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ABSTRACT

In the Colorado State University genera circulation model, cumulus detrainment of cloud water and cloud
ice has been, up to now, the only direct coupling between convective and large-scale condensation processes.
This one-way interaction from the convective to the large-scal e environment parameterizes, in ahighly simplified
manner, the growth of anvils spreading horizontally at the tops of narrow cumulus updrafts. Thereverseinteraction
from the large-scale to the convective updrafts, through which large-scale cloud water and cloud ice can affect
microphysical processes occurring in individual convective updrafts, is missing. In addition, the effects of
compensating subsidence on cloud water and cloud ice are not taken into account.

A new parameterization of convection, called “EAUCUR” has been developed, in which large-scale water
vapor, cloud water, and cloud ice are allowed to enter the sides of the convective updrafts and can be lifted to
the tops of the clouds. Asthe various water species are lifted, cloud microphysical processes take place, removing
excess cloud water and cloud ice in the form of rain and snow. The partitioning of condensed vapor between
cloud water and cloud ice, and between rain and snow, is based on temperature. The effects of compensating
subsidence on the large-scale water vapor, cloud water, and cloud ice are computed separately. Convective rain
isassumed to fall instantaneously to the surface. Three treatments of the convective snow are tested: 1) assuming
that all snow is detrained at the tops of convective updrafts, 2) assuming that all snow falls outside of the
updrafts and may evaporate, and 3) assuming that snow falls entirely inside the updrafts and melts to form rain.

Including entrainment of large-scale cloud water and cloud ice inside the updrafts, large-scale compensating
subsidence unifies the parameterizations of large-scale cloud microphysics and convection, but have a lesser
impact than the treatment of convective snow on the simulated climate. Differences between the three alternate
treatments of convective snow are discussed. Emphasis is on the change in the convective, large-scale, and
radiative tendencies of temperature, and change in the convective and large-scale tendencies of water vapor,
cloud water, cloud ice, and snow. Below the stratiform anvils, the change in latent heating due to the change
in both convective and large-scale heatings contributes a major part to the differences in diabatic heating among
the three simulations. Above the stratiform anvils, differencesin the diabatic heating between the three simulations
result primarily because of differences in the longwave radiative cooling. In particular, detraining convective
snow at the tops of convective updrafts yields a strong increase in the longwave radiative cooling associated
with increased upper-tropospheric cloudiness. The simulated climate is wetter and colder when convective snow
is detrained at the tops of the updrafts than when it is detrained on the sides of the updrafts or when it falls
entirely inside the updrafts. This result highlights the importance of the treatment of the ice phase and associated
precipitation in the convective cloud models used in cumulus parameterizations.
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Interactions between Cloud Microphysics and Cumulus Convection in a General

1. Introduction

In the last decade, parameterizations of moist pro-
cesses in general circulation models (GCMs) have fo-
cused on developing realistic interactions between the
convective and stratiform clouds. The surge of prog-
nostic equations to describe the spatial and temporal
evolution of water vapor and condensates (Tiedtke
1993; Del Genio 1996; Fowler et al. 1996; Rotstayn
1997; Rasch and Kristjansson 1998; Sud and Walker
1999a) permitted parameterizations of convection to ex-
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plicitly represent the formation of clouds by convection.
Tiedtke (1993) wrote that *‘the representation of cloud
formation by convection is rather straightforward if cu-
mulus convection is parameterized by means of a mass-
flux scheme, because the source terms for the cloud
fields can be readily expressed in terms of available
model parameters.” Specifically, convective detrain-
ment of cloud water and cloud ice acts as a source of
large-scale cloud water and cloud ice to simulate the
growth of extended anvils at the tops of the narrow
convective updrafts. Except for Sud and Walker
(1999a,b), Jakob (2000), and this study, the reverse in-
teraction from the large-scale to the convective envi-
ronment, through which large-scale cloud water and
cloud ice can modify microphysical processesoccurring
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in individual convective updrafts, has not been ad-
dressed.

The convective parameterization of Arakawa and
Schubert (1974, hereafter AS74) based on the discret-
ization of a cumulus ensemble into subensembles ac-
cording to the fractional entrainment rate, used asimple
cloud model that, in particular, neglected to take into
account the ice phase. Using a simple cloud model to
parameterize cloud microphysical and precipitation pro-
cesses occurring in individual convective updrafts
comes at the expense of omitting all details of the for-
mation mechanisms of detrained cloud water and cloud
ice, and convective precipitation inside the convective
updraft. The AS74 budget equations for an individual
cloud were limited to those of mass, static energy, water
vapor, and liquid water. Detrained liquid water imme-
diately evaporated at the top of the updraft. AS74 pre-
scribed convective precipitation as a fraction of the lig-
uid water formed in the updraft, and assumed that pre-
cipitation fell instantaneously to the surface. Lord
(1978) revised the AS74 cloud model, and included a
budget equation for ice. As liquid water, convective ice
immediately evaporated at cloud top. Asin AS74, con-
vective precipitation was prescribed, and immediately
removed from the atmosphere. The AS74-based param-
eterization of convection (Ding and Randall 1998; Pan
and Randall 1998) developed for the Colorado State
University (CSU) general circulation model uses mod-
ified versions of Lord's (1978) cloud model. Detrained
cloud water and cloud ice are used aslarge-scal e sources
of cloud water and cloud ice, respectively (Fowler et
al. 1996).

Emanuel and Pierrehumbert (1996), and later, Eman-
uel and Zivkovic-Rothman (1999) demonstrate that ** at-
mospheric water vapor content depends strongly on mi-
crophysical processes within convective and associated
stratiform clouds, and on the evaporation of precipita-
tion.” Both argue, however, that *little attention has
been paid to microphysical aspects of convective pa-
rameterizations used in climate models.” Earlier, Renno
et al. (1994) showed that the climate equilibrium of a
one-dimensional radiative convective model was highly
sensitive to the moisture profiles cal culated with various
cumulus convective schemes. They found that clouds
with high precipitation efficiency produced cold and dry
climates while clouds with low precipitation efficiency
led to moist and warm climates.

As stated above, in the AS74 and later AS74-based
parameterizations of convection developed for the CSU
GCM, convective rain starts in the warm part of the
updraft only, and is crudely defined as a fraction of the
condensed water. Furthermore, convective rain is in-
stantaneously removed from the atmosphere. No con-
vectiveraininitiatesfrom the cold section of the updraft.
Our long-term objective isto develop a physically based
parameterization of convective precipitation that in-
cludesinitiation of falling rain and snow from both the
warm and cold sections of the updraft, and realistic
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D: detrainment
E: entrainment

M4q,: compensating subsidence

FiGc. 1. Schematic illustration of the different interactions between
the convective and large-scale environments. Anvils occupy the total
horizontal area of the GCM grid box.

conversion processes of cloud water to rain, and cloud
ice to snow. We also plan to move away from the as-
sumption that rain falls instantaneously to the surface
by explicitly calculating the vertical velocity of the con-
vective updraft and the terminal velocities of rain and
snow, asin Cheng and Arakawa (1997), Sud and Walker
(1999a), and Donner et al. (2000). The goa of this
particular study is to take a first step in describing con-
vective and large-scale cloud microphysical and precip-
itation processes with a single parameterization while
more realistically parameterizing interactions between
the convective and stratiform clouds. We focus on the
sensitivity of the CSU CGM when convective snow is
allowed to form in the cold section of the cumulus cloud.
Our revised AS74-based cloud model and revised feed-
backs on the large-scale circulation will be referred to
as “"EAUCUR” Figure 1 illustrates how interactions
between convective and stratiform condensation pro-
cesses are parameterized in the CSU GCM. Because the
GCM does not include a parameterization of fractional
cloudiness at this time, we assume that, once formed,
alarge-scale cloud occupies the entire area of the model
grid box.

Figure 1 shows two large-scale clouds formed by de-
trainment at the tops of two narrower convective up-
drafts. Each cloud is assumed to have a horizontal frac-
tional area equal to 1. We show the convective updrafts
starting at two different levels. Here, E represents the
rate of mass entrainment from the cloudy or cloud-free
large-scale environment into a convective updraft. If the
large-scale environment is cloud free, only large-scale
moist static energy and water vapor are entrained into
the updraft. This is the case for the light gray cloud at
the base of the convective updraft. If the large-scale
environment is cloudy, large-scale moist static energy,
water vapor, cloud water, and cloud ice are entrained
into the updraft. Thisisthe case for the light gray cloud
when its convective updraft grows through the anvil of
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the dark gray cloud. Next, D represents the detrainment
of mass at the tops of the convective updrafts. As men-
tioned earlier, detrained cloud water and cloud ice act
as sources of cloud water and cloud ice for our param-
eterization of large-scale cloud microphysics (later re-
ferred to as EAULIQ; Fowler et al. 1996). The direct
effect of letting large-scale cloud water and cloud ice
enter the sides of the convective updrafts is to enhance
the production of convective precipitation and detrained
cloud water and cloud ice at cloud tops. Finally, in Fig.
1, Mg, where M is the downward mass flux between
clouds, is the compensating subsidence of q,. Here, T,
may represent the large-scale moist static energy, water
vapor, cloud water, and cloud ice between the convective
updrafts.

In section 2, we outline the characteristics of the
EAUCUP version of the AS74 parameterization of con-
vection while details of the convective cloud model are
provided in section 3. Section 4 describes the designs
of three sensitivity experiments aimed at understanding
how the treatment of snow in convective updrafts affects
convective and large-scale moist processes. Differences
in the convective and large-scale tendencies of temper-
ature and water species among the three simulations are
discussed in sections 5 and 6, respectively. Section 7
focuses on the response of the atmospheric general cir-
culation. Finally, section 8 summarizes our findings and
outlines the chief differences found between EAUCUP
and the cumulus parameterization previously used in the
CSU GCM.

2. Large-scale budget equations

Let 4,, d., T, ¥,, and T, be the large-scale water
vapor, cloud water, cloud ice, rain, and snow mixing
ratios, respectively; let S be the large-scale dry static
energy. The continuity equations on a o surface for @,
d..Jd,, d,, J., and s due to convective, large-scale con-
densation, and radiative processes can be written as

0 d .
S(T0) + V(7Y ) + (7o)
(o

9 —
= SCUP, + ga—pw’q; + SLSP,, (0]
g

where x refers to the subscripts v for water vapor, ¢ for
cloud water, i for cloud ice, r for rain, and s for snow,
and

d dJ .
—(7*3) + V- (7*V3) + —(7*073)
ot iloa

9
= SCUP; + g-—pW'S' + SLSP; + SRAD. (2)
g

In Egs. (1) and (2), V-() denotes the divergence op-
erator on a o surface, =* isthe pressure scale used with
the definition of o (see Suarez et a. 1983), V is the
horizontal wind vector, and o is the large-scale vertical
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velocity. On the right-hand side of Egs. (1) and (2), the
terms SCUP, and SCUP; (where subscript T refers to
temperature) represent the rates of change of g, and 5
due to microphysical processes occurring in the con-
vective updrafts, while the terms (d/0a)pw’q, and (d/
do)pw's’ represent the vertical transports of , and S
by the convective circulations. The terms SCUP, and
SCUP; will be discussed in section 3, where micro-
physical processes occurring in the convective updrafts
are described. SLSP, and SLSP; are the tendencies of
g, and s, due to large-scal e condensation processes, and
SRAD; is the tendency of S due to long- and shortwave
radiative processes.

As discussed by AS74, the eddy vertical transport of
dry static energy and individual water species of a cu-
mulus ensemble can be expressed, for a single cloud
type, as

pw's' = M(s, — 5), and ©)

pW G, = Mc(Q — T)- (4)

In Egs. (3) and (4), M, is the convective mass flux; s,
isthe in-cloud dry static energy; and q,. is the in-cloud
water vapor, cloud water, cloud ice, rain, or snow mixing
ratio. Looking at Egs. (1) and (2), the tendencies of g,
d..J,,q,, Js, ands due to convection can be determined
once the vertical distribution of the convective mass
flux, and the in-cloud vertical profiles of temperature,
cloud water, cloud ice, rain, and snow have been cal-
culated.

The parameterization of cumulus convection previ-
ously used in the CSU GCM is based on AS74 and
includes the ice phase following Lord (1978). In recent
years, two major modifications were made.

First, the assumption of strict quasi equilibrium of
the cloud work function A(A) was replaced by a prog-
nostic closure through the introduction of a prognostic
equation for the vertically integrated cumulus kinetic
energy of each cloud type (Pan 1995; Pan and Randall
1998):

KW
75(A) .

Here, A is the fractional entrainment rate, K(A) is the
vertically integrated cumulus kinetic energy, Mg(A) is
the cloud-base massflux, and () isadissipation time-
scale. It is also assumed that

K@) = aM3(2), (6)

where « is a ““conversion factor” (Arakawa and Xu
1992) relating the cumulus mass flux to the cumulus
kinetic energy. Although « has dimensions of length*
mass~*, and depends on the depth of the cloud, the
strength of the convective activity, and the vertical shear
of the horizontal wind (Pan and Randall 1998; Lin et
al. 2000), in the present study « is treated as a constant
equal to 1 X 108 m* kg~*.

Second, the exponential profile of the normalized

d
KA = Me(VAQ) — ©)
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mass flux n(A) used in AS74 was replaced by a linear
profile:

Mz A) =1+ Mz~ 2Z) + (An)or

for zz = z = z,(A),

(")

where z is a given height inside the cumulus updraft,
Zg isthe cloud-base height, z,()) isthe detrainment level
of an individual cumulus ensemble, and (A n);qp is the
amount of entrainment at cloud top (Cheng and Arakawa
1997). A linear increase of the normalized mass flux
with the height of the mass entrainment was first pro-
posed by Moorthi and Suarez (1992), and has also been
used by Sud and Walker (1999a,b). Finally, convection
isnot restricted to start at the top of the planetary bound-
ary layer (PBL), but may also start at any level in the
free troposphere (Ding 1995; Ding and Randall 1998).

Egs. (5) and (6) are solved to derive the cloud-base
mass flux of individual cloud ensembles. The convective
mass flux M.(A) is then obtained using Eqg. (7) and the
relationship

Mc(z A) = n(z A)Mg(A). (8)

3. Cumulus cloud model

The EAUCUP cumulus cloud model differs signifi-
cantly from that of Lord (1978). Lord (1978) assumes
that, for each cloud type, the flux convergence of total
water (water vapor plus cloud water plus cloud ice)
depends on the entrainment of total water fromthelarge-
scale environment, on the detrainment of total water at
the top of the convective updraft, and on the production
of precipitation. Because Lord (1978) assumes that
large-scale cloud water and cloud ice are equal to zero,
the entrainment of total water from the large-scale en-
vironment reduces to that of water vapor, and the cloud
water and cloud ice detrained at the top of the cloud
are immediately evaporated. Lord (1978) assumes that
a fraction of the liquid water formed in the convective
updrafts is supercooled so that it can enhance the pro-
duction of cloud ice. The fraction of supercooled water
depends on the in-cloud temperature and the amount of
liquid water in the cloud. A fraction of the remaining
cloud water is converted to precipitation, which falls
instantaneously to the ground.

The coexistence of EAUCUP and EAULIQ enables
us to entrain, not only large-scale water vapor, but also
large-scale cloud water and cloud iceinto the convective
updraft. It also allows us to detrain not only convective
water vapor, but also convective cloud water and cloud
icetoform large-scale anvils (Fowler et al. 1996; Fowler
and Randall 1996). As water vapor, cloud water, and
cloud ice are lifted to the tops of the clouds, micro-
physical processes take place. In particular, excesscloud
water and cloud ice are removed in the forms of con-
vective rain and convective snow. In contrast to Lord
(1978), who considers only one kind of precipitation,
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EAUCUP permits a fraction of the in-cloud ice content
to precipitate in the form of convective snow. We cal-
culate separately the vertical profiles of water vapor,
cloud water, and cloud ice, using

(9)

where q,, g,., and n(A) were defined in Egs. (1), (4),
and (7), respectively. In Eg. (9), CUP,. is a symbolic
term that represents the change in g, due to cloud mi-
crophysics occurring in the updrafts. In doing so, we
separately determine the individual vertical profiles of

qum qcm and qu'
In EqQ. (2), the dry static energy S is defined as

s=cT + 0z

“[n(z M. = g, + CUP,,

(10)

where T is the large-scale temperature, gz is the geo-
potential height, and c, is the specific humidity of dry
air. Let us denote by 5, and h, the large-scale virtual
static energy and generalized moist static energy, re-
spectively. Here, 5, and h are defined as

5, =5+, T(0.6087, — . — @, — 0, — 7., (1)

where s, includes the loading of condensed water in the
form of cloud water, cloud ice, rain, or snow, and

h=s+Lga, — L(g + q), (12)

where L. and L, are the latent heats of condensation and
latent heat of fusion, respectively.

Let us aso define hg and q,, as the large-scale sat-
uration moist static energy and saturation mixing ratio.

Here, h, is defined as
h, = ¢,T + L{... (13)

In Eg. (13), g, isthe saturation mixing ratio with respect
to water when T = 0°C and with respect to ice when
—20°C < T. In the temperature range —20°C = T <
0°C, the saturation vapor pressure e,(T) is obtained by
linear interpolation between the saturation vapor pres-
sures with respect to water and ice; 7 i S then computed
using e,(T), and L is equal to L, when T = 0°C and
equal to the latent heat of sublimation L, when —20°C
< T.When —20°C =T < 0°C, L isinterpolated linearly
asafunction of L, and L. These temperature thresholds,
which specify the width of the temperature window in
which supercooled cloud water and cloud ice are al-
lowed to coexist are, for consistency, the same onesused
in our parameterization of large-scale cloud micro-
physical processes, as described in Fowler et al. (1996).
Let us denote by h. the in-cloud generalized moist
static energy, and let 4., Qecs Gres Qic: @Nd g iN alayer
k and a cloud type i be also defined as in Lord et al.
(1982, refer to their appendix); let [k + 1/2, i] be the
indices of h,, d,., dec, 9c» 9, aNd g, entering the layer
k from below, [k, i] be their indices after lifting but
before precipitation processes occur, and [k — 1/2, i] be
their indices after precipitation processes and leaving
layer k, as in the schematic diagram shown in Fig. 2.
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Fic. 2. Schematic of model layers, following Lord et al. (1982).

At the base of the convective updraft, we presently
assume that the in-cloud thermodynamic properties are
the same as those of the large-scal e environment, except
for rain and snow, or

hc = ﬁ’ qvc = qv; and

O = 0s = O. (14)

Here, we set ,. and q.. equal to zero because we do
not parameterize the updraft vertical velocity and fall
speeds of rain and snow in the convective updraft at
thistime. We still assume that, once formed, convective
rain is instantaneously removed from the atmosphere,
as in Ding and Randall (1998) and Pan and Randall
(1998). Different treatments of the snow formed in the
convective updraft can be considered. Thisis the object
of the various sensitivity experiments described in the
next section. Equation (14) can, of course, be easily be
modified to test the sensitivity of the model results to
different cloud-base conditions.

As stated above, we assume that h,, q,., J.., and g, are
lifted in the convective updraft, starting at the base of layer
k. If we assume linear profiles of n(A), h(k — 1/2, i), and

qcc = qm qic = qn
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O..(k — /2, i), where x refers to the subscript v for water
vapor, ¢ for cloud water, i for cloud ice, and s for snow,
Eq. (9) may be approximated by

o [1 + )\(Zk+u2,i B ZB)] hck+112,i + )\Azkﬁk

h L= , (15
oz 14+ Mzeyoi — Z8) (15
and
_ [1+ MZevoi = Ze)l Ok T AAZ T
qxck7112,i -

1+ /\(Zk—l/z,i - ZB)
+ SCUP,.. (16)

In Egs. (15) and (16), z,.., and z,_,,, are the base and
top heights of layer k, z; is the cloud-base height, and
Az, is the thickness of layer k. The first term on the
right-hand sides of Egs. (15) and (16) represents the
lifting of h, and q,., respectively, from the bottom to
the top of layer k plus the entrainment of h and g, from
the sides of the updraft. Note that in both equations we
assume that h, and g, are being lifted all the way to
the top of layer k, while condensation, deposition, and
precipitation processes, expressed by SCUP, in Eq. (16),
are taking place. This results because we assume that
microphysical and precipitation processes occur as the
cloud extends upward.

We now focus on microphysical processes taking
placein layer k for cloud typei, but we omit both indices
to simplify the notation. First, we check whether melting
(freezing) of the in-cloud ice (water) at the base of the
convective updraft has taken place if the in-cloud tem-
perature (T.) is warmer than 0°C (colder than —20°C).
As in our parameterization of large-scale cloud micro-
physical processes, in-cloud liquid and ice are allowed
to coexist between —20°C and 0°C.

As in Lord (1978), the in-cloud saturation mixing
ratio (q,.) iscomputed fromq . by using a Taylor series
approximation assuming that the difference between the
in-cloud and large-scale temperatures is small, or

y 1 =
—[h, — h + o+
1 + 'ch[hC hs Lf (qIC qsc)]!

_<61>
Y=\t )
p

Here, vy is the rate of change of q,, as afunction of T, on
aconstant pressure surface. It can be shown that the change
in q,.(dq,.) due to condensation or deposition taking place
in the convective updraft can be expressed as

(quc - qusc)
dg,. = TR
The in-cloud temperature (T,) is corrected accordingly,
following Lord (1978):

1 1
C_p 1+ vy

qu = qvS + (17)

where

(18)

(19)

T.=T+

[hc - ﬁ + Lf (Qic + qsc)] (20)
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Next, we partition the amount of condensed water
formed in the convective updraft (dq,.) into cloud water
(dg..) and cloud ice (dg;,.) as a function of T., as we
did in our parameterization of large-scale cloud micro-
physics (Fowler et a. 1996). We assume that

dg.. = wdq,.,, and (21
dqic = (1 - w)dqucv (22)
where w is defined as
o Tc B TOO
w = To _ TOO, (23)

sothat w = Ofor T, = Ty, and w = 1 for T, = T,. In
Eq. (23), T, is the freezing temperature (T, = 0°C) and
T, IS the lowest threshold temperature for supercooled
cloud water to form (T,, = —20°C).

Precipitation of rain follows the same method as in
Ding (1995). A fraction of the cloud water formed in
the convective updraft is converted to rain while the
remaining fraction is lifted to the next layer. Rain can
instantaneously fall to the base of the cloud, and can
instantaneously fall to the surface, or be detrained into
the large-scale environment. When added to the rain
formed by large-scale microphysical processes, rain
may evaporate as it falls through subsaturated layers at
a speed that is explicitly calculated. A fraction of the
cloud ice formed in the convective updraft is converted
to snow, while the remaining fraction continues to be
lifted to the next layer. The treatment of snow is ex-
plained in greater detail in the next section.

The amount of in-cloud water and ice converted to
rain and snow is computed assuming the conversion rate

p— CoAZ
1+ cA2)’

wherec,issetto 2 X 103 m~1, and Azisthe thickness
of the layer. Given the amount of condensed water dq,,
available in a layer, the rates of change in q.., Qic, Ure»
and g, after precipitation processes have occurred are,
respectively,

(24)

da.. = (1 — P)eda,, (25
dg. = (1 - P)1 — w)dq,, (26)
dg,. = Pwdq,., and (27)
dde = P(1 — w)dq,. (28)

In the next section, we analyze the importance of
including precipitation from the cold section of the con-
vective updraft, and the treatment of convective snow
on the climate simulated by the CSU GCM.

4. Sensitivity experiments

The preceding description of EAUCUP suggests that,
while convective rain is assumed to instantaneously
reach the ground, alternative assumptions can be made
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DETSNOW

Fic. 3. Schematic of sensitivity experiments. Snow flakes are rep-
resented as stars, and rain drops are represented as dots; D indicates
detrainment of snow; P refers to convective precipitation.

with regard to snow formed in the convective updrafts.
We investigate the sensitivity of the hydrological cycle
and atmospheric general circulation to such alternative
assumptions in the three experiments described below
and illustrated in Fig. 3.
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* DETSNOW: In this experiment, we assume that all
snow islifted and detrained at the tops of the updrafts,
as are cloud water and cloud ice. The detrained snow
is then a source of snow for the parameterized large-
scale cloud microphysics. Convective snow forms
only through conversion of convective cloud ice, that
is, 1) g = O at the base of the updraft, and 2) large-
scale snow is not entrained into the updraft, or

dJ

a_z[”fl(z, A)qsc] = CUPSC! (29)
where CUP,, is the convective tendency of snow due
to conversion of cloud ice to snow. Because there is
no loss of snow through precipitation outside or inside
of the updraft, or gain of snow through entrainment
from the sides of the updraft, the in-cloud generalized
moist static energy is conserved during the growth of
the cloud. Assuming that snow reaches cloud top with-
out precipitating is quite extreme but not completely
unreasonabl e since we know that the terminal velocity
of snow is generally smaller than the updraft vertical
velocity so that some snow will be pushed upward
toward the top of the cloud.

* FALLOUT: Here, we assume that once formed, con-
vective snow immediately falls outside of the con-
vective updraft where it becomes a source of snow
for the large-scale cloud microphysics. Under that as-
sumption, the term (9/da)pw’q; on the right-hand side
of Eq. (1) is equal to zero, and the tendency of snow
due to convection is due to microphysical processes
only. In contrast to DETSNOW, in which the in-cloud
moist static energy is conserved, FALLOUT leads to
an increase of the in-cloud moist static energy due to
the loss of snow during the growth of the updraft.

e FALLIN: In this last experiment, convective snow is
assumed to fall instantaneously to the base of the up-
draft. If the cloud-base temperature is colder than
freezing, convective snow becomes a source of snow
at the cloud-base level for the large-scale cloud mi-
crophysics. Below the base of the convective cloud,
snow precipitates in the form of large-scale snow,
which may sublimate or melt. If the cloud-base tem-
perature is warmer than freezing, snow melts and, as
convective rain, fals instantaneously to the ground.
As with FALLOUT, there is no vertical transport of
snow by convective circulations and the in-cloud
moist static energy increases. In FALLIN, the treat-
ment of precipitation of rain plus snow for the case
of updrafts with warm cloud bases closely resembles
that used by Ding and Randall (1998). Asin Ding and
Randall (1998), precipitation is assumed to reach the
ground instantaneously, so we anticipate results sim-
ilar to those obtained in their climate simulations, es-
pecially in the Tropics.

DETSNOW and FALLIN simulate extreme limits of
the actual formation and precipitation of rain and snow
inside convective updrafts. Assuming that snow detrains
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completely at cloud-tops without precipitating, or that
rain fals instantaneously to the ground without evap-
orating is somewhat unrealistic. Nevertheless, they help
explore the sensitivity of the hydrological cycle simu-
lated by the CSU GCM under these extreme assump-
tions. Each experiment was run for 5 simulated years
with climatological seasonally varying sea surface tem-
peratures, starting from the same 1 November initia
conditions, and results are discussed using the 5-yr Jan-
uary and July means. Differences among the three sim-
ulations are discussed using DETSNOW as the control
simulation. The version of the CSU GCM used in this
study is the same as that used by Fowler et al. (1996),
except for EAUCUR.

5. Impact on convection
a. Single-column simulations

Before focusing on how the treatment of snow formed
in convective updrafts modifies precipitation and the
convective tendencies of the temperature and the water
species between the simulations described above, we
tested EAUCUP in the single-column version of the
CSU GCM (SCM). Asfirst discussed by Betts and Mill-
er (1986), and later by Randall et al. (1996), SCMs are
easy to usetoolsfor testing parameterizationsdevel oped
for use in large-scale models. The SCM was forced with
the total advective tendencies prescribed from obser-
vations taken during the July 1995 intensive observation
period (IOP) at the Southern Great Plains (SGP) site of
the Atmospheric Radiation Measurement (ARM) project
(Stokes and Schwartz 1994). The July 1995 IOP lasted
for 18 days, starting at 0000 UTC 18 July 1995, and
ending at 2330 UTC 4 August 1995. The revealed forc-
ing method was used to prescribe the advective ten-
dencies of temperature and water vapor, as described in
Randall and Cripe (1999). Figure 4 shows time series
profiles of temperature differences between (a) DET-
SNOW and radiosonde data taken at the ARM SGP
Cloud and Radiation Testbed (CART) site, and (b) FAL-
LIN minus DETSNOW. Figure 5 is the same as Fig. 4,
but for water vapor. In DETSNOW and FALLIN, the
top of the prognostic PBL depth varies between 850 and
700 hPa. Figures 4a and 5a show that the PBL is too
warm and too dry relative to observations, and that up-
per-tropospheric temperatures are also too cold during
the entire IOP. Figures 4b and 5b reveal minor differ-
ences in the simulated temperature and water vapor
soundings between FALLIN and DETSNOW. In addi-
tion, atime series of the simulated and observed surface
rainfall would show that FALLIN and DETSNOW suc-
cessfully reproduce the first and last convective events
that occurred during the IOR, but slightly underestimate
the actual amount of precipitation. (This figure is not
shown for brevity.) As discussed in Randall and Cripe
(1999), we expect the revealed forcing to give thelargest
errors in the soundings. Comparing the magnitude of
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—6 K, and dark shading corresponds to differences greater than 6 K.
In (b), light shading corresponds to differences smaller than —2 K,
and dark shading corresponds to differences greater than 2 K.

the temperature and water vapor differences between
Figs. 4a and 4b, and between Figs. 5a and 5b, shows
that the atmosphere simulated by the SCM version of
the GCM is not highly sensitive to the treatment of
convective snow, but helps identify other model defi-
ciencies as well. As in Randall and Cripe (1999), we
used different methodsto prescribe advectivetendencies
with DETSNOW and FALLIN. A complete description
of our results is beyond the scope of this research.

b. Precipitation

Figure 6 shows the zonally averaged distributions of
cumulus, large-scale, and total precipitations obtained
in DETSNOW, FALLOUT, and FALLIN; Table 1 lists
their respective globally averaged values. Figure 7
shows the geographical distributions of the difference
in total precipitation between FALLOUT and DET-
SNOW, and between FALLIN and DETSNOW. Figures
8 and 9 show the geographical distributions of the sim-

FOWLER AND RANDALL

3081

a. DETSNOW-OBSERVATIONS

0 T

200

N
j=3
=]

Pressure (hPa)

D
(=]
S

800

0 48 96 144 192 240 288 336 384
Elapsed Time (hours)

b. FALLIN-DETSNOW

0 T

200

Pressure (hPa)

600

800

1000 . Lt

1 1 1 1 ]
0 48 96 144 192 240 288 336 384 408
Elapsed Time (hours)

Fic. 5. Time series of the water vapor mixing ratio between (&)
DETSNOW and ARM data, and (b) FALLIN and DETSNOW. Units
are grams per kilogram. (&) Light shading corresponds to differences
smaller than —2 g kg1, and dark shading corresponds to differences
greater than 2 g kg=*. (b) Light shading corresponds to differences
smaller than —0.8 g kg%, and dark shading correspondsto differences
greater than 0.8 g kg—*.

ulated cumulus and large-scal e precipitationsin January
and July. In both January and July, global means and
zonally averaged profiles reveal compensating varia-
tions between the cumulus and large-scal e precipitation
rates so that the globally averaged total precipitation
remains nearly unchanged among the three simulations.
Only the tropical maximum of total precipitation sim-
ulated in FALLIN is wider than the maxima simulated
in DETSNOW and FALLOUT, and only in January. The
left panels of Fig. 7 show that, as expected, there are
little differences in the global distribution of total pre-
cipitation between FALLOUT and DETSNOW. In con-
trast, Fig. 7 also reveals that the broadening of the trop-
ical maximum between FALLIN and DETSNOW, in
January, results because of the strong increase in pre-
cipitation over South Americaaswell as along the equa-
tor over the oceans. In particular, the top left panel of
Fig. 7 shows that, in the Pacific Ocean, precipitation
increases and decreases north and south of the equator,
respectively. In FALLIN, the increased total precipita-



3082 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 59
a. CUMULUS PRECIPITATION
JANUARY JULY
7 ——— DETSNOW 7 —— DETSNOW
sd e FALLOUT sd FALLOUT
----- FALLIN -----FALLIN
> 5 > 51 .'n'.
[ [ P
T 4 ° 4 [
2 E -
g 31 £ 37
S 15
24 2
14 1 4
0 T T 0 T
90 60 60  -90 90 -60  -90
b. LARGE-SCALE PRECIPITATION
JANUARY JULY
7 ——— DETSNOW 7 —— DETSNOW
------- FALLOUT --sse-- FALLOUT
64 FALLIN 64 e FALLIN
5+ 5 -
= &
MER MR
g 3
g 31 g 31
£ £
2 2
14 1
0 0
90 90
c. TOTAL PRECIPITATION
JANUARY JULY
7 ———DETSNOW 7 P —— DETSNOW
....... FALLOUT Y --=--=- FALLOUT
64 FALLIN 6 1 v - FALLIN
5
= =
Saq s
g g
g 3 €
£ €
2 -
1 -
0 0 T T T T T

20 30 0 -30 -60 -90

90 60 -90

Fic. 6. Zonally averaged distributions of (a) the cumulus precipitation, (b) the large-scale
precipitation, and (c) the total precipitation simulated by DETSNOW, FALLOUT, and FALLIN
in Jan (left panels) and Jul (right panels). Units are millimeters per day.

tion over the Pacific Ocean results because of the in-
creased cumulus precipitation there, as seen in Fig. 8.
DETSNOW and FALLOUT vyield significant decreases
(increases) in cumulus (large scale) precipitationrelative
to FALLIN. In these two experiments, the January cu-
mulus precipitation accounts for about 25% of the total
precipitation whereas it accounts for 45% in FALLIN.
In contrast, the January large-scale precipitation ac-

counts for about 75% in both DETSNOW and FALL-
OUT, relative to 55% in FALLIN. Similar differences
arefound for July. In DETSNOW and FALLOUT, snow
is removed at the top or on the sides of the updraft, and
is a source of snow for EAULIQ. The only source of
cumulus precipitation, which is assumed to instanta-
neously fall to the surface, is the conversion of cloud
water to rain. Conversion rates of cloud water to rain

TaBLE 1. Global means of cumulus, large-scale, total precipitations, and cumulus incidence simulated by DETSNOW, FALLOUT, and
FALLIN. Units are millimeters per day for precipitation, and percent for cumulus incidence.

Jan Jul
Global mean DETSNOW FALLOUT FALLIN DETSNOW FALLOUT FALLIN
Cumulus precipitation 0.81 0.75 1.33 0.93 0.87 1.49
Large-scale precipitation 2.15 2.17 1.62 2.22 2.25 1.66
Total precipitation 2.96 2.92 2.95 3.15 3.12 3.15
Cumulus incidence 24.3 238 22.3 26.8 26.4 24.7
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Fic. 7. Geographical distributions of the difference in total precipitation between FALLOUT and DETSNOW (left panels) and FALLIN
and DETSNOW (right panels). Top and bottom panels are for Jan and Jul, respectively. Units are millimeters per day.

are small at both tropical and extratropical latitudes be-
cause, although cloud-base temperatures may be warmer
than 0°C, a major fraction of the cloud sounding is
colder than 0°C and ice-cloud microphysical processes
dominate. Outside the updrafts, convective snow is add-
ed to the large-scale snow leading to increased large-
scale precipitation or evaporation rates under super- or
subsaturated conditions, respectively. In FALLIN, once
formed, snow is assumed to fall instantaneously to the
base of the updraft, potentially increasing the cumulus
precipitation rate relativeto DETSNOW and FALLOUT
by melting in the first layer encountered with a tem-
perature warmer than 0°C. The differences in the par-
titioning between cumulus and large-scal e precipitation
among DETSNOW, FALLOUT, and FALLIN are, of
course, largest in the Tropics because cumulusincidence
strongly decreases at higher latitudes. It is interesting
to note that, on monthly timescales, the total precipi-
tation rate is the same in the three simulations, although
the partitioning between cumulus and large-scale pre-
cipitation is different, and even though cumulus pre-
cipitation falls instantaneously to the surface whereas
large-scale precipitation falls with a finite speed. This
result reveals a mutual adjustment between convective
and large-scale moist processes so that the atmospheric
moisture budget and energy budgets are essentially the
same in al of DETSNOW, FALLOUT, and FALLIN.
One important issue in analyzing the hydrological
cycles of DETSNOW, FALLOUT, and FALLIN is the

realism of the simulated ratio between convective and
large-scale precipitations. The left panels of Figs. 8 and
9 highlight the uniform increase in convective precip-
itation in FALLIN relative to DETSNOW and FALL-
OUT along the Intertropical Convergence Zone (ITCZ)
over the oceans and the well-known convectively active
regions over land. The right panels of Figs. 8 and 9 are
more interesting because they reveal the occurrence of
large-scale precipitation in conjunction with convective
precipitation along the ITCZ in DETSNOW and FALL-
OUT, a feature that is missing in FALLIN, as seen in
the eastern Pacific Ocean in July.

One objective of the Tropical Rainfall Measuring
Mission (TRMM) is to provide independent global es-
timates of the cumulus and large-scale precipitation
rates (Kummerow et al. 1998; Simpson et a. 1996). The
partitioning between convective and large-scal e precip-
itations can be obtained from brightness temperatures
measured by the TRMM Microwave Imager (TMI; An-
agostou and Kummerow 1997; Hong et al. 1999) or from
reflectivity measurements from the TRMM precipitation
radar (PR; Rosenfeld et al. 1995; Steiner and Yuter
1995). Figure 10 shows the geographical distributions
of total, convective, and stratiform precipitation rates
obtained from TRMM PR data (version 5) averaged
between December 1999 and February 2000. On a
monthly timescale, and at a spatial resolution of 5° |at-
itude by 5° longitude, convective and stratiform precip-
itation each contribute about one-half of the total pre-
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DETSNOW (top panels), FALLOUT (middle panels), and FALLIN (bottom panels) in Jan. Units are millimeters per day.

cipitation (52.4% and 47.2% of thetotal 2.48 mm day ¢,
respectively). Maxima of large-scale precipitation co-
incide with maxima of convective precipitation over
land and oceans in the Tropics and higher latitudes. It
is interesting to note that the convective plus stratiform
precipitation rates do not exactly add up to the total rate
of precipitation. The difference between the total and
convective plus stratiform precipitation rates, |abelled
as warm rain is the residual of the total precipitation
that cannot be classified as either convective or strati-
form (Dr. J. Awaka 2000, personal communication). The
amount of warm precipitation will be reduced as tech-
niques to separate convective and stratiform precipita-
tion are refined.

We understand that our classification of simulated
convective and stratiform precipitations is not based on

the same criteria as the classification used by TRMM.
Nevertheless, we want to investigate if, in the CSU
GCM, the partitioning between convective and strati-
form precipitations resembles, at |east qualitatively, that
obtained in TRMM. Although we do not explicitly com-
pute the vertical velocity of convective updrafts, our
definition of convection in the CSU GCM is similar to
that of Houze (1997) who uses the adjective *‘ convec-
tive” to describe the precipitation (or radar echo) as-
sociated with young, active convection (maximum ver-
tical velocity of 1-10 m s~1), that is, when convective
updrafts develop. Our parameterization of large-scale
cloud microphysics simulates the mature stage of con-
vection, that is, when the convective updraft is com-
pletely grown and convective anvils develop through
detrainment of cloud water and cloud ice at the tops of
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the clouds. Stratiform rain and snow form and grow
through the autoconversion and collection processes.
The vertical velocity of stratiform rain is explicitly cal-
culated (Fowler et al. 1996), unlike that of convective
rain. At the spatial and temporal resolutions of the CSU
GCM, our simulation of horizontally spreading anvils
is similar to the definition of stratiform precipitation of
Houze (1997) who uses the adjective “stratiform” to
refer to precipitation occurring in older, less active con-
vection and possessing radar echoes that have weak hor-
izontal gradients and/or bright bands (maximum vertical
velocity of 1-2 m s71). Therefore, it is reasonable to
compare, at least in a broad manner, the simulated and
satellite-derived convective and large-scale precipita-
tion rates. As seen in Fig. 10, satellite-derived convec-
tive and large-scale precipitation rates from TRMM PR
data display similar geographical distributions suggest-

ing that, in the Tropics, large-scale precipitation is pri-
marily produced by decaying convective systems. Inthe
CSU GCM, intense large-scale precipitation is also
found far from convectively active areas, as seen over
the Andesin January. Over mountain ranges, large-scale
precipitation forms through autoconversion and collec-
tion processes in layers in which the large-scale rel ative
humidity exceeds 100%.

c. Convective tendencies

Each tendency includes a contribution due to micro-
physical processes occurring during the growth of the
updraft [as described by the first term on the rhs of Egs.
(2) and (2)], plus a contribution due to vertical transport
by convective circulations [as described by the second
term on the rhs of Egs. (1) and (2)]. As an example,



3086

PRECIPITATION FROM TRMM RADAR
a. TOTAL

\p__TRMM PR: DEC99-JAN0O-FEBOO

Global Mean = 2.48

b. CONVECTIVE
\P TRMM PR: DEC99-JANOO-FEBOO
e~

Global Mean = 1.17

T20 E T80

180 T20W B0 W Y B0E

Fic. 10. Geographical distributions of (a) the total precipitation,
(b) the convective precipitation, and (c) stratiform precipitation ob-
tained from TRMM PR data, for Dec—Jan—Feb. Units are millimeters
per day.

Fig. 11 shows the contributions of the tendencies of
snow due to microphysics and cumulus transport to the
total tendency of snow in DETSNOW. As explained
earlier, convective snow is detrained at the tops of the
updrafts and acts as a source of large-scale snow, sim-
ulating the growth of extended icy anvils at the tops of
narrow cumulus towers. The effect of the vertical trans-
port by cumulus circulationsisto raisethelevel at which
maximum detrainment occurs by moving snow from
lower to higher levels in the updrafts, causing snow to
be detrained at about 12 km, rather than at 9 km, which
is the level where the generation of snow due to mi-
crophysical processes has a maximum.

The latitude-height cross sections of the zonal-mean
convective tendency of temperature (i.e., the convective
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Fic. 11. Latitude-height cross sections of (a) the zonally averaged
convective tendency of snow due to cloud microphysical processes
occuring in the updraft, and (b) the zonally averaged tendency of
snow due to transport by cumulus circulations simulated by DET-
SNOW. Units are grams per kilograms per day.

heating rate) in DETSNOW, and the differencesbetween
the zonal-mean convective heating rates in FALLOUT
and DETSNOW, and FALLIN and DETSNOW, are
shown in Fig. 12. There is more convective heating in
DETSNOW. We now discuss the reasons for this. The
difference c,(dTe, , — dTper) between the temperature
tendencies simulated in FALLOUT and DETSNOW (or
FALLIN and DETSNOW) can be written as

Cp(dTFALL - dTDET)
= (thALL - thET) - Lv(dquALL - dquET)

+ Lf (dqisFALL - dqisDI:_l')' (30)

The three terms on the rhs of Eq. (30) are differences
between the convective tendencies of moist static en-
ergy, water vapor, and cloud ice plus snow, respectively.
By successively analyzing the changes in each term on
the rhs of Eq. (30), we can understand why removing
convective snow on the sides or at the bottom of the
updrafts leads to decreased convective heating in both
FALLOUT and FALLIN, relativeto DETSNOW. Figure
13 issimilar to Fig. 12, but for the zonal-mean tenden-
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cies of moist static energy (Fig. 13a), water vapor (Fig.
13b), and cloud ice plus snow (Fig. 13c), respectively.
In Fig. 13, all the convective tendencies are expressed
in Kelvins per day for easier comparison against the
convective heating rate, also expressed in Kelvins per
day in Fig. 12. Figure 13a shows an increased tendency
of moist static energy in FALLOUT and FALLIN, rel-
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ative to DETSNOW. In DETSNOW, moist static energy
is conserved in the absence of entrainment during the
growth of the updraft, whereasit increasesin FALLOUT
and FALLIN due to the loss of snow on the sides or at
the bottom of the cloud. In DETSNOW, the tendency
of moist static energy due to cloud microphysical pro-
cesses is zero and the total tendency is, therefore, equal
to that due to vertical transport by convective circula-
tions. Figure 13a shows decreased (increased) moist
static energy at lower (upper) tropospheric levels. The
difference (dh;or = dhg,, — dhyer) between the ten-
dencies of moist static energy simulated in DETSNOW
and FALLOUT (or FALLIN) can be expanded as

thOT = (thALL - thET)MICRO

+ (thALL - thET)TRANS! (31)

where the first and second terms on the rhs of Eq. (31)
are differences in the tendencies of moist static energy
due to microphysical processes and vertical transport by
convective circulations, respectively. In Eq. (31), dhyor
mai nly depends on (thALL)MICRO because (thET)MICRO is
equal to zero and (dhe, . — dhper)rans IS SMall relative
to (thALL - thET)MICRO because thALL and thET! due
to convective transport, aimost cancel each other. Fi-
naly, dh., , and dh,,; are positive because a loss of
convective snow yields an increased moist static energy
inside the updraft, as seen in Figs. 13b and 13c. In Fig.
13c, the decrease in dh,,; on the northern flank of its
maximum may be associated with the broadening of the
maximum in total precipitation, as seen in Fig. 6c.

On monthly timescales, differencesin convectiveten-
dencies between the three experiments result not only
because of differences between the convective cloud
models, but also because of differences in the response
of the hydrological cycle, especially that of large-scale
cloud microphysical processes. Figure 13b shows that
removing convective snow on the sides or at the bottom
of updrafts yields decreased convective drying of water
vapor relative to the drying obtained in DETSNOW.
This is not due to a reduction in convective activity.
Table 1 shows that the globally averaged cumulus in-
cidence in FALLOUT is about equal to that in DET-
SNOW, whereas it is slightly reduced in FALLIN rel-
ative to DETSNOW, in both January and July. Maps of
the cumulus incidence would also show little variation
in the geographical distributions of convection between
the three simulations, indicating that the decreased ten-
dency of water vapor results because the troposphere
becomes drier in FALLOUT and FALLIN relative to
DETSNOW, and not because of reduced convective ac-
tivity. This point will be discussed at greater length in
section 6.

Figure 13c displays a strong decrease in the tendency
of snow at upper-tropospheric levelsin FALLOUT and
FALLIN relative to DETSNOW, which isto be expected
since the tendency of snow due to vertical transport by
convective circulations is equal to zero in both exper-
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iments. In FALLOUT and FALLIN, the total tendency
of snow being equal to that due to microphysical pro-
cesses only, convective snow acts as a source of snow
for the large-scale cloud microphysics at lower levels
than in DETSNOW, as seen in the middle and bottom
panels of Fig. 13c. Looking at Eq. (30), the decreased
tendency of snow in FALLOUT and FALLIN, relative
to DETSNOW leads to decreased convective heating
rates.

Looking back at Fig. 12, we can now conclude that
the decrease in convective heating in FALLOUT and
FALLIN relative to DETSNOW occurs in conjunction
with the decreased convective drying in the lower tro-
posphere (below 8 km), and the decreased source of
cloud ice plus snow in the upper-troposphere (above 10
km). Comparing Fig. 13b against 13c shows that, in
FALLOUT relative to DETSNOW, the change in the
convective tendency of cloud ice plus snow in the upper
troposphere is greater than the change in the convective
drying in the lower troposphere, so that the change in
the convective heating between FALLOUT and DET-
SNOW is the largest in the upper troposphere (refer to
Fig. 12b). Comparing FALLIN to DETSNOW shows
that the change in the convective drying is greater than
the change in the convective source of cloud ice plus
snow, so that the change in the convective heating is
greater in the lower than the upper troposphere (refer
to Fig. 12c).

In general, absolute differences in the zonal mean
tendencies between FALLIN and DETSNOW are great-
er than between FALLOUT and DETSNOW. This is
particularly true of differences between convective heat-
ing and moistening of the lower troposphere. Thisresult
makes sense since, in both DETSNOW and FALLOUT,
the only way convective snow contributes to precipi-
tation is by acting as a source of snow for large-scale
cloud microphysical processes, while in FALLIN con-
vective snow directly contributes to convective precip-
itation through melting to become convective rain. In
DETSNOW and FALLOUT, the fraction of large-scale
snow detrained at the tops or on the sides of the updrafts
can significantly modify the large-scal e environment by
enhancing evaporative cooling in subsaturated layers,
and by collecting cloud water and cloud ice as it falls.
This added complexity does not exist in FALLIN, es-
pecialy in the Tropics where convective snow is in-
stantaneously removed from the atmosphere in the form
of convective rain.

6. Impact on large-scale processes

As explained in section 3, there exists a two-way
interaction between EAUCUP and EAULIQ processes.
EAUCUP interacts with EAULIQ by letting cloud wa-
ter, cloud ice, and snow formed in convective updrafts
act as sources of large-scale cloud water, cloud ice, and
snow, thus favoring the growth of anvils. In turn, EAU-
L1Q enhances EAUCUP microphysical processes by let-
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ting large-scale cloud water and cloud ice belifted inside
the convective updrafts. The interaction from the con-
vective to the large-scale environment dominates over
that from the large-scale to the convective environment,
especially through the radiative effects of optically thick
anvils. Nevertheless, the effects of thelarge-scaleclouds
on the convective clouds are important.

L atitude—height cross sections of the zonally averaged
large-scale tendencies of temperature (i.e., large-scale
heating rate), water vapor (i.e., large-scale moistening
rate defined as positive), and cloud ice plus snow sim-
ulated in DETSNOW are shown on the top panels of
Figs. 14a, 14b, and 14c, respectively. Differences in
these zonally averaged large-scale tendencies between
FALLOUT and DETSNOW (middle panels) and be-
tween FALLIN and DETSNOW (bottom panels) are
also plotted.

As seen in the top panels of Figs. 14a and 14b, the
EAULIQ response to the EAUCUP convective drying
and heating of the tropical troposphere below 10 km is
large-scale moistening and cooling with maxima oc-
curring at about 6 km in DETSNOW. In the tropical
upper troposphere, the EAULIQ response to the EAU-
CUP convective moistening, mostly through water va-
por transport by convection, and production of super-
saturated conditions, is large-scale condensation and
warming, with maximaat about 12 km. Large-scale con-
densation and heating are, of course, also very active
in the middle latitudes, especially in the winter hemi-
sphere.

As seen in the middle and bottom panels of Figs. 14a
and 14b, the reduced convective heating and drying of
the tropical troposphere between FALLOUT and DET-
SNOW, and between FALLIN and DETSNOW, are as-
sociated with decreased large-scale cooling and moist-
ening below 10 km. This makes sense because the in-
tensity of cooling due to large-scale evaporation/sub-
limation is driven by the intensity of convective
condensation/deposition warming. As shown in Fig.
13c, FALLOUT and FALLIN vyield decreased convec-
tive sources of large-scale cloud ice and snow, relative
to DETSNOW. Accordingly, we found decreased EAU-
LIQ tendencies of cloud ice plus snow in FALLOUT
and FALLIN since, in the Tropics, convective detrain-
ment is the major source of formation of large-scale
cloud ice and snow. Decreased large-scale moistening
also leads to reduced deposition of water vapor on cloud
ice, and reduced autoconversion of cloud ice to snow
between FALLOUT and DETSNOW, and between
FALLIN and DETSNOW.

7. Impact on the atmospheric general circulation

Finally, we discuss the impact of EAUCUP on the
atmospheric general circulation. Modifying EAUCUP
and EAULIQ tendencies of cloud ice and snow directly
influences the vertical distributions of long- and short-
wave radiative heating rates through changes in the up-
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TABLE 2. Global means of vertically integrated cloud fraction (%), TOA outgoing longwave radiation, and planetary albedo (%).

Jan Jul
Global mean DETSNOW FALLOLUT FALLIN DETSNOW FALLOUT FALLIN
Cloud fraction 83.3 81.5 78.4 78.6 76.5 73.6
Outgoing longwave radiation 207.2 209.3 214.0 216.0 218.3 222.5
Planetary albedo 35.9 34.9 328 34.9 34.6 32.8

per-tropospheric cloudiness between the three climate
experiments.

One weakness of the CSU GCM s its lack of a pa-
rameterization of fractional cloudiness, although work
is underway to include a prognostic equation for the
cloud fraction (Randall and Fowler 1999; Fowler and
Randall 2000). Except in the PBL, where the formu-
lation of cloudiness and its optical properties follows
Harshvardhan et al. (1989), clouds are assumed to form
when and where the total amount of condensate exceeds
10-5 kg kg~ and their horizontal cloud fraction isequal
to 1, as discussed at length by Fowler et al. (1996).
Here, we define the total amount of condensate as the
amount of cloud water plus cloud ice plus snow present
ina4° X 5° grid box, but limit the long- and shortwave
radiative effects of snow by fixing the effective radius
of snow at 1000 um, as discussed by Fowler and Randall
(1996).

In DETSNOW, the detrainment of snow at the tops
of updrafts yields a significant increase in the coverage
of tropical anvils, which in turn leads to a decreased
top-of-the-atmosphere (TOA) outgoing longwave radi-
ation and an increased planetary albedo, relative to
FALLOUT and FALLIN, asseenin Table 2. Differences
in the globally averaged cloud fraction, TOA outgoing
longwave radiation, and planetary albedo are, as ex-
pected, the largest between FALLIN and DETSNOW.
In the three simulations, we did not attempt to tune the
model so that the outgoing longwave radiation, plane-
tary abedo, and cloudiness match those obtained with
the “ operational’”” parameterization of convection based
on Ding and Randall (1998), and Pan and Randall
(1998). The reason is that, in this study, we are mainly
interested in the effects of the alternative treatments of
convective snow while keeping all the other parame-
terizations untouched.

Figure 15 shows latitude—height cross sections of the
longwave, shortwave, and total cloud radiative forcings
simulated by DETSNOW (top panels), and the differ-
encein the long- and shortwave cloud radiative forcings
between FALLOUT and DETSNOW (middle panels)
and FALLIN and DETSNOW (bottom panels). We de-
fine the longwave cloud radiative forcing (LW,) asthe
difference between the clear-sky and all-sky longwave
radiative cooling rates (at long wavelengths, cooling is
defined as positive). In the Tropics, LW, is positive
(indicating warming) below the cloud bases and nega-
tive (indicating cooling) above the cloud tops of upper-
tropospheric clouds. We define the shortwave cloud ra-

diativeforcing (SW,,) asthe difference between the all-
sky and clear-sky shortwave radiative heating rates (at
short wavelengths, heating is defined as positive). SW
is negative (indicating cooling) below cloud bases and
positive (indicating warming) above cloud tops. Be-
cause the magnitude of SW,; is less than that of LW,
the net radiative forcing of tropical anvils is positive
(warming) below cloud bases and negative (cooling)
above cloud tops.

At long and short wavelengths, decreased upper-tro-
pospheric tropical anvils in FALLOUT and FALLIN
relative to DETSNOW yield decreased LW, and SW ;.
Because LW, is greater than SW,, the change in the
net cloud radiative forcing between FALLOUT and
DETSNOW, and FALLIN and DETSNOW is similar to
that of LW,,: the decrease in upper-tropospheric cloud-
inessin FALLOUT and FALLIN relativeto DETSNOW
yields a decreased net radiative cooling above cloud top
and adecreased net radiative warming bel ow cloud base.

We define the diabatic heating rate (Fig. 16c) as the
sum of the latent heating rate (Fig. 16a), plusthe heating
rate due to dry convective adjustment (not shown), and
the net radiative heating rate (Fig. 16b). We define the
latent heating rate as the sum of the convective (EAU-
CUP) and large-scale (EAULIQ) heating rates (refer to
Figs. 12a and 14a, respectively). In Figs. 16a and 16c,
the latent and diabatic heating rates do not include any
heating due to PBL processes. The middle and bottom
panels of Fig. 16a show an increase in latent heating
below 10 km and a decrease in latent heating above in
FALLOUT and FALLIN relative to DETSNOW in the
Tropics. Looking back at Figs. 12b and 12c for EAU-
CUR and the middle and bottom panels of Fig. 14a for
EAULIQ reveals that the increased latent heating be-
tween FALLOUT and FALLIN relative to DETSNOW
below 10 km results primarily because of the increased
large-scal e condensation heating when snow isremoved
on the sides or at the bottoms of the convective updrafts.
Above 10 km, the decreased latent heating results pri-
marily because of the decreased convective heating in
the upper-troposphere. The effect of tropical upper-tro-
pospheric clouds on the vertical profiles of net radiative
heating rates (where positive and negative net heating
rates indicate warming and cooling, respectively) is to
decrease (increase) the net radiative heating of the at-
mosphere above (below) the clouds. The decrease in
tropical anvilsbetween FALLOUT and DETSNOW, and
between FALLIN and DETSNOW, yields an increased
(decreased) net radiative heating above (below) the an-
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vils, which is to be expected. As shown in 16c, the
difference in diabatic heating between FALLOUT and
DETSNOW, and between FALLIN and DETSNOW,
varies with height, depending on the contribution in the
change in latent and net radiative heatings to that in the
diabatic heating between the three simulations. The mid-
die panel of Fig. 16c shows that the greatest change in
diabatic heating between FALLOUT and DETSNOW is
a decrease in diabatic heating in the upper troposphere
that results because of decreased latent heating, as seen
in the middle panel of Fig. 16a. The bottom panel of
Fig. 16c reveas an increase in the zonally averaged
diabatic heating through the whole tropical troposphere
in FALLIN relative to DETSNOW. This increased dia-
batic heating results because of increased latent heating
of the troposphere below the tropical anvils, and in-
creased net radiative heating above the tropical anvils
between FALLIN and DETSNOW. Diabatic heating is
reduced in the extratropics in both FALLOUT and
FALLIN, relative to DETSNOW.

Finally, latitude—height cross sections of the zonally
averaged relative humidity, temperature, and zonal-
mean wind simulated by DETSNOW (top panels), and
their differences between FALLOUT and DETSNOW
(middle panels), and FALLIN and DETSNOW (bottom
panels), are shown in Figs. 17a, 17b, and 17c, respec-
tively. Figure 18 shows latitude—height cross sections
of the differences between the zonally averaged profiles
of temperature and zonal wind simulated by DET-
SNOW, FALLIN, and reanalysis datafrom the European
Centre from Medium-Range Weather Forecasts
(ECMWEF). Through radiative—convective interactions,
detrainment of snow at the tops of convective updrafts
by EAUCUP produces a simulated climate that iswetter
but colder in the Tropics than when convective snow is
removed on the sides or at the bottoms of the updrafts.
Differences in the zonal-mean relative humidity and
temperature are, of course, larger between FALLIN and
DETSNOW, than between FALLOUT and DETSNOW.
As seen in Fig. 18, the cooling seen in DETSNOW
relative to FALLOUT and FALLIN helps reduce the
warm hias of the tropical troposphere when compared
against ECMWF data. Comparisons between the pre-
cipitable water simulated by FALLIN relative to that
retrieved by the National Aeronautics and Space Ad-
ministration (NASA) Water Vapor Atmospheric Project
(NVAP; Randel et al. 1996) show that the climate sim-
ulated with the CSU GCM is too wet relative to ob-
servations. Increasing the relative humidity, and hence
the water vapor mixing ratio, in both FALLOUT and
DETSNOW relative to FALLIN, leads the simulated
climate further away from the observed climate. Dif-
ferences in the globally averaged precipitable water rel-
ative to NVAP data increase from 4.1 kg m~=2 in
FALLIN to 5.6 kg m=2 in FALLOUT and 5.4 kg m=2
in DETSNOW in January, respectively. As already dis-
cussed, FALLOUT and DETSNOW enhance large-scale
cloud microphysical processes relative to FALLIN by
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increasing convective detrainment between EAUCUP
and EAULIQ. Increased moistening of the tropical mid-
dle-troposphere between DETSNOW and FALLOUT,
and DETSNOW and FALLIN iswell seen in Fig. 17a.
Difference plots of the zonally averaged temperature
reveal a warmer tropical troposphere and colder extra-
tropical tropospherein FALLOUT and FALLIN relative
to DETSNOW, as seen in the middle and bottom panels
of Fig. 17b. As expected, the increased temperature gra-
dient between tropical and extratropical latitudes leads
to stronger jet streams in both hemispheres, in con-
junction with weaker upper-tropospheric westerlies in
the Tropics, as seen in Fig. 17c. The intensity of the
simulated zonal wind remains too strong when com-
pared against ECMWF data.

We argue that the difference in the climate response
of the CSU GCM in DETSNOW and in FALLIN results
because of the difference in timescale between the pa-
rameterizations of convection and large-scale conden-
sation. In FALLIN, the simulated climate locks itself
into a warm and dry mode because the amount of con-
densed water and ice that EAUCUP converts to con-
vective precipitation is initially instantaneously re-
moved from the atmosphere. The amount of detrained
cloud water and cloud ice provided to EAULIQ issmall,
reducing not only evaporation of large-scal e cloud water
and cloud ice, but also evaporation of falling rain and
snow. Here, it is important to recall that unlike con-
vective precipitation, precipitation simulated in EAU-
LIQ istime-stepped explicitly (Fowler et a. 1996), pro-
viding opportunities for evaporation as it falls through
subsaturated layers. In contrast, it is easier to maintain
a colder and wetter atmosphere in DETSNOW than in
FALLIN. In DETSNOW, less convective precipitation
is initially instantaneously removed from the atmo-
sphere because convective snow is removed at the tops
of cumulus clouds, and more condensate is available to
various cloud microphysical processesin EAULIQ. On
monthly timescales, the more stable climate simulated
in FALLIN yields lesser convective heating and drying,
as seen in Figs. 12 and 13.

Asdiscussed earlier, we did not attempt to tune EAU-
CUR EAULIQ, or our parameterization of clouds and
radiation in DETSNOW, which we use as our control
simulation. As aresult, the simulated globally averaged
earth radiation budget and cloudiness are in significant
disagreement with observations (Kiehl and Trenberth
1997; Schiffer and Rossow 1983), as shown in Table 2.
Comparisons between the temperature simulated by the
CSU GCM against that obtained with ECMWF reanal -
ysis data showed that the simulated upper troposphere
and stratosphere were systematically too cold and the
simulated troposphere was systematically too warm,
when compared against observations (Fowler and Rand-
all 1996). In accordance with the difference between the
simulated and observed meridional temperature gradi-
ent, the simulated climate had an unrealistically strong
westerly jet in the winter hemisphere and subtropical



3095

FOWLER AND RANDALL

1 NovEMBER 2002

‘puogss Jod

SJeW Ul puim feuoz (9) pue ‘sulajpy ul ainjesedwss () Juedsed ut Aypiwny el () :(Spued wonod) MONS1IA Pue NITTv4 pue ‘(Spued ajppiw) MONS13Ad pue 1NOT1v4 Usemisq
S9 e LieA D Lsydsowe palielone A|feuoz syl Ul saouasaip syl pue ‘(spued dol) MONS13IA Ag pare|nuwis sa|gelieA dlaydsowre pafielone A|feuoz sy Jo SUo9ss ssouo Wb iey—-spniie LT o4

epnye spnye apnie
06- 0g- 0 0g 06 06- 09- 0g- 0 0e 09 06 06~ 09- og- 0 o3 09 06
T T T T 0 T 0
N a
=z
o 4
.y
/ -9
I usy : e
& @ ) =8
Z Z -
w w : o
nt43
= TTe - v
P -9t
y 1 g L L L ) b . . ] 8l
AHVYNNVI MONSL3A-NITIVE AHYANYF MONS L3A-NITIVd AHVNNVYI 2MONSLIA-NIMIvd
apnye] apnye] apnye]
0 06 06- 09 og- 0 0g 09 06
T 0 T T T T T 0
i L v
-2 L -2
- H g h 2 v
i - J
o = -9
B - Tzt J
dg @ o | =
7 ok ,w\ M N n ot
-2k = —eh
vt - b
i L J
-9t = =91
. < L J
! 8L S, s , 1 . 1 8L
AHYNNYF MONS.L3A-LNOTVS AHVYNNYI /MONS13d-LN0OTv4
apnye spnye
06
0
-2
v
-9
- T =
dg 2 3
I E:

o1
a Jau . . . . L 8l
AHVNNYF MONSL3a ABVNNVF MONS13d
AaNIM TYNOZ 0 JHNLVHIdNTL 9 ALIQINNH JAILY13Y B

(w) wbieH

(wy) WBeH

(usy) WbioH



3096

a. TEMPERATURE

Height (km)

[
Latitude

ECM
8

Height (km)

20 60 30 -30 -60 -90

0
Latitude

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoLUME 59

b. ZONAL WIND
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Fic. 18. Latitude-height cross sections of differences in the zonally averaged (a) temperature and (b) zonal wind. Top
panels show differences between DETSNOW and ECMWF data, while bottom panels show differences between FALLIN

and ECMWF data.

jet in the summer hemisphere. Similar comparisons be-
tween the zonal-mean temperature simulated in DET-
SNOW and ECMWF data would show a significant de-
crease of the tropospheric warm bias. The intensities of
the westerly and subtropical jets are strongly reduced.

8. Summary

The inclusion of improved cloud microphysics and
precipitation processes in parameterizations of convec-
tion isakey ingredient to improve interactions between
convective and large-scal e processes, especially through
the formation of large-scale anvils by cumulus detrain-
ment. In EAUCUR, we have taken a first step towards
improving the simulated interactions between large-
scale and convective processes by letting large-scale
cloud water and cloud ice be entrained into the con-
vective updrafts. Compensating subsidence of the large-
scale cloud water, cloud ice, and snow is included in
the computation of the convective tendencies. We have
also taken a first step toward improving precipitation
processes by allowing afraction of the cloud ice formed
in the convective updrafts to become snow, instead of
letting all cloud ice be completely detrained at cloud
tops. Furthermore, we investigated how the treatment
of snow modifies the climate of the CSU GCM by al-

lowing snow to be detrained at cloud tops, or instan-
taneously fall inside or outside the convective updrafts.

Unifying our parameterizations of large-scale cloud
microphysics and convection through the entrainment
of large-scale cloud water and cloud ice inside the up-
drafts, and large-scal e compensating subsidence outside
of the updrafts revealed to not be as important as orig-
inally hypothesized. Results of two separate sensitivity
experiments designed to study these effects showed no
significant differences in the simulated climate when
compared to DETSNOW. These results were not dis-
cussed for brevity.

Our results support the conclusions of Emanuel and
Pierrehumbert (1996) and Emanuel and Zivkovic-Roth-
man (1999) that cumulus convection schemes used in
climate models need to describe in greater detail the
microphysics of precipitation formation, especialy for
the cold phase. Differencesin the zonally averaged tem-
perature and relative humidity between FALLOUT and
DETSNOW, and between FALLIN and DETSNOW
stress the importance of correctly parameterizing the
fraction of condensed water that precipitates or detrains
at the tops of the clouds. Our main results show that
the climate simulated by the CSU GCM is highly sen-
sitive to the treatment of precipitation for the ice phase.
A decrease in convective precipitation (but not neces-
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sarily a decrease in convective activity) produces a
moister but colder climate, asin DETSNOW. We argue
that timescale differences between our parameteriza-
tions of convection and large-scale condensation, and
the amount of condensate detrained at the tops of the
updrafts relative to the amount that precipitates to the
surface instantaneously explain most of the differences
between FALLIN and DETSNOW.

Using EAUCUP as starting point, several avenues of
research can be investigated. In particular, improved in-
teractions between large-scale and convective processes
through the entrainment of large-scale water vapor,
cloud water, and cloud ice inside the convective up-
drafts, and compensating large-scal e subsidence, are one
of the key ingredients of our parameterization of frac-
tional cloudiness (EAULIQNG; Randall and Fowler
1999). Entrainment of large-scale cloud water and cloud
ice into a convective updraft simulates a mass exchange
between a stratiform and convective cloud inside amod-
el grid box. Upgrading our current parameterization of
large-scale cloud microphysics (EAULIQ) with one that
includes a prognostic equation for the horizontal cloud
fraction (EAULIQNG) will help bring the simulated
TOA outgoing longwave radiation and planetary albedo
closer to their observed values. When local instead of
grid-mean values are used, cloud water and cloud ice
are converted more rapidly to rain and snow (Fowler
and Randall 1996), and the cloud water and cloud ice
paths simulated by the CSU GCM will change. Because
the optical depth and infrared emissivity of stratiform
clouds are functions of the local cloud water and cloud
ice paths (Fowler and Randall 1996), we expect the
optical properties of clouds, and hence the TOA to
change also, especially in DETSNOW.
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