Clim Dyn (2012) 38:725-744
DOI 10.1007/s00382-011-0995-3

A mass-flux cumulus parameterization scheme for large-scale
models: description and test with observations

Tongwen Wu

Received: 14 August 2010/ Accepted: 11 January 2011/ Published online: 28 January 2011

© Springer-Verlag 2011

Abstract A simple mass-flux cumulus parameterization
scheme suitable for large-scale atmospheric models is pre-
sented. The scheme is based on a bulk-cloud approach and
has the following properties: (1) Deep convection is laun-
ched at the level of maximum moist static energy above the
top of the boundary layer. It is triggered if there is positive
convective available potential energy (CAPE) and relative
humidity of the air at the lifting level of convection cloud is
greater than 75%; (2) Convective updrafts for mass, dry
static energy, moisture, cloud liquid water and momentum
are parameterized by a one-dimensional entrainment/
detrainment bulk-cloud model. The lateral entrainment of
the environmental air into the unstable ascending parcel
before it rises to the lifting condensation level is considered.
The entrainment/detrainment amount for the updraft cloud
parcel is separately determined according to the increase/
decrease of updraft parcel mass with altitude, and the mass
change for the adiabatic ascent cloud parcel with altitude is
derived from a total energy conservation equation of the
whole adiabatic system in which involves the updraft cloud
parcel and the environment; (3) The convective downdraft is
assumed saturated and originated from the level of minimum
environmental saturated equivalent potential temperature
within the updraft cloud; (4) The mass flux at the base of
convective cloud is determined by a closure scheme sug-
gested by Zhang (J Geophys Res 107(D14), doi:10.1029/
2001JD001005, 2002) in which the increase/decrease of
CAPE due to changes of the thermodynamic states in the
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free troposphere resulting from convection approximately
balances the decrease/increase resulting from large-scale
processes. Evaluation of the proposed convection scheme is
performed by using a single column model (SCM) forced by
the Atmospheric Radiation Measurement Program’s (ARM)
summer 1995 and 1997 Intensive Observing Period (IOP)
observations, and field observations from the Global
Atmospheric Research Program’s Atlantic Tropical Exper-
iment (GATE) and the Tropical Ocean and Global Atmo-
sphere Coupled Ocean—Atmosphere Response Experiment
(TOGA COARE). The SCM can generally capture the
convective events and produce a realistic timing of most
events of intense precipitation although there are some
biases in the strength of simulated precipitation.
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Large-scale model - Single column model - Test with
observations

1 Introduction

Cumulus convection is a key process in controlling water
vapor content of the atmosphere. The heat release from
condensation in convective processes is a dominant com-
ponent of the atmosphere’s energy budget (Emanuel et al.
1994). Climate models should take into account collective
influence of small-scale convective processes on large-
scale variables in each model grid box. Current climate
models cannot resolve convective-scale and explicitly
predict convections, thus effects of convections on the
resolved scales must be parameterized.

The idea of cumulus parameterization was born in the
early 1960s. It was introduced by Charney and Eliassen
(1964) and Ooyama (1964) in tropical cyclone modeling
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and by Manabe et al. (1965) in a general circulation model.
Since then, a number of cumulus parameterization schemes
have been developed for comprehensive numerical weather
prediction (NWP) and climate models, to take into account
the subgrid-scale characteristics of latent heat release and
mass transport associated with convective clouds, and to
accurately predict rainfall, especially for heavy rain epi-
sodes (e.g., Arakawa and Schubert 1974; Anthes 1977; Kuo
and Raymond 1980; Fritsch and Chappell 1980; Betts and
Miller 1986; Tiedtke 1989; Gregory and Rowntree 1990;
Kain and Fritsch 1990; Emanuel 1991; Donner 1993; Grell
1993; Zhang and McFarlane 1995; Wang and Randall
1996; Sun and Haines 1996; Hu 1997). Many of these
schemes continue to be improved (e.g., Janjic 1994; Cheng
and Arakawa 1997; Emanuel and Zivkovic-Rothman 1999;
Gregory et al. 2000; Grell and Devenyi 2002). As reviewed
in Arakawa (2004) and Bechtold (2006), these parameter-
ization schemes can be regrouped into three classes: (1)
“Kuo” schemes based on moisture budgets (e.g., Kuo
1965; Kuo 1974); (2) Adjustment schemes including moist
convective adjustment (e.g., Manabe et al. 1965) and
penetrative adjustment scheme (e.g., Betts and Miller
1986); (3) Mass flux schemes which include multiple
entraining plumes—spectral model, single entraining/
detraining plume—bulk model, and episodic mixing
scheme (e.g., Emanuel 1991; Gregory 1997; Emanuel and
Zivkovic-Rothman 1999). The first two classes simulate
the effects of convection by adjusting the lapse rates of
both temperature and moisture to a specified reference
profile at each grid point (without attempting to simulate
the explicit convective process). Mass flux schemes do
attempt to explicitly formulate and account for convective
processes at each grid point.

In addition to ‘traditional’ convection parameterizations,
a cloud-resolving approach (also called “super-parameter-
ization”) was proposed by Grabowski (Grabowski and
Smolarkiewicz 1999; Grabowski 2001) that would be
another pathway to solve the cumulus problem.

At present, the mass flux approach is still widely used in
weather and climate models as it has a stronger physical
basis, in comparison to the earlier empirical adjustment
methods (e.g., moist convective adjustment and Kuo-type
schemes) and provides an understanding of how convection
affects the large-scale atmosphere. However, mass flux
schemes are much more complex and require additional
assumptions. Some relevant problems still exist:

1. The most difficult issue is to locate convection. The
physical processes initiating convection are not well
understood. There is no general criterion to decide
when burst out of convection should take place, i.e.,
when to allow a moist convective parcel to overcome
the stable layer at cloud base and to have access to the
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convective available potential energy (CAPE). It has
been shown that some simulations are highly sensitive
to the triggering function used (e.g., Kain and Fritsch
1990; Stensrud and Fritsch 1994).

2. Cloud profiles are highly sensitive to the entrainment/
detrainment cloud model. One of the most important
problems is the treatment of entrainment of environ-
mental air into cloud columns (Arakawa 2004; Deb
et al. 2006; Wang et al. 2007). The entrainment and
detrainment rates are commonly specified by certain
hypothesis such as constant, a designated function of
altitude (e.g., Tiedtke 1989), a velocity-dependent rate
(Neggers et al. 2002), an inverse-height relationship
(Jakob and Siebesma 2003; Zhang 2009), a function
with parcel buoyancy and inversely as the square of the
updraft speed (Gregory 2001) or decreasing over the
course of the day (Grabowski et al. 2006), or
parameterized with a characteristic fractional entrain-
ment rate (e.g., Zhang and McFarlane 1995) or based
on tropospheric environmental humidity and subsatu-
ration (Bechtold et al. 2008).

This paper is to develop and validate a new mass-flux
approach to parameterize deep convection. It functions as a
bulk type scheme which resembles to existing frameworks,
essentially the rather general framework proposed by
Tiedtke (1989) and Zhang and McFarlane (1995). Its main
distinctness from commonly used schemes is: (1) The
entrainment of the lateral environment air below the cloud
base is involved. Almost every convection scheme that
works with a plume model neglects the mixing of the
ascent parcel with the environment air in the sub-cloud
layer. The importance of the sub-cloud layer in the
parameterization of moist convection has been recognized
(Jakob and Siebesma 2003) and its effects on weather and
climate seem to be rather significant; (2) entrainment and
detrainment in convective updrafts are not prescribed as a
function of altitude but fully determined by the change of
the updraft cloud package mass with altitude and is
dependent on properties of the upward cloud parcel and the
environment air and the mass flux at the cloud base.

The structure of this paper is as follows: A detailed
description of the convection scheme is presented in Sect.
2. Its evaluation with a single column model (SCM) and
observational data is given in Sect. 3. Section 4 contains
summary and concluding remarks.

2 Design of cumulus parameterization scheme
The cumulus parameterization in this work is to represent

the collective effect of cumulus clouds without predicting
individual clouds. The convective updrafts and downdrafts
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associated with moist air and water phase changes are
included.

2.1 Triggering of convection

The cumulus clouds are assumed to be embedded in the
large-scale environment, and have a common cloud base.
Similar to Zhang and McFarlane (1995), the first step in the
scheme is to find the bottom of the unstable layer in the
lower troposphere, that is the level at which the moist static
energy reaches its first maximum from the top of the
boundary layer to 700 hPa. Also this level is the initial
lifting level of a convective cloud parcel, and is limited to
below 700 hPa based on consideration that mid-latitude
convection, especially at night time, might root at upper
atmospheric levels. This parcel is then assumed to undergo
dry adiabatic ascent from its lifting base (LB). The second
step is to determine the cloud base i.e., the lifting con-
densation level (LCL) that is the lowest level at which the
adiabatic parcel becomes supersaturated. Once cloud base
detected, the cloud parcel rises under moist adiabatic pro-
cesses to the cloud top level (CTL) which is defined as the
level at which the buoyancy of an air parcel becomes
negative, i.e., the ‘level of zero buoyancy’ where the virtual
potential temperature of the air parcel and that of the
environment become equal to each other.

The convection is activated when (1) the environmental
air in the updraft source layer is sufficiently moist and the
relative humidity at the level of undiluted parcel lifting
bottom (LB) is assumed in excess of 75% (which depends
on the grid horizontal resolutions while it is used in
GCMs), and (2) the convective available potential energy
(CAPE) must be greater than zero. The CAPE is defined as
the vertical integration of the buoyancy between the LB and
the CTL:

ZcTL p(zs)
CAPE = / Fpdz = Ry / (T.),—T,)dInp (1)
2B plzer)

where R, is the gas constant of dry air. z;5 and zc7y are
the heights of an air parcel at its LB and CTL, respectively.
The overbar denotes the environmental variables. (7,), is the
virtual temperature of the adiabatic ascending cloud and is
computed by (7,), = T.(1 + 0.608¢;5)/(1.0 4+ g;5) below
its lifting condensation level and (7,), = T.[1 + 1.608¢"
(T)1/(1 + ¢ + q) above its LCL. Here ¢ (T,) is the sat-
urated water-vapor mixing ratio with the undiluted parcel
temperature T.-q, is the total condensate and given by
q1 = qrcr — q*(T) for moist-adiabatic ascent. In the
expression (1), no mixing of the parcels with the environ-
ment has been taken into account, i.e., the ascent is sup-
posed to be adiabatic (no mass and energy is exchanged

with the environment). The numerical formalism to com-
pute the properties of the adiabatic ascent parcel are given
in the “Appendix”.

Convective downdraft plays an essential role in atmo-
spheric convection. The downdraft plume is originated at the
level of free sink (LFS) which is defined as the level of
minimum environmental saturated equivalent potential tem-
perature 0, between the LCL and the CTL. The downdraft
parcel is assumed to be completely saturated above cloud base
and is terminated if it becomes warmer than its environment
or if it reaches the surface and if no water is evaporated.

2.2 Basic equations for large-scale convective
tendencies

The basic equations for the large-scale convective ten-
dencies due to contribution of cumulus convection to the
large-scale budgets of heat, moisture and momentum are
expressed in terms of bulk convective fluxes as followings
(e.g., Tiedtke 1989; Zhang and McFarlane 1995):

Cp (%_Q o _%%[Mu(su —5) + Ma(sa —5)]
+ L(c, —eq —ep), (2)

- (Cu —€q — el)a (3)

(2_;) w ‘(I_Tku)a%wuu — )+ My(ug =), (4)

<%> cu: - %%”% [Mu(vu - V) + Md(vd - V)L (5)

for z > z;5 . Below the LB (z;, < 7 < 7y Where z; is the
surface height), the Eqs. 2-5 are expressed as

cp (pz—f) _ —ﬁ (Mufs(z28) — (5]

+ My[s(zs) — sa(ze8)]) (6)

(pzf) ) - 7(111317_&) (MM[CI(ZLB) - qu(zLB)]

+ Malg(z18) — qa(z8)]), (7)
o\ (1 —k,) _
(5> cu B _m (M” [”“ (ZLB) B M(ZLB)]
+ Mylua(zrs) — (z18)]), (8)
+ Mylva(zs) — v(zis)]). )

[T}

The subscript “u” and “d” denotes the variables for
updraft and downdraft cloud plumes, respectively. The
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I3k}

overbar indicates environmental variable. T, g, u, and v
are temperature, water-vapor mixing ratio, zonal and
meridional winds, respectively. M,(z) and M (z) are the
upward mass flux for the updraft and downdraft plumes,
respectively. ¢, and e; denote the condensation rate in the
updraft and the evaporation rate of precipitation in the
downdraft, respectively. k, is an empirical constant and
set to 0.7 (refer to Gregory et al. 1997). ¢, represents the
evaporation rate of cloud water that has been detrained into
the environment. A Sundqvist (1988) style evaporation of
the convective precipitation is introduced to parameterize
¢; (see Collins et al. 2004) as

e/ =K.(1—-RH) - G)/?, (10)

where RH is the relative humidity, G, denotes the
conversion of cloud water to precipitation. The coefficient
K, takes a value of 2.0 x 1074 (kg m~?2 s_l)_l/2 s~1. The
variable e; has units of s Then, the rain water flux at height
z can be expressed as

o0

P(z) = / (Gp — &1 — eq)pdz. (11)

Z

2.3 Updraft

The cloud mass flux M,(z) and the condensation c, in the
updraft are commonly formulated in a bulk entraining—
detraining plume model. The budget equations for mass,
dry static energy, moisture, cloud liquid water, and
momentum for an ensemble of updraft cloud package are
commonly expressed as (e.g., Tiedtke 1989; Zhang and
McFarlane 1995):

oM,

o =E,—D, (12)
0 _
5 (Mys,) = Eus, — D,5 + pLe, (13)
0 —
a_Z (MuCIu) =E.q. — D.g" — pc, (14)
0
6_z (Mugu) = _Dugu + pcu — pGp (15)
0 _
o (M u,) = Eu, — D,u (16)
0 _
o (M) =E,v, — D, (17)

where E denotes entrainment, D detrainment, s = ¢,T + gz
the dry static energy, p the air density, [ the cloud water
mixing ratio, and ¢, the release of latent heat from
condensation.

It is well-known that clouds with various sizes may, at the
same time, exist in a given GCM grid box. In this scheme, all
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deep convective cloud bases are assumed to be located at the
same level. So, all individual clouds in the same grid box that
undergo dry adiabatic and then moist adiabatic ascent must
share common thermodynamic properties such as tempera-
ture T,.(z) and moisture g.(z). At any given level z between
the cloud base and cloud top, although there may exist
detrainment/entrainment from some clouds and then be
entrained/detrained into other clouds, only influences of the
net entrainment from the environment or net detrainment
from the ensemble package of updraft clouds to the envi-
ronmental air are considered in this scheme, namely,

oM, oM,
E, = and D, =0, for— >0; (18)
0z 0z
or,
oM, oM,
D, =— and E,=0 for <0. (19)
0z 0z

It implies that the entrainment E,(z) or detrainment D,(z) in
Eq. 12 fully depends on the change of the upward mass
flux M, (z) with altitude.

M, (2) is parameterized as following. As for a collection
of undiluted moist adiabatic ascent clouds, its temperature
and humidity change separately from 7, to T, 4+ dT, and
from ¢, to g. + dg. when it rises from z to z 4+ dz where
the corresponding pressure changes from p. to p. + dp..
The cloud parcel will have gain/loss of internal energy
during its ascent motion as:

RT, .

(00) g = Me <cpdTC - dpc> + mcLdq.. (20)

c
where, m, is the undiluted cloud mass and p. pressure in
cloud. The first term in the right side of Eq. 20 represents
the internal energy increment and the second term denotes
the obtained latent heat energy due to humidity change dg.
of the saturated cloud parcel.

As shown by the schematic in Fig. 1, when the envi-
ronmental air is entrained into the updraft cloud or the
cloud air is detrained into the environment, the cloud mass
will change from m.(z) to m.z) + dm.. Here, dm.> 0
means the entrainment of the environmental air into the
updraft cloud and dm, > 0 denotes the detrainment of
updraft cloud into the environment. Then, the gain/lose
internal energy by the updraft cloud pack in the expression
(20) will be changed to

RT, .

(0Q) g = me <deTc -

+ cpTedme + Lgcdm,. (21)

dp(> + mCquC

c

In the same time, the environment must lose (or gain)
internal thermal energy c¢,7dm,, and latent heat Lgdm,
when dm,. > 0 (or dm,. > 0). The total energy loss/gain for
the environment can be rewritten as
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Fig. 1 Schematic diagram of

a entrainment and b detrainment
for an ensemble of updraft cloud
parcels

(60),,, = ¢,Tdm. + Lgdm,. (22)

The cloud and environment are together composed of an
adiabatic system, and the (6Q),,, must balance the (6Q).4-
That is

_ RT,
cpTdm. + Lgdm,. = m, <c,,ch — Jdpc)

c

+ m.Ldq. + c,T.dm. + Lq.dm,., (23)

or
ep(T — T.)dm. + L(g — qc)dm,
RT,
= m, (cpdT(, - p”dpc> + mcLdg.. (24)

The parcel pressure p. is commonly equal to the
environmental pressure p and there exists a relation
dp. = dp. It is known that the large-scale environmental
air approximately satisfies the hydrostatic balance, i.e.,

_ P
dp = —— gdz. 25
P RTvgZ (25)

Now, we introduce the moist static energy of the ascent
parcel h. = c¢,T. + gz + Lq,. and the moist static energy of
the environmental air h = c,T + gz + Lq, respectively.
Equation 24 can be rewritten as

dm, T, dq. darT,

h—he)— = g—= —_ 26
( )mch gTv + dZ +cl dZ ( )

Only m.(z) in Eq. 26 is an unknown variable. Its solution
can be expressed as

me(z + dz) = me(z)e" V%, (27)

where

Tve d dr,
g+ L%+ 5
He) == (28)

Tc’ qe M,

cloud parcel

Here, the variables with subscript “c” denote the temperature
and water vapor mixing ratio only for moist adiabatic ascent
cloud parcel.

It is noted that the updraft mass flux M,(z) is defined as
the net upward mass of cloud parcel m, across the height
z at a given time interval. So, there is a similar relationship
to the expression (27) as

M, (z+ dz) = M, (z)e" ¢ (29)
or,
Mu(Z) = Mb(ZLB)e}'(@'(Z*ZLB), (30)

where M,(z;p) is the mass flux at LB. Following Eq. 30,

there is aMa;’Z(Z) = M, (z) - 2(z). So A(z) represents the strength

of entrainment when A(z) >0 or detrainment when
Mz) < 0.

In Egs. 13 and 14 s, (or T,,) and g, are different from s,
(or T,) and gq.. The variables with subscript “u” already
include influences of condensation and entrainment or
detrainment mixing with the environment. Based on
Egs. 13 and 14, there is

0

—(Myhy) = E,hy, — D,h’, 31
(M) 61)
where

hu =85+ Lqu = CpTu + gz + Lqu (32)

is wet static energy of the updraft cloud and can be directly
solved from Eq. 31. With the aid of relationship

qu = CI*(Tu)7 (33)
i.e., the wupdraft cloud is always saturated after
condensation and mixing processes. So,

[cpTu+ 82+ Lg"(Tu)] — hy = 0. (34)
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Fig. 2 Time series of observed and simulated surface precipitation
rates during summer 1995 IOP from the SCM using a Wu’s scheme
and b Zhang-Mcfalan’95 scheme

T, can be estimated from Eq. 34 by using Newton—Raph-
son iteration.

Equation 15 implies that fractional condensed water is
converted to precipitation and the remainder will become
cloud water and contribute to moistening the environment.
Following Lord et al. (1982), the conversion from cloud
droplets to raindrops is assumed to be proportional to the
liquid cloud water content and the upward mass flux as

pG, = coM,, - 1, (35)

where constant ¢ is related to horizontal resolution and
co=6x107> m~" for T42 resolution of the Beijing Cli-
mate Center Atmospheric General Circulation Model
(BCC_AGCM2.0.1, Wu et al. 2010) in this work.

If the mass flux at the cloud base M, is known, the
unknown variables such as M,,, E,,, D, [, c,, u,, and v, can
be calculated.

2.4 Downdraft

Similar to the updraft, vertical distributions of the down-
draft mass flux, dry static energy and moisture below the
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LFS are determined by the equations for mass, dry static
energy, moisture content, and momentum:

oM,
Y _E,—D 36
0z ¢ ¢ (36)
M
a"sd = E;5 — Dysq + Lieg (37)
Z
oM
a—dqd = E4q — Duqa — peu (38)
Z
oM u
ai d_ Esu — Dyuy (39)
M,
= " _ B — Davy (40)
Z

In which e; is the evaporation of convective rain to
maintain a saturated descent, moisten and cool the envi-
ronmental air.

The magnitude of the downdraft mass flux at the LFS is
specified as a simple function of updraft mass flux and
relative humidity.

My(zrs) = —P(1 — RHpps) - My(zirs) (41)

where RH s is the mean (fractional) relative humidity at
the LFS and § = 2 is an empirical coefficient (Knupp and
Cotton 1985; Tompkins 2001). The detrainment from the
downdraft is assumed to be confined to the sub-cloud layer.
In this work, the downdraft mass flux M (z) takes the form
similar to the scheme of Zhang and McFarlane (1995) as

ehar(@rs=2) _ |
My(z) = o My(zirs)-

Ad - (ZLFS - Z) (42)

In the scheme, 4; (5 x 107*m™") is an empirical
coefficient and « is a “proportionality factor” to ensure
that the downdraft strength is physically consistent with
precipitation availability taking the form of

P

= 43
= (43)

where P is the total precipitation in the convective cloud
column. This formalism ensures that the downdraft mass
flux vanishes in the absence of precipitation, and that
evaporation cannot exceed the precipitation. With the aid
of Eqgs. 37 and 38, there is

6Mdhd

= Esh — Djhy.
0z

(44)

The moist static energy for downdraft air hy; = s; + Lqy
can be computed. The downdraft air is assumed saturated.
Then s, and g, = ¢ (T4, p) can be approximately calcu-
lated by an iterative error function similar to Eq. 34.

2.5 Closure

Based on observational studies, Zhang (2002) proposed a
closure scheme that assumes that stabilization of the
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(a)

ARM 1995

P

T8JUL
1995

Fig. 3 Time-pressure cross section of the simulated (a) and observed (b) apparent sources Q1 (K/day) for the ARM 1995 summer IOP

atmosphere by convection is in quasi-equilibrium with
destabilization by large-scale forcing in the troposphere.
This closure assumption is adopted in our work. Using the
convention of Arakawa and Schubert (1974), the net CAPE
change can be written as two separated contributions, one
due to convective processes and other due to the large-scale
processes:

(45)

OCAPE  (OCAPE " OCAPE
o\ a ), a ),

The quasi-equilibrium assumption requires

OCAPE O0CAPE
and
ot ot

Is
OCAPE N OCAPE
ot cu - ot Is '

So, the closure can be written as
Pb

2 _
oT, oT,
/ { 3 Cudlnp = max —/ [ 3 ]zsd Inp,0 (47)

Pr Pr

(40)
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Fig. 4 Time-pressure cross (a)

section of the simulated heating
rate (K/day) for the ARM 1995
summer IOP from a Wu’s deep 2004 -
convection scheme and b the
shallow/middle convection
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Since the temperature change due to convection in the
convective layer is proportional to the cloud base mass
flux, we have:

Po

1 oT,
My, =— — —| dl . 4
b max / {at]lsd np,0 (48)

Pt

where F is a proportionality factor. More details can be
found in Zhang (2002).

3 Numerical tests on single column datasets

The Single-Column Model (SCM) is an important
approach used to test and develop parameterizations

@ Springer

19JUL 21JUL 23JUL
1995

25JUL 27JUL 29JUL 1AUG 3AUG

(Browning 1994; Randall et al. 1996; Xie et al. 2002;
Xu et al. 2002). The new cumulus parameterization
suggested in this work is applied to a SCM which is
developed by National Center for Atmospheric Research
(NCAR) SCM group (Hack and Pedretti 2000) and
represents a grid column of a general circulation model
(GCM).

In the SCM, the large-scale forcing is prescribed from
observations and the moist-convective processes are pre-
dicted, thus it has an advantage to isolate cumulus
parameterization from the rest. The prognostic equations of
temperature and moisture are expressed as

oT

oT RT
i This — o (— + —) + Tpny (49)

op  pecp
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Fig. 5 The same as that in Fig. 2, but for observed and simulated
surface precipitation rates during summer 1997 of the ARM program

0q dq
= = qHLs — O a + qpiy (50)

ot

where T, g, and w are the temperature, mixing ratio of water
vapor, and pressure vertical velocity, respectively. The
terms Ty and gy s represents the large-scale horizontal
advective forcing terms. ¢, is the specific heat at constant
pressure. The terms 7,,, and g, show the collection of
parameterized physics terms. In the SCM, the terms Ty g
and gpys are specified from observations. The vertical

advective terms —w(%—z + §7T) and —wg—z are calculated by
X

using the observed vertical velocity and predicted temper-
ature and water vapor mixing ratio profiles in the SCM. The
surface pressure p, and its tendency with time are specified
from observations. The basic fields of the prescribed large-
scale forcing are interpolated to model levels.

Physical parameterizations in the SCM are the same as
those in the NCAR Community Atmosphere Model
(CAM3, Collins et al. 2004) except for the deep penetrative
convection scheme suggested in this paper (hereafter Wu’s
scheme) is applied to replace the original deep convection
scheme of Zhang and McFarlane (1995, hereafter ZM’95).
For convenience, the original SCM is specified as the
NCAR CAM3 SCM and a detailed description can be
found in Collins et al. (2004).

It should be stressed that feedbacks between the con-
vection and the large-scale flow are excluded in the SCM
and the tests can only be considered as the validation of a
cumulus parameterization. In this work, the data used to
force SCM are obtained from the Atmospheric Radiation
Measurement (ARM) Southern Great Plains (SGP) site
during two intensive operational periods (IOPs) in the
summers of 1995 and 1997, and the Global Atmospheric
Research Program’s (GARP’s) Atlantic Tropical Experi-
ment (GATE) in year 1974, and the Tropical Ocean and
Global Atmosphere Coupled Ocean—Atmosphere Response
Experiment (TOGA COARE) from 5 December 1992
through 12 January 1993. In order to make a comparison,
integrations of the original NCAR CAM3 SCM in which
the ZM’95 deep convection scheme is used are also carried
out.

3.1 Simulations at ARM Southern Great Plains site

The summer 1995 intensive observing period (IOP) at SGP
covers 16 days from 18 July to 3 August 1995. It experi-
enced a wide range of summertime weather conditions and
included several intense precipitation events associated
with a stationary, large-scale upper-level trough over North
America in the first half of the period, and then followed by
a few clear days associated with an upper-level ridge (Xie
and Zhang 2000). Initial conditions and the time-dependent
large-scale forcing terms are obtained from the variational
analysis of Zhang and Lin (1997) using surface flux esti-
mates derived from the ARM Energy Balance Bowen Ratio
stations (Hack and Pedretti 2000). The large-scale data at
the 20-min interval resolution from their analysis are used
to compute the needed fields. These fields are then aver-
aged over each 3-h period to obtain the final results. The
vertical resolution of the data is 50 hPa from 965 to
115 hPa.

As shown in Fig. 2a, several intense convective pre-
cipitation events were observed during the summer 1995
IOP. The SCM captures almost all events of the observed
precipitation especially at the beginning and ending of the
period. But the simulated precipitation maximum in days 2
and 14 (accounted from 18 July 1995) are obviously
smaller than observations. This may be partly attributed to
observation errors. In fact, as shown in Figure 6 of Zhang
et al. (2001), for all the two intense precipitation events, the
rainfall amount averaged over the eight surface meteoro-
logical observational stations within the SGP analysis
domain is systematically larger than that averaged over the
77 Oklahoma and Kansas Mesonet stations within the same
domain. The simulation from the original CAM3 SCM
using the same forcing data is shown in Fig. 2b and there
are more frequent precipitation events than the observa-
tions. The obvious phase shifts between the simulated
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Fig. 6 Same as in Fig. 3, but (a)

for the ARM 1997 summer IOP

4004 - - - f -

soo{ - tof b

O
o

600 - f TPk ”
|

700-—\‘ 1 ' —ﬁa »

I

8001 -

900 -

] ] ] ] l

2004 - - - IR M 5' e
AR T

300-——————‘@— . ‘Ph

oin
OV ——

ARM 1997

19JUN
1997

21JUN 23JUN 25JUN 27JUN 29JUN  1JUL  3JUL  5JUL  7JUuL  9JUL

110Ul 13JUL 15JUL 17JUL

ARM 1997

precipitation and the observed precipitation as shown in
Fig. 2b also exist in similar simulations of Xie and Zhang
(2000) by using the NCAR CCM3 SCM in which the same
deep convective scheme of ZM’95 is used. Xie and Zhang
(2000) pointed out that the triggering function in the
ZM’95 scheme was one of the major causes for the sim-
ulation biases.

Figure 3 presents time-pressure sections of the observed
and simulated apparent heat sources (Q1, Yanai et al. 1973)
over the period of IOP 1995. The vertical profile of sim-
ulated Q1 (Fig. 3a) resembles well to the observed Q1
(Fig. 3b). The vertical position and timing of the heating
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maxima are generally captured, although the SCM fails to
reproduce the heating as strong as observed mainly before
1 August. Furthermore, compared the contribution to the
heating rate from the Wu’s deep convection scheme with
that from the Hack’94 shallow/middle convection scheme
(Fig. 4), it can be found that deep convection dominates the
moist convection during the period of 20 July to 28 July but
after 29 July the shallow/middle convection prevails and
deep convection rarely takes place.

The ARM summer 1997 IOP data are also widely used
in evaluation of cumulus parameterizations under summer-
time mid-latitude continental conditions used in SCMs
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Fig. 7 Same as in Fig. 4, but (a)
for the ARM 1997 summer IOP
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(e.g., Xuetal. 2002; Xie et al. 2002). The summer 1997 IOP
covers 29 days from 19 June to 18 July 1997. The data used
in the experiment is processed exactly the same manner as
those used in the ARM 1995 simulations. The summer 1997
IOP also contained a wide range of summertime weather
conditions. As shown in Fig. 5a, the ARM SGP site expe-
rienced several intense precipitation events and dry and clear
days during this IOP. The SCM captures almost all the main
events of observed rainfall for which the maximum surface
precipitation is larger than 20 mm/day, including the peaks

1199JQU7N 21JUN  23JUN  25JUN  27JUN  29JUN

1JuL 3JuL 5JUL 7JuL sJuL 11JUL 13JUL 15JUL 17JUL

of the strong precipitation events. But the SCM also pro-
duces several spurious precipitations during non-precipita-
tion periods, especially during days 12—14 but the maximum
precipitations are less than 10 mm/day. Figure 5b shows the
simulated precipitations from the original CAM3 SCM.
The ZM’95 deep convective scheme also produces much
more frequent precipitations than the observations as that in
1995 summer. The similar biases in Fig. 5b also exist in
the simulations from the NCAR CCM3 SCM (Xie and
Zhang 2000).
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Fig. 9 Same as in Fig. 8, but for ARM 1997 summer 10P

During the ARM 1997 summer IOP (Fig. 6), the
observed Q1 shows heating in the upper troposphere and
cooling below about 700 hPa. The SCM can well simulate
the vertical profile of observed Q1. Although the intense
precipitation events during this period are also associated
with the activities of the large-scale upper-level troughs
and ridges over the North American continent (Xie et al.
2002) as that in summer 1995, the convection activities in
the SGP site in summer 1997 are different to those in
summer 1995. As shown in Fig. 7, the deep convection is
obviously weaker than the shallow/middle convection and
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the relatively intense deep convection heating is only in the
periods of 24-26 June and 4-5 July. The maximum heating
from deep convection is located above 500 hPa, up to
200 hPa.

Figures 8 and 9 present time-averaged apparent heat
source Q1 and its decomposition for each individual
physical processes of total moist convection (Qlc), Wu’s
deep convection (Q1wu), Hack shallow/middle convection
(Qlhack), radiation (Qlr), and turbulent processes (Q1v)
over the periods of IOP 1995 and 1997, respectively. It can
be seen that the total QI mainly comes from moist
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Fig. 10 The same as that in Fig. 2, but for GATE phase III 1-18
September 1974. Black line represents radar observations from
Hudlow and Patterson (1979) and manually redrawn from Figure 2 of
Piriou et al. (2007)

convective heating (Q1c) in both summers and the vertical
profile of simulated Q1 shows a warming in the atmosphere
above 700 hPa and a cooling below. If comparing the Q1
between precipitation periods and non-precipitation peri-
ods, the precipitation heating to Q1 is more evident. During
precipitation periods (Figs. 8b, 9b), the observed Q1 shows
strong heating in the upper troposphere and weak cooling
in the lower troposphere, but very weak heating and
cooling in non-precipitation periods (Figs. 8c, 9c).

In the summer 1995 IOP (Fig. 8), the simulated Q1 is
very close to that of the observed Q1. The heating from the
Wu’s deep convection scheme is mainly located above
600 hPa and reaches its maximum above 300 hPa, and that
from shallow/middle convection almost covered from
700 hPa up to above 200 hPa but its maximum is in the
lower troposphere. Both of the Wu’s deep convection
scheme and Hack’s shallow/middle convection scheme
exhibit a cooling in the atmosphere below 700 hPa. But in
the ARM summer 1997 IOP, there is a clear cold bias for
the Q1 simulation during the precipitation periods (Fig. 9b)
and the strongest Q1 bias in vertical profile is up to

2 K day ™' in the layer from 500 to 200 hPa. This may be
partly attributed to weaker deep convective heating. The
heating from deep convection is obviously weaker than that
from the shallow/middle convection, especially below
300 hPa. During the non-precipitation time, the Q1 bias is
weakened.

3.2 Simulations over tropical oceans

It is well known that deep convections over tropical oceans
take place frequently. Field experiments such as the GATE
and the TOGA COARE provide a large amount of data
that can be used to force the SCM (e.g., Emanuel and
Zivkovic-Rothmann 1999; Xie and Zhang 2000).

The GATE phase III observations occur in the period
from 00Z 30 August to 24Z 18 September 1974 in an
experimental area that covers the tropical Atlantic Ocean
from Africa to South America. The forcing data are specified
in the same way as the ARM experiment. They are on an
1 x 1 degree square grid box with 19 layers from 991.25 to
92.56 mb and cover an area of 9 x 9 degree squares within
4°-14°N, 19°-28°W with a observing frequency of 3 h. The
SCM integration is for the period from 00Z 1 September to
247 17 September 1974.

Figure 10a presents the SCM simulation of precipitation
and the reference observed precipitation data that are
manually redrawn from Piriou et al. (2007). During GATE
phase III observations, the atmosphere experienced robust
convective events. This scheme basically reproduces
observed precipitation, except for the period of 8-11
September. For a comparison, the simulation from the
original NCAR CAM3 SCM is shown in Fig. 10b. The
ZM’95 scheme can also capture the main precipitation
events in September 2, 3—4, 12-13, and 15-16 of 1974, but
produce spurious precipitations in 4 and 17 September. The
simulation biases possibly come from early observations
over the Atlantic Ocean.

Unlike the SGP site, more frequent deep convection was
observed in the tropical Atlantic Ocean. As shown in
Fig. 11, the heating from deep convection has a considerable
contribution to the Q1 from 900 hPa up to above 200 hPa
and the maximum heating is located near 200 hPa.
The Hack’s middle/shallow convective scheme produces
the heating mainly below 300 hPa and the maximum in the
lower troposphere between 800 and 500 hPa.

For the TOGA COARE observation in the western
tropical Pacific, the SCM simulation is forced by large-
scale data averaged from grid points inside the Intensive
Flux Array (IFA) during 20-28 December 1992. The IFA
domain extends about 700 km in the east—west direction
(151°-158°E) and about 500 km south—north (4°S—1°N).
Since the temporal resolution of the dataset is 6 h, a linear
interpolation was applied to every model time step.
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Fig. 11 Same as in Fig. 5, but
for GATE phase III 1-18

September 1974
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Figure 12a shows the six-hourly rainfall rates produced
from a 8-day simulation, as well as the observed rainfall
rate that is diagnosed from large-scale budgets (Lin and
Johnson 1996) and obtained by combining the vertically-
integrated moisture budget residual and the observed sur-
face latent heat flux (from four buoy datasets). The domain
of TOGA COARE, in the western Pacific warm pool, is
characterized by high sea surface temperatures and strong
convective events. During the period of 20-28 December
1992, precipitation occurs almost every day. As shown in
Fig. 12a, the SCM can reproduce main characteristics of
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the precipitation observed over the warm pool including
the beginning, pick, and ending times of each event of
precipitation, although the simulated rainfall from the SCM
is systematically weaker than the observations. The NCAR
CAM3 SCM can also capture the main precipitation events
(Fig. 12b) and the simulated precipitation is close to that
from the Wu’s deep convection scheme.

As shown in Fig. 13, the simulated deep convection in
the tropical western Pacific is the thickest cloud column
among the three locations, and cloud bottom can start from
850 hPa with the top up to 200 hPa. In the middle to lower
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Fig. 12 The same as that in Fig. 2, but for TOGA 20-28 December
1992

troposphere below 500 hPa, the middle/shallow convection
takes the same role as the deep convection in heating the
atmosphere.

4 Summary and discussion

This paper has outlined a simple mass-flux cumulus con-
vection scheme and validated it by a SCM. This parame-
terization scheme is essentially based on the idea of the
“bulk” cloud model approach of Yanai et al. (1973),
Tiedtke (1989), and Zhang and McFarlane (1995). Prop-
erties of the scheme are summarized as follows:

1. Deep convection is triggered when (a) the unstable air
parcel at its lifting source level, in which moist static
energy above the top of boundary layer approaches its
first maximum, is sufficiently moist and the relative
humidity is in excess of 75%; and (b) there is positive
convective available potential energy.

2. Collective effects of convective clouds on the envi-
ronmental temperature, moisture, and momentum are
taken into account. The cumulus cloud consists of an
updraft and a downdraft.

3. The most important process affecting the properties of
updraft is mixing or exchange of mass between the
updraft cloud parcel and the environment, including
the entrainment of the lateral environmental air below
the cloud base. The parameterization for entrainment
or detrainment of the updraft is different from the
commonly-used method that is often a prescribed
function with altitude. The entrainment and detrain-
ment are determined by the increase or decrease of
cloud parcel mass (or mass flux) with altitude. The
cloud mass change with altitude is fully dependent on
the properties (e.g., temperature and humidity) of the
updraft cloud parcel and the environment, and deter-
mined through the total energy conservation for the
adiabatic system. The gained energy (including inter-
nal thermal energy and the condensation latent heat)
for the updraft cloud parcel when there is entrainment
of environmental air into cloud is equal to the lost
energy for the environment. Similarly, the lost energy
(including internal thermal energy and the evaporation
latent heat) for the updraft cloud parcel when there is
detrainment from cloud parcel is equal to the gained
energy for the environment.

4. The convective downdraft parameterization resembles
to the scheme used in Zhang and McFarlane (1995). It
is assumed that the downdraft originates from the level
of minimum environmental saturated equivalent
potential temperature and always maintains saturated.

5. The closure assumption proposed by Zhang (2002) is
used to determine the mass flux at the cloud base, in
which it is calculated from the function of destabili-
zation of the free troposphere due to the free tropo-
spheric temperature and moisture changes caused by
large-scale processes.

Based on the observations from the ARM 1995 and
1997 IOP at subtropical continent SGP site and the GATE
and TOGA COARE experiments over tropical oceans, the
new cumulus parameterization scheme is evaluated by
using the SCM developed by NCAR in which the original
cumulus convective scheme of Zhang and McFarlane
(1995) was replaced. The simulation shows that the SCM
can reasonably reproduce the observed precipitation
events. The vertical heating profile and timing of the
apparent heat sources Q1 is generally well captured, but Q1
is slightly underestimated above 500 hPa. The results show
that the SCM also produces several spurious precipitations
during dry periods.

In the SCM, there are other two schemes in addition to the
Wu’s deep convection parameterization scheme, i.e., the
Hack’94 shallow convection parameterization and a prog-
nostic cloud water parameterization (Rasch and Kristjansson
1998) affecting the moist processes. The rainfall simulation
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Fig. 13 Same as in Fig. 5, but

for TOGA 20-26 December
1992
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is dependent on not only the presence and acting sequence of
the three parameterizations, but also the interaction among
them. As shown in Figs. 8 and 9, strong heating produced by
deep convection for the ARM 1995 and 1997 summers is
generally located in the upper-troposphere and boundary-
layer and weak heating in the mid-troposphere, especially
between 600 and 700 hPa, that is partly complemented by the
Hack’s middle/shallow heating (Fig. 4).

Whether the deep convection scheme alone can produce
the mid-tropospheric heating is tested through a sensitive
simulation using the SCM without the Hack’94 scheme and

@ Springer

the forcing data in the ARM 1995 summer IOP. Simulated
deep convective heating rates from the Wu’s scheme and
the total apparent sources Q1 are presented in Fig. 14. If
comparing Fig. 14a with Fig. 4, it can be found that the
deep convective activity still centralizes in the period of
July 20-26 and the vertical profile of deep convective
heating between 600-700 hPa is slightly intensified, but
not evident. Only during July 19-31, the deep convection
heating in Fig. 14a seems to supplement the middle/shal-
low convective heating in Fig. 5b. Over the tropical
oceans, as shown in Fig. 15, the Wu’s deep convective
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Fig. 14 Time-pressure cross

sections of a the simulated deep
convective heating rate from the
Wu’s scheme and b the apparent
sources Q1 for the ARM 1995
summer IOP when the shallow/
middle convection scheme of
Hack (1994) is leaved out. The
units: K/day
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heating without the Hack’s middle/shallow scheme can
also partly complement the heating over the lower tropo-
sphere. Nevertheless, the deep convective scheme to
replace the role of the Hack’s middle/shallow scheme in
the lower troposphere is still not remarkable. In fact, as the
description in Sect. 2, the vertical profile of Wu’s deep
convective heating is determined by the entrainment or
detrainment strength A(z) which is closely related to the
environmental temperature and moisture, and the intensity
of deep convective activity is constrained by the closure
which depends on the large-scale forcing.

Figure 14b shows time-pressure cross section of the
apparent sources QI for the ARM 1995 summer IOP
when the Hack’94 shallow/middle convection scheme is
not activated. With contrast to the Fig. 4b, one can also
find the vertical profile of total apparent sources QI has
no obvious change even if without Hack’s middle/shal-
low scheme, and the Q1 in Fig. 14b resembles to that in
Fig. 4b. It exactly accounts for three moist process
parameterization schemes in the SCM interacting with
each other and relaxing the unstable atmosphere to its
stable state.
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Perfect simulations can not be expected from SCM.
Some intrinsic problems can emerge with the SCM
approach (Ghan et al. 2000; Hack and Pedretti 2000). Due
to the absence of effective internal feedback between the
SCM and the large-scale dynamics, the predicted temper-
ature and moisture fields in the SCM can be drifted away
from observations after a few days of integration.

A new cumulus convective scheme is designed, in order to
improve the performance of GCMs. It has been implemented
in the Beijing Climate Center Atmospheric General Circula-
tion Model (BCC_AGCM2.1) and also in the Beijing Climate
Center Climate System Model (BCC_CSM1.1) which is par-
ticipating to the phase five of the Coupled Model Intercom-
parison Project (CMIPS5) for IPCC’s Fifth Assessment Report
(ARS5) and has good performance in tropical and subtropical
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precipitation simulation. Results from BCC_AGCM2.1 and
BCC_CSM1.1 will be given in separate studies.
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Appendix

Upon lifting, an air parcel first undergoes dry adia-
batic ascent up to its LCL. Below the LCL, the parcel
temperature is
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Tc = TLB (pp) ) (51)
LB

where k = R,/c,. ( ) p denotes the variable at the parcel
initial level, (). denotes variable of the ascent parcel. T is
temperature in Kevin, p is pressure. The parcel humidity
mixing ratio does not change during its ascent and there is
qc = qLB-

Above the LCL, the undiluted ascent parcel temperature
T. and moisture g, can be determined following a moist
adiabatic process. The equivalent potential temperature
0.(Te, qc,p) = Oexp(Lygc/c,T;) is conserved under moist
adiabatic processes including phase changes, in which 0 is
the potential temperature, L, the latent heat of vaporization,
and ¢, = 1,004.71 J kg~! the specific heat of dry air. The
ascent parcel within cloud is assumed always being satu-
rated, i.e., ¢. = ¢ (T..). So, there is (0c)rcr = 0(T.) where
(0,)rcy is the saturated equivalent potential temperature at
the LCL, and

0:(1) = 1.("2) e [ 1) (52)

cp T

is the saturated equivalent potential temperature.
g (T) denotes the saturated humidity mixing ratio with
the temperature 7. If (0,);¢; is known, the temperature T,
can be calculated from

GZ(TL'> - (ee)LCL =0 (53)

by Newton—Raphson iteration.
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