean precipitation of the Glo-
bal Precipitation Climatology Project (GPCP, Huffman
et al. 2001) observation data and AGCM with two different
convection schemes for 1999-2008 periods. Both simula-
tions are able to reasonably capture prominent band-like
structures in observation, such as, ITCZ and the south
Pacific convergence zone (SPCZ). Mean precipitation over

@ Springer



424

D. Kim, L.-S. Kang: A bulk mass flux convection scheme

Fig. 11 The updraft mass flux

simulated by GCE model for the
period A. a 125 m, and

b 250 m, ¢ 500 m resolution is
used. Unit of mass flux is

kgmZs7!

Fig. 12 Updraft mass flux
simulated by a GCE, b SCM
with BMF, and ¢ SCM with
RAS during period A (left) and
B (right). Unit is kg m 2 s~
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the eastern Indian Ocean, however, is commonly not well observation. BMF shows additional wet bias over the
simulated. Also, RAS and BMF produce excessive pre-  northwest Pacific and SPCZ regions. It is shown in Wang
cipitation over Indian monsoon region compared to  etal. (2005) and Wu et al. (2006) that observed relationship
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between sea surface temperature and precipitation over the
northwest Pacific region is hardly captured in AGCM
simulations. And Stan et al. (2010) showed that excessive
precipitation over the west Pacific during boreal summer in
the super parameterization CAM (Khairoutdinov and
Randall 2001) is reduced when the model is coupled to an
ocean model. Consistent to Stan et al. (2010)’s results, the
wet bias over the northwest Pacific and SPCZ regions is
significantly reduced in our preliminary results from
ocean—atmosphere coupled GCM (not shown), suggesting
that the bias partly comes from the lack of air-sea coupling.

To show the simulation capability of intraseasonal var-
iability, November—April lag-longitude diagram of 10°S—
10°N averaged intraseasonal 850 hPa zonal wind anoma-
lies correlated against to the west Pacific reference point in
displayed in Fig. 16. Reference point is obtained by aver-
aging 20-100 day band pass filtered 850 hPa zonal wind
over the 155-160°E, 5°S-5°N domain. The tropospheric

zonal winds from the NCEP/NCAR reanalysis data (Kal-
nay et al. 1996) is regarded as observation. In observation,
lag-correlation diagram shows an eastward propagation of
lower level zonal wind travelling all around the globe
(Fig. 16a). The speed of propagation is slower over the
Indian Ocean and faster over the central and east Pacific. In
RAS, the eastward propagating feature of 850 hPa zonal
wind in intraseasonal time scale is not captured. Rather, it
produces standing (west Pacific) and westward propagating
(in the Indian Ocean) signal. On the other hand, in BMF,
eastward propagating signal becomes prominent over the
whole longitudes, although the difference in phase speed
between Indian Ocean and central/eastern Pacific is not well
captured. Our results from AGCM simulations suggests that
the strengthening of the cloud-environment coupling in BMF,
which improves moisture sensitivity of convection throughout
all vertical layers, results in improved simulation of the sub-
seasonal variability in the tropics.
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Fig. 15 Annual mean
precipitation averaged over the
period 1999-2008. a GPCP,

b BMF, and ¢ RAS. Unit is
mm day ™!

6 Summary and concluding remarks

A bulk mass flux convection scheme has been developed
and evaluated in SCM and GCM frameworks by observa-
tion and a cloud resolving model simulation data. Based
upon Tiedtke (1989)’s bulk mass flux framework for
updraft plumes, the triggering, entrainment/detrainment
rate modeling, and closure methods are revised. We
adopted the triggering method of Jakob and Siebesma
(2003), which enables direct interaction between the sub-
cloud layer and convection by using a parcel model. Cloud
parcel properties (i.e. moist static energy, total water
amount and vertical velocity) from the surface layer to
cloud top level are treated in a consistent manner by
solving an entraining updraft and vertical velocity equa-
tions. A key parameter in these equations is the entrain-
ment rate, which is prescribed in the sub-cloud layer as a
function of height and is determined based on parcel and
environmental (grid-mean) properties within the cloud
layer. A moisture factor, which represents the dependence
of the entrainment rate on environmental humidity (relative
humidity), is combined with the parcel state-dependent
entrainment rate model of Gregory (2001). Entrainment
rate modeling is shown to be crucial for the sensitivity of
cloud top to environmental moisture. To determine the
detrainment rate, we assumed a linear decrease of the
updraft mass flux to zero at cloud top above the maximum
buoyancy level. A hybrid closure method, which blends
CAPE and sub-cloud layer vertical velocity scale closures,
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Fig. 16 November-April lag-longitude diagram of 10°S—10°N aver-
aged intraseasonal U850 anomalies correlated against to the west
Pacific reference point (155-160°E, 5°S-5°N averaged). a NCEP/
NCAR, b BMF, and ¢ RAS

is used to calculate the base mass flux to account for both
cloud layer instability and subcloud layer turbulent kinetic
energy as factors in the strength of cumulus. The hybrid
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approach for closure is based on the consideration
that cumulus cloud is controlled by both the instability
within cloud layer and sub-cloud layer turbulent kinetic
energy.

The moisture sensitivity of the convection scheme
developed is examined in a single time step experiment, by
specifying composited temperature and humidity profiles
from observation data as an initial condition. The com-
posite is based on PW, inspired by a recent observational
study (Holloway and Neelin 2009). It is shown in a single
time step experiment that the BMF convection scheme
produces the sensitivity of convection to environmental
humidity in a similar way to that observed. The updraft
mass flux simulated by BMF has a higher top and a
stronger magnitude when column is more humid. The
sensitivity of convection to environmental moisture is not
adequately represented in RAS. The dependence of
entrainment rate on environmental humidity, as well as
parcel buoyancy and vertical velocity is shown to be
important to simulate moisture sensitivity of convection.
The hybrid closure method also helps to represent proper
moisture sensitivity of strength of convection.

The convection scheme developed is evaluated in the
single column framework by specifying observed hori-
zontal and vertical advections of temperature and specific
humidity as a forcing to the SCM. The selected periods
include the suppressed and active convection regimes and
the transition between them. SCM results with two differ-
ent convection schemes are compared with observed and
CRM simulated variables. RAS shows a dry (wet) bias in
the lower (upper) troposphere, similar to the bias of
AGCM. By comparing mass flux and relative humidity, it
is shown that BMF provides a better simulation of the
updraft mass flux and relative humidity compared to RAS.
When implemented in AGCM, BMF is able to simulate
reasonable time-mean precipitation pattern, although it
shows wet bias over the northwest Pacific and the SPCZ
regions without air-sea interaction. Also, the representation
of eastward propagating intraseasonal variability in the
tropics is improved in BMF compared to RAS, with
enhanced coupling of convection to environmental humidity
condition.

Our results suggest that the observed relationship
between convection and environmental moisture can be
better simulated by improving a conventional convection
scheme without using CRMs in each grid of the model.
One of the most important factors to achieve this is frac-
tional entrainment rate parameterization, which is a poorly
understood process currently. The relationship is thought to
be crucial for better simulation of various climate phe-
nomena, such as the diurnal cycle and CCEW, based on
previous observational and modeling studies. The impact

of the new bulk mass flux convection scheme on climate
simulation will be examined in the further work.
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