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[1] This study investigates the effect of entrainment dilution on convective available
potential energy (CAPE) and closure assumptions in convection parameterization using
the sounding data from three Intensive Observation Periods (IOPs). It is shown that
entrainment of the environmental air has a strong dilution effect on CAPE, and this effect
depends on the degree of subsaturation of the entrained air: the drier the entrained air, the
larger the effect. For CAPE-based closure assumptions, the dilute CAPE has a moderate
correlation with convective removal of CAPE. While better than for undiluted CAPE,
which is virtually uncorrelated with convective CAPE removal, this correlation is not
satisfactory enough for convection closure. For quasi-equilibrium–based closures, while
the free tropospheric quasi-equilibrium assumption is a superior closure for convection
when undiluted CAPE is used, both the Arakawa-Schubert quasi-equilibrium closure and
the free tropospheric quasi-equilibrium closure work well for dilute CAPE in all three
IOPs studied. It is further shown from the CAPE definition and the large-scale temperature
budget equation that for undiluted CAPE, the free tropospheric large-scale CAPE change
and precipitation are approximately linearly related. The most important effect of
entrainment dilution on CAPE and convection parameterization closure assumptions is to
enhance the role of free tropospheric humidity, thereby diminishing the overwhelming role
of boundary layer control on undiluted CAPE and its variation.
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1. Introduction

[2] Convection parameterization in global climate models
(GCM) is among the most challenging problems facing the
climate modeling community [Arakawa, 2004]. The simu-
lation of many climate systems, particularly in the tropics,
such as the Madden-Julian oscillation, the Intertropical
Convergence Zone, and the El Nino-Southern Oscillation,
is very sensitive to how convection is represented in the
models [Maloney and Hartmann, 2001; Zhang and Mu,
2005; Zhang and Wang, 2006; Li and Zhang, 2008]. Among
the many assumptions in a convection parameterization,
e.g., convection trigger, closure, lateral entrainment and
detrainment, microphysics and rainwater conversion, etc.,
convection closure is probably the most fundamental and
least understood theoretically and observationally. It is
used to determine how much convection occurs given the
large-scale atmospheric conditions. Widely used convection
closures in GCMs include those based on low-level mois-
ture convergence [Tiedtke, 1989], convective available po-
tential energy (CAPE) [Zhang and McFarlane, 1995;
Gregory et al., 2000], and the quasi-equilibrium between

convection and the large-scale forcing on CAPE [Arakawa
and Schubert, 1974; Zhang, 2002]. Although CAPE is
generally considered a qualitative measure of convective
activity from the thermodynamic point of view, that is, if
released it provides energy for convective overturning of the
air, its calculation is subject to many arbitrary assumptions,
which lead to large uncertainties in CAPE values. For
instance, the level of origin of the air parcel being lifted
in CAPE calculation can have significant impact on CAPE
values [Emanuel, 1994]. Furthermore, observational studies
indicate that CAPE variability is largely determined by
thermodynamic properties of the boundary layer [McBride
and Frank, 1999; Zhang, 2002, 2003; Donner and Phillips,
2003]. On the other hand, a number of studies have
indicated that lower tropospheric moisture can have impor-
tant effect on convection [Raymond, 1995; Michaud, 1998;
Neelin et al., 2008; Holloway and Neelin, 2009]. Drier air in
the lower troposphere often makes it more difficult for deep
convection to occur than a moister lower troposphere due to
entrainment. To take this effect into account, recently the
Atmospheric Model Working Group (AMWG) of the
National Center for Atmospheric Research Community Cli-
mate System Model (NCAR CCSM3) included entrainment
dilution in CAPE calculation in an experimental version
of the atmospheric model CAM3.5 [Neale et al., 2008].
Conceptually, the dilute CAPE is similar to the cloud work
function of Arakawa and Schubert [1974]; it is the vertical
integral of a parcel’s buoyancy weighted by entrainment.
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[3] Zhang [2002, 2003] examines observational data
from soundings in both the tropics and midlatitudes and
finds that the conventional quasi-equilibrium assumption of
Arakawa and Schubert [1974] does not adequately describe
the relationship between large-scale generation and convec-
tive consumption of CAPE. On the basis of the analysis, he
proposed a free tropospheric quasi-equilibrium closure
assumption using large-scale CAPE forcing [Xie and
Zhang, 2000]. Donner and Phillips [2003] compare obser-
vations from the GARP Atlantic Tropical Experiment
(GATE), the Tropical Ocean Global Atmosphere Coupled
Ocean-Atmosphere Response Experiment (TOGA
COARE), and the Atmospheric Radiation Measurement
(ARM) Southern Great Plains site summer 1997 Intensive
Observation Period (SGP97 IOP) with three closure assump-
tions. They find that of the three closure assumptions (the
CAPE relaxation closure, the Arakawa-Schubert quasi-
equilibrium closure and the free tropospheric quasi-
equilibrium closure), the free tropospheric quasi-equilibrium
agrees the closest with the observations. Tests of the free
tropospheric quasi-equilibrium in the Zhang-McFarlane
scheme show many improvements in the simulation of
the tropical climate in the NCAR CCM3, CAM3 and
CCSM3 [Zhang and Mu, 2005; Zhang and Wang, 2006;
Li and Zhang, 2008]. However, one drawback of the
assumption is that it does not explicitly consider the
boundary layer influence other than requiring positive
CAPE to satisfy the necessary condition for convection.
This may lead to underprediction and wrong timing of
convection (e.g., diurnal cycle) in regions where thermal
forcing in the boundary layer is an important mechanism
for convection such as the southeast US and the North
American Monsoon region [Collier and Zhang, 2006].
Consideration of entrainment dilution in CAPE calculation
may be a way to remedy this defect.
[4] In this study, we examine the effect of entrainment

dilution on CAPE calculation and three closure assumptions
that involve CAPE calculation: the CAPE-based closure in
the study by Zhang and McFarlane [1995], the free
tropospheric quasi-equilibrium closure [Zhang, 2002] and
the conventional quasi-equilibrium [Arakawa and Schubert,
1974]. Section 2 will present the data and analysis method.
Section 3 presents the results. Section 4 attempts to provide
a theoretical interpretation of the observed results. A sum-
mary and discussion are given in section 5.

2. Data and Analysis Method

[5] The data used for this study are the forcing data for
cloud-resolving and single-column models, derived from
soundings during TOGA COARE, SGP97 IOP and the
Tropical Warm Pool International Cloud Experiment
(TWP-ICE). The first two data sets have been used in the
study by Zhang [2003]. The COARE data are obtained from
R. H. Johnson of Colorado State University [Ciesielski et
al., 1997], available at 6 hourly resolution covering the
period from 1 November 1992 to 28 February 1993. The
SGP97 and TWP-ICE data are provided by the ARM Cloud
Modeling Group through S. Xie of Lawrence Livermore
National Laboratory, available at 3 hourly resolution. The
SGP data covers 29 days from 19 June to 18 July 1997.
Both the COARE and SGP data were discussed in more

detail in the study by Zhang [2003]. The TWP-ICE field
campaign took place in Darwin, Australia during the Aus-
tralian Monsoon season for 24 days from 19 January to
12 February 2006 [May et al., 2008]. During the IOP,
the large-scale circulation went through wet monsoon,
suppressed convection and break monsoon phases.
[6] The analysis approach follows the study by Zhang

[2002], except that entrainment dilution is included in all
calculations involving CAPE or its components and their
changes with time. By definition, CAPE is the vertical
integral of buoyancy of an air parcel lifted from the
boundary layer to the neutral buoyancy level:

CAPE ¼
Zpb
pt

RdðTvp � TveÞd ln p ð1Þ

where Tvp and Tve are the parcel’s and its environment’s
virtual temperature. Rd is the gas constant for air, pb and
pt are the pressure of the parcel’s originating level and
neutral buoyancy level, respectively. The parcel’s tempera-
ture calculation with or without entrainment in principle
follows the approximation presented in the appendix of the
study by Zhang and McFarlane [1991]. However, to avoid
any numerical approximation differences from the CAM3.5
model, we use the CAM3.5 code instead [Neale et al.,
2008]. When a parcel ascends, its entropy, denoted S, is
governed by the following equation:

@mS

@z
¼ @m

@z
�S ¼ e�S ð2Þ

where m is the parcel’s mass, with a value of unity at the
level of origin (or cloud base), and e is the mass entrained
per unit height into the parcel from its environment. �S is the
entropy of the environmental air. The mass entrainment is
assumed constant at 1 per km due to entrainment of
the environmental air. Such a linear increase of mass
with height implies that the fractional entrainment

rate
1

m

@m

@z
decreases with height as 1/z with a cloud base

value of 1 � 10�3 m�1. This is qualitatively consistent with
some cloud-resolving model estimates of entrainment rates
[Gregory, 2001].
[7] The air parcel is assumed saturated above the lifting

condensation level. Thus, once the entropy of the parcel at
each height is obtained from equation (2), it can be inverted
to obtain the parcel’s temperature and specific humidity.
The latent heat from freezing is also included in CAPE
calculation. Here a maximum of 1 g kg�1 of liquid water is
allowed to be retained in the parcel, the rest raining out.
Above the freezing level, all liquid water freezes instantly
and the latent heat of freezing is used to increase the parcel’s
temperature. Again, these modifications are the same as
those used in the NCAR CAM3.5 [Neale et al., 2008]. The
assumption that all liquid water freezes instantly once below
0�C may be unrealistic and may exaggerate the effect of
freezing on CAPE. Both observations and cloud modeling
studies [Heymsfield et al., 2005; Phillips et al., 2007]
suggest that water drops do not freeze homogeneously until
about �35�C, above which only a portion of the liquid
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water freezes through heterogeneous freezing. We will
perform some limited sensitivity test of this effect later.
[8] Three closure assumptions are examined:

@CAPE

@t

� �
cu

¼ �CAPE � CAPE0

t
; ð3Þ

@CAPE

@t
¼ @CAPE

@t

� �
cu

þ @CAPE

@t

� �
ls

� 0; ð4Þ

@CAPEe

@t
¼ @CAPEe

@t

� �
cu

þ @CAPEe

@t

� �
ls

� 0; ð5Þ

where CAPE0 is the threshold value of CAPE above which
convection is allowed, t is the relaxation time, subscripts ls
and cu denote CAPE changes due to large-scale and
convective-scale processes respectively, and subscript e
denotes environmental contribution to CAPE changes. Here
‘‘large-scale processes’’ is defined loosely as the sum of
advection, nonconvective cloud condensation, radiation,
and PBL transport, etc., that is, everything other than
convection. The first equation (equation (3)) is a CAPE-
based closure, the second one is the conventional quasi-
equilibrium closure and the third one is the free tropospheric
quasi-equilibrium closure. Both the actual CAPE change

and the large-scale contribution to the CAPE change can be
computed using the observational data. The CAPE changes
due to convection are obtained as the difference.

3. Results

3.1. Effect of Entrainment on CAPE

[9] Entrainment of environmental air affects CAPE in
two ways. It reduces the buoyancy of the air parcel by
bringing in low moist static energy (i.e., dry air) into the
parcel. It also reduces the height where the parcel reaches
the neutral buoyancy. Figure 1 shows the time series of
CAPE with and without entrainment dilution and the
corresponding level of neutral buoyancy for the TWP-ICE
IOP. For dilute CAPE, the CAPE values without freezing
and their corresponding neutral buoyancy levels are also
plotted. The undiluted CAPE varies in a range from 1000 to
5000 J/kg, while the dilute CAPE is much smaller, varying
between 0 and 800 J/kg. The neutral buoyancy level for
undiluted CAPE is near 100 mb at all times during the IOP,
whereas for dilute CAPE it varies from less than 150 mb to
greater than 800 mb. Note that for the first 6 days, the
entrainment dilution effect on CAPE and the neutral buoy-
ancy level is not as large as for other times. Examination of
the moisture field in the troposphere (not shown) indicates
that for the first 6 days, the active monsoon period, the

Figure 1. (top) Time series of CAPE and (bottom) neutral buoyancy level for the TWP-ICE IOP. Solid
line is for undiluted CAPE calculation, dashed line is for dilute CAPE calculation with freezing-heating,
and dotted line is for dilute CAPE calculation without freezing. Dilute CAPE is scaled on the right.

D07109 ZHANG: ENTRAINMENT, CAPE AND CONVECTION CLOSURE

3 of 12

D07109



troposphere is relatively moister than other periods. The
effect of latent heat of freezing on CAPE and neutral
buoyancy level varies widely, depending on how high the
neutral buoyancy level is above the freezing level. It can
account for as much as 50% of the dilute CAPE, as in the
case of the first 6 days, or has no effect at all, as in the case
of the middle one-third of the IOP, when the neutral buoy-
ancy level is below the freezing level. The neutral buoyancy
level is lowered from 200 mb to 400 mb in the first several
days of the IOP when freezing is not considered.
[10] To show the effect of tropospheric moisture on

CAPE, Figure 2 displays the moist static energy profiles
and their saturation values for day 5 (24 January 2006) and
day 24 (12 February 2006), respectively. Also shown are the
parcel’s moist static energy profiles with and without
entrainment dilution. The slight increase of the undiluted
parcel’s moist static energy above 500 mb is due to latent
heating from freezing. 12 February is much drier than
24 January throughout the troposphere, as can be seen from
the difference between observed and saturation moist
static energy. The undiluted CAPE on 12 February is around
5000 J/kg compared to 3200 J/kg on 24 January. However,
when entrainment dilution is included, the parcel’s buoy-
ancy, as measured by the difference between the parcel’s
moist static energy and its environment’s saturation moist
static energy, is positive from 900 mb to 200 mb, whereas
for 12 February the parcel’s buoyancy is positive from
850 mb to 650 mb and then becomes small aloft, alternating
in sign. This results in dilute CAPE on 24 January more
than twice as large as that on 12 February (Figure 1).
[11] To demonstrate the combined effect of entrainment

and tropospheric moisture on CAPE, we use the observed
temperature and moisture profiles on 12 February and vary
the moisture profile according to

qmod ¼ qþ f ðqs � qÞ; ð6Þ

where q is the observed specific humidity and qs is the
saturation specific humidity at observed temperature, f is
the factor controlling the degree of subsaturation of the
modified moisture profile. f = 0 corresponds to the observed
moisture profile and f = 1 corresponds to the saturation

moisture profile. When f < 0, the modified moisture profile
is drier than observed. The modified specific humidity qmod
together with the observed temperature are used to compute
CAPE for different values of f and entrainment rates.
Figure 3 shows CAPE as functions of f and entrainment
rates. When there is no entrainment, CAPE increases from
5000 to over 10000 J/kg when the tropospheric air goes
from the observed humidity to saturation. When entrain-
ment is considered, CAPE drops precipitously for entrain-
ment rates up to 0.2 � 10�3 m�1. Further increase in
entrainment rate results in a more gradual decrease in
CAPE. At entrainment rate of 1 � 10�3 m�1, CAPE is more
sensitive to the degree of subsaturation than to entrainment
rate. It varies by almost a factor of 10, from the observed
270 J/kg to 2500 J/kg when the air is saturated.
[12] In Figure 3, the moisture variation factor is applied

throughout the troposphere. Thus, for a given entrainment

Figure 2. Vertical profiles of observed moist static energy (solid, normalized by cp) and its saturation
value (dotted) for (left) 24 January and (right) 12 February 2006. Moist static energy of parcels lifted from
the most unstable level with entrainment (dashed) and without entrainment (dash-dotted) is also shown.

Figure 3. CAPE as function of entrainment rate and
moisture enhancement factor f. f = 0 corresponds to observed
moisture profile and f = 1 corresponds to saturation moisture
profile at observed temperature for the 12 February 2006
sounding.
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rate, the increase of CAPE with increasing moisture is a
combined effect of both increased moist static energy of the
air parcel at its lifting level and a less efficient dilution due
to moister air being entrained from the parcel’s environ-
ment. Figure 4 shows the same plot as Figure 3, except that
only the boundary layer air (i.e., the air at the parcel’s lifting
level) is varied according to equation (6). Therefore it
depicts the effect of enhancement of PBL moisture on
CAPE as functions of entrainment rate. Because of entrain-
ment of dry air, at a given entrainment rate, CAPE increase
with PBL moisture is not as effective as in Figure 3, where
moister air is entrained. Comparison of Figures 3 and 4
indicates that when the environmental humidity is fixed to
the observed values, the effect of entrainment rate is more
dramatic than in Figure 3 as the PBL moisture increases.
For example, at f = 1, which means the entire troposphere is
saturated in Figure 3 and only the PBL air is saturated in

Figure 4, CAPE decreases from 3000 J/kg at entrainment
rate of 0.5 � 10�3 m�1 to 2500 J/kg at entrainment rate of
1 � 10�3 m�1 in Figure 3, whereas in Figure 4 for the same
entrainment rate range CAPE decreases by 50% from
1500 J/kg to 750 J/kg.

3.2. Effect of Entrainment on Closure Assumptions

[13] With the above results demonstrating the signifi-
cance of entrainment dilution and humidity in the tropo-
sphere in CAPE calculation, we now turn to examining its
impact on convection closure assumptions. Previous studies
[Zhang, 2002, 2003; Donner and Phillips, 2003] have
shown that among the three closure assumptions
equations (3)–(5), the free tropospheric quasi-equilibrium
closure has the best agreement with observations whereas the
CAPE-based closure has the least agreement. For example,
Donner and Phillips [2003] showed that the observed
@CAPEe/@t in equation (5) deviates the least from zero than
@CAPE/@t in equation (4) or (@CAPE/@t)cu + (CAPE �
CAPE0)/t in equation (3) does, as required by their respective
closures. Figure 5 shows an example of convective CAPE
consumption versus CAPE plot, which illustrates the (lack
of) accuracy of the CAPE-based closure using undiluted
CAPE for the TWP-ICE IOP. The correlation coefficient
and linear regression equation are given in the plot. There is
virtually no relationship between CAPE and the convective
removal of CAPE. When entrainment dilution is included,
the CAPE-based closure is in somewhat better agreement
with observations. Figure 6 shows, for dilute CAPE, the
scatterplots of CAPE consumption by convection versus
CAPE for the SGP97 IOP, COARE IOP and TWP-ICE
IOP, respectively. For all three IOPs the correlation coeffi-
cients between CAPE and the CAPE removal rate by con-
vection are around 0.5 to 0.6. The relaxation time (the inverse
of the linear regression coefficient) ranges from 3 to 5 hours.
Although this is a significant improvement over the relation-
ships for undiluted CAPE, the explained variance (r2) of
approximately 30% by the relationships is far from satisfac-
tory for convection closure.

Figure 4. Same as in Figure 3 except that the moisture
modification is applied to the boundary layer only.

Figure 5. Scatterplot of convective CAPE change versus CAPE using undiluted CAPE calculation for
TWP-ICE IOP. Correlation coefficient and linear regression equation are given as well. Each point
represents a 3-hour average, and the solid line is the best fit.
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[14] In contrast, Figure 7 shows the scatterplots of CAPE
change due to convection versus CAPE change due to large-
scale forcing for both the conventional [Arakawa and
Schubert, 1974] quasi-equilibrium and free tropospheric
quasi-equilibrium for the three IOPs using dilute CAPE
calculation. In previous studies using undiluted CAPE,
Zhang [2002, 2003] shows that the free tropospheric quasi-
equilibrium assumption is in much better agreement with
observations than the conventional quasi-equilibrium does
due to strong influence of the boundary layer properties on
CAPE. This is particularly true over land, where sensible
and latent heat fluxes of 300 to 400 Wm�2 are common in
early afternoon hours. As shown in Figure 7, for dilute
CAPE, however, the free tropospheric quasi-equilibrium
and the conventional quasi-equilibrium are less distinguish-
able. Both are in very good agreement with the observa-
tions, with correlation coefficients exceeding 0.9 for all
three IOPs. Nevertheless, a closer examination can find that
for the SGP97 IOP, the plot for the conventional quasi-
equilibrium assumption still has more scatter than that for
the free tropospheric quasi-equilibrium assumption, indicat-
ing that even with strong entrainment dilution, the large
changes of the boundary layer properties due to large
surface heat and moisture fluxes over land at the SGP still
has noticeable influence on CAPE and CAPE change
estimates. Note that in the closure by Arakawa and Schubert
[1974], equilibrium assumption is applied to every member
of an ensemble of cloud plumes, each having a character-
istic mass entrainment rate. In Figure 7 a single value is
used for mass entrainment. Also, note that the entrainment
rates for the plumes, particularly deep convection plumes, in
Arakawa and Schubert’s quasi-equilibrium closure are much
smaller than that used in this study. Thus the artificial
boundary layer effect is expected to become more signifi-
cant, closer to the undiluted CAPE situation studied in the
study by Zhang [2002, 2003].
[15] As pointed out in the Introduction, the dilute CAPE

calculation as adopted by the CAM3.5 includes latent
heating from freezing, and freezing was assumed to occur
instantly once the parcel’s temperature reaches 0�C. In
reality, it is likely that only partial freezing would occur
until homogeneous ice nucleation is possible, at temper-
atures near �35�C [Heymsfield et al., 2005]. To examine
the potential effect of this instant freezing treatment for ice
on the quasi-equilibrium assumptions, we recalculate CAPE
and CAPE changes by multiplying the following factor

g ¼ min 1:;max 0:;
Tp � Tfreeze

�35

� �� �
ð7Þ

to the latent heat from freezing, where Tp is the parcel’s
temperature in Kelvin, and Tfreez = 273.16 K. Thus, below
�35�C, all liquid water in the parcel freezes instantly; from
0�C to �35�C, the fraction of freezing is linearly
proportional to the temperature below 0�C. Figure 8 shows
the free tropospheric quasi-equilibrium assumption using
the modified dilute CAPE changes. Comparing with the
right column of Figure 7, there is no significant difference
between the two in terms of the accuracy of the assumption,
as measured by the scatter around the diagonal lines. In
general, the CAPE change values are smaller with partial
freezing than with instant total freezing. However, this is not

Figure 6. Scatterplot of convective CAPE change versus
CAPE using dilute CAPE calculation for (top) SGP97,
(middle) COARE, and (bottom) TWP-ICE IOPs. Correla-
tion coefficients and linear regression equations are given,
with the reciprocal of the coefficient in the x-term
representing the relaxation time in CAPE-based closure.
Each point represents a 3-hour average for SGP97 and
TWP-ICE and a 6-hour average for COARE. The solid line
represents the best fit.
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always the case, because the freezing effect on the parcel’s
buoyancy applies to CAPE calculations both before and after
the large-scale forcing is included to obtain the CAPE change.
Although CAPE itself is much smaller without freezing, its
change due to large-scale forcing may not be small.
[16] Note that the total large-scale forcing on CAPE

consists of CAPE change due to free tropospheric large-
scale virtual temperature change and that due to parcel’s
virtual temperature change as a result of boundary layer
large-scale processes such as turbulent fluxes [Zhang,
2002]:

@CAPE

@t

� �
ls

¼ @CAPEp

@t

� �
ls

þ @CAPEe

@t

� �
ls

; ð8Þ

where subscript e and p denote environmental contribution
and the parcel’s contribution, respectively. When entrain-
ment dilution is included, the first term on the rhs of
equation (8) is also affected by the environmental
temperature and moisture. The similarity between the
conventional quasi-equilibrium and the free tropospheric

quasi-equilibrium in Figure 7 suggests that for dilute CAPE
the total large-scale CAPE forcing and the free tropospheric
large-scale CAPE forcing are closely related. Figure 9
presents the scatterplots of these two for the three IOPs,
with correlation coefficients and linear regression given in
each plot. Indeed, they are highly correlated. For the SGP97
IOP, the free tropospheric large-scale CAPE change
accounts for 46% of the total large-scale CAPE change, at
a correlation coefficient of 0.72. For both COARE and
TWP-ICE, the free tropospheric large-scale CAPE change
contribute about 80% to the total large-scale CAPE
change, with correlation coefficients over 0.9. Note
that for nonconvective periods (defined as precipitation
rates <2 mm/day and displayed by crosses in Figure 9), the
total large-scale CAPE forcing is most significant in the
land case (SGP97), less so in the mixed land-ocean case
(TWP-ICE), and least significant in the ocean case (COARE).
The free tropospheric large-scale CAPE forcing in all IOP
cases for nonconvective periods is small. Their differences,
which measure the boundary layer forcing on CAPE, show
that even with strong entrainment, the fictitious boundary
layer forcing, while already much suppressed compared to

Figure 7. Scatterplots of convective dilute CAPE change versus large-scale dilute CAPE change for
(top) SGP97, (middle) COARE, and (bottom) TWP-ICE. In all calculations of CAPE and its change,
entrainment dilution of 1 km�1 is used. (a–c) Conventional quasi-equilibrium. (d–f) Free tropospheric
quasi-equilibrium.
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undiluted CAPE calculation, may still have some non-
negligible contamination on convection parameterization.
[17] The impact of entrainment dilution on CAPE change

and the quasi-equilibrium assumptions can be understood
from the following estimates. The change of boundary layer
moist static energy due to surface sensible and latent heat
fluxes can be approximated by:

cprDz
@h

@t
¼ F; ð9Þ

where cp is the heat capacity of air, r the air density, Dz
the boundary layer thickness, and F the sum of surface
sensible and latent heat fluxes. For typical boundary
layer thickness of 800 m and air density of 1.1 kg/m3,

we have
@h

@t
� F=250 K hour�1. The mean value of the sum

of sensible and latent heat fluxes in the TWP-ICE IOP, as

estimated from the domain-mean single-column model
forcing data set, is 165 W/m2, which yields a mean moist
static energy change rate of 0.66 K/hour in the PBL. We use
Figures 2 and 4 for a rough estimate of the resulting CAPE
change with and without entrainment dilution. The moist
static energy difference between the saturation value and the

Figure 8. Same as in Figures 7d to 7f, except that the
latent heat of freezing is multiplied by the factor given in
equation (7).

Figure 9. Scatterplots of free tropospheric large-scale
dilute CAPE change versus total large-scale dilute CAPE
change for (top) SGP97, (middle) COARE, and (bottom)
TWP-ICE. Dots are for convective points, and crosses are
for nonconvective points. Linear correlation coefficients and
regression equations are given in the plots as well.

D07109 ZHANG: ENTRAINMENT, CAPE AND CONVECTION CLOSURE

8 of 12

D07109



observed value near the surface is 15 K (372 K � 357 K)
according to the right plot in Figure 2. From Figure 4, the
CAPE value changes from 270 J/kg when f = 0, correspond-
ing to the observed moist static energy profile, to 750 J/kg
when f = 1, corresponding to saturated moist static energy in
the PBL, for dilute CAPE with an entrainment rate of 1 �
10�3 m�1. This yields a 32 J/kg CAPE increase per 1 K
increase in PBL moist static energy, or a 21 J/kg/hour CAPE
change rate for a 0.66 K/hour PBLmoist static energy change
due to surface fluxes. For undiluted CAPE calculation, CAPE
changes from 5000 J/kg for f = 0 to slightly over 10000 J/kg
for f = 1. This gives a CAPE change rate of 220 J/kg/hour. In
other words, with or without the entrainment dilution, the
contribution from surface turbulent fluxes to the total CAPE
forcing can differ by a factor of 10. On the other hand, the
CAPE change due to free tropospheric large-scale forcing is
not as sensitive to parcel’s entrainment dilution (about a
factor of 2 due to its effect on the parcel’s neutral buoyancy
level), and is typically 200 to 400 J/kg/h (e.g., compare
Figure 7 with Figures 6 and 7 in the study by Zhang [2003]).
Thus consideration of entrainment dilution has a significant
impact on the accuracy of convection parameterization
closure assumptions as seen in Figure 7. It diminishes the
contribution from the boundary layer property changes to
CAPE variation. For a 50 mb or 400 m PBL thickness, the
above estimated CAPE changes due to surface fluxes would
be doubled.

4. Theoretical Interpretation

[18] Section 3 describes the effect of entrainment on
CAPE and related convection closure assumptions. This
section tries to provide some theoretical interpretation on
the observed relationships between convection and large-
scale CAPE changes. For undiluted adiabatic ascent of an
air parcel lifted from the boundary layer, the large-scale
CAPE change can be written as [Emanuel, 1994]:

@CAPE

@t

� �
ls

¼
Zpb
pt

Rd

@Tvp
@t

� @Tv
@t

� �
ls

d ln p

¼ ðTb � TtÞ
@Sb
@t

�
Zzt
zb

g

cp

QR

T
� g

q
v � rqþ w

@q
@p

� �� �
dz

ð10Þ

where S is the entropy of air, and is given by S = cp lnT �
Rd ln p +

Lq

T
� qRv ln(RH); RH is relative humidity; T is

temperature; subscripts b and t stand for the parcel’s initial
level and the neutral buoyancy level, respectively. QR is the
radiative heating rate. For simplicity of notations, all
quantities represent averages over a large-scale area or a
GCM grid box. With the use of hydrostatic relationship and
the relationship between potential temperature q and dry
static energy s = cpT + gz, equation (10) can be rewritten as:

@CAPE

@t

� �
ls

¼ ðTb � TtÞ
@Sb
@t

þ Rd

cp

Zpb
pt

v � rsþ w
@s

@p

� �
� QR

� �
d ln p: ð11Þ

On the right-hand side of equation (11), the first term is due
to the parcel’s temperature change resulting from surface
entropy flux (or sensible and latent heat fluxes), and the
second term is due to the environmental or free tropospheric
temperature changes resulting from the large-scale forcing.
Comparing with equation (8), we have:

@CAPEp

@t

� �
ls

¼ ðTb � TtÞ
@Sb
@t

; ð12Þ

@CAPEe

@t

� �
ls

¼ Rd

cp

Zpb
pt

v � rsþ w
@s

@p

� �
� QR

� �
d ln p: ð13Þ

[19] On the other hand, the large-scale dry static energy
equation can be written as [Yanai et al., 1973]:

Q1 

@s

@t
þ v � rsþ w

@s

@p
¼ QR �

@s0w 0

@p
þ Lðc� eÞ; ð14Þ

where the perturbation product term represents eddy,
including convective, transport averaged over a large-scale
area. Q1 � QR 
 �@s0w 0/@p + L(c � e) is often interpreted
as the collective effect of convection except in the boundary
layer where turbulent heat flux becomes important.
Equation (14) has been used in many studies to diagnose
convective heating [e.g., Yanai et al., 1973; Thompson
et al., 1979; Lin and Johnson, 1996]. Integrating from the
surface to the top of convection layer gives

P ¼
Zp0
pT

1

g
ðc� eÞdp ¼ 1

Lg

Zp0
pT

@s

@t
þ v � rsþ w

@s

@p

� �
� QR

� �
dp

� Fsh

L
; ð15Þ

where P is precipitation, a proxy for convection in
convectively active periods, Fsh is the surface sensible heat
flux, which is small compared to latent heat of precipitation
during convection, p0 and pT are pressure at the surface and
the top of the convection layer, respectively. Note that we
distinguish pT from pt for later discussions. The difference
between surface pressure p0 and the parcel’s lifting level
pressure pb is small, typically about 50 mb or so. Using
observations from GARP Atlantic Tropical Experiment
(GATE), Thompson et al. [1979] show that, in convectively
active periods, the leading balance in equation (15) is between

precipitation and heat convergence
Rp0
pT

v � rsþ w @s
@p

� �
dp.

Comparing equations (13) and (15), one sees that aside
from the @s/@t term and the Fsh term, the large-scale free
tropospheric CAPE change (@CAPEe/@t)ls and P share the
same integrand, except that one integrates with respect to p
and the other with respect to ln p (or equivalently height).
Thus, if the vertical distribution of the integrand is
invariant with time, the two quantities are linearly related
if pT and pt are the same, and the surface sensible heat flux
is small compared to precipitation, which is often the case.
In reality, the vertical distribution of large-scale advective
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and radiative forcing varies with time. Top-heavy large-
scale forcing gives larger (@CAPEe/@t)ls and bottom-heavy
large-scale forcing gives larger precipitation than the linear
relationship suggests. Therefore some degree of scatter is
expected between the free tropospheric large-scale CAPE
forcing and precipitation.
[20] Figure 10 shows the scatterplots between large-scale

CAPE change and precipitation for TWP-ICE. For undilut-
ed CAPE changes, because of the large contribution from
surface fluxes, the correlation is weak. Note that there are
many points with large values of (@CAPE/@t)ls but nearly
zero precipitation. These are all due to surface contributions
through equation (12). On the other hand, when precipita-
tion is plotted against the free tropospheric large-scale
CAPE change (@CAPEe/@t)ls, the correlation is very high
(0.96), as expected from equations (13) and (15). Note that
the neutral buoyancy level pt in undiluted CAPE calculation
is near 100 mb (Figure 1). Both the theoretical consider-
ation, equations (13) and (15), and the observational results

indicate that convection are related to the free tropospheric
large-scale forcing on CAPE.
[21] When entrainment dilution is included, CAPE

change due to large-scale forcing cannot be calculated from
equation (13) alone because the parcel’s temperature now
also depends on the environmental temperature and mois-
ture that the entrained air possesses. Instead, it is calculated
by taking the difference of CAPE with and without the
large-scale forcing, holding the parcel’s originating level
temperature and moisture constant. On the other hand,
whether or not entrainment dilution is considered, precipi-
tation is the same and is diagnostically equal to that given in
equation (15). Figures 10c and 10d show that the correlation
with precipitation is improved for the total large-scale
CAPE change, but degraded for the free tropospheric CAPE
change, so that the two become comparable. Furthermore,
there is large deviation from the linear regression line for
heavy precipitation events. As shown earlier, the surface
contribution is reduced dramatically by the entrainment
dilution, so that the total CAPE change is dominated by
the free tropospheric change. The degradation in linear
regression correlation by the entrainment dilution for the
free tropospheric contribution can be explained by two
factors. First, when entrainment is included, the neutral
buoyancy level pt is lower, which decreases the integration
range although the integrand (the large-scale temperature
forcing) remains the same. This reduces the contribution
from the free tropospheric large-scale forcing. Second, the
parcel’s temperature also depends on the temperature and
moisture of the entrained free tropospheric air. When there
is large-scale cooling in the free troposphere, a parcel with
the same lifting level properties will be colder than without
the large-scale free tropospheric cooling due to entrainment.
This further reduces the CAPE change from large-scale
forcing, and the reduction is larger for stronger forcing.
Consequently, we see the large deviation from the linear
regression for large rainfall rates. Despite the nonlinear
relationship between dilute CAPE change and precipitation,
the quasi-equilibrium between large-scale changes and
convective changes of dilute CAPE still works well in all
three IOPs as seen in Figure 7. This is because similar
nonlinear relationships exist between precipitation and
resulting convective removal of dilute CAPE due to heating
in the free troposphere.
[22] It should be pointed out that the relationship between

convection and large-scale free tropospheric CAPE forcing
(@CAPEe/@t)ls, as demonstrated through equations (13) and
(15), is a diagnostic one. It does not address the causality
issue, that is, whether one is the cause of the other, or vice
versa. As the convection and large-scale circulation are
highly interactive, this ambiguity in causality also reflects
two different angles of view. From a dynamic point of view,
to generate large-scale vertical circulation, one needs to
specify diabatic heating such as that associated with con-
vection, as is often the case in simple dynamic models such
as the Gill model for tropical circulation [Gill, 1980]. From
physical process modeling point of view, such as in cloud-
resolving models or single-column models [Randall et al.,
1996], large-scale vertical velocity (or large-scale forcing)
needs to be specified in order to produce convection.
Therefore it is not clear at all whether convection and
large-scale circulation can be separated into cause and

Figure 10. (a, c) Scatterplots of precipitation as functions
of total and (b, d) free tropospheric large-scale CAPE
changes for undiluted CAPE and dilute CAPE for the TWP-
ICE IOP. Correlation coefficients and linear regression
equations are given as well. The solid line represents the
best fit.
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effect. In reality, both are the causes and the effects at the
same time. Fortunately, convection closure, by its nature, is
to develop an empirical relationship between the observed
or predicted large-scale fields and convection to close the
parameterization, and does not require one to address the
causality issue explicitly, at least for the situation when
convection and large-scale fields are in equilibrium.

5. Summary and Discussions

[23] This study investigates the effects of entrainment
dilution on CAPE and closure assumptions in convection
parameterization. The sounding data from three IOPs
(COARE, SGP97 and TWP-ICE) are used for this purpose
following the methodology of Zhang [2002]. It is shown
that entrainment of the environmental air has a strong
dilution effect on CAPE. For an entrainment rate of 1 per
km, the dilution can reduce CAPE by a factor of 10 or more.
The dilution effect depends strongly on the degree of
subsaturation of the entrained air: the drier the entrained
air, the larger the effect. The dilute CAPE has a moderate
correlation of 0.5 to 0.6 with convective removal of CAPE.
While better than for undiluted CAPE, this correlation,
which only explains about 30% of the variance, is not
satisfactory enough for convection closure. On the other
hand, while free tropospheric quasi-equilibrium is a superior
closure for convection when undiluted CAPE is used as
demonstrated in previous studies, both the Arakawa-Schu-
bert quasi-equilibrium closure and the free tropospheric
quasi-equilibrium closure work equally well for dilute
CAPE in all three IOPs studied. It is further shown from
the definition of undiluted CAPE and the large-scale tem-
perature budget equation that free tropospheric large-scale
CAPE change and precipitation are linearly related. The
results and theoretical arguments presented in the paper
show that the most important effect of considering entrain-
ment dilution in CAPE calculation and evaluation of con-
vection parameterization closure assumptions is to enhance
the role of free tropospheric humidity relative to the
boundary layer properties in CAPE and its variation.
[24] There are advantages and disadvantages to consider

entrainment dilution as far as the closure assumptions are
concerned. For undiluted CAPE, there is a nearly linear
relationship between large-scale free tropospheric CAPE
forcing and convection. The free tropospheric quasi-
equilibrium closure based on this works well in addressing
many persistent biases in the NCAR CAM3 and CCSM3
[Zhang and Mu, 2005; Zhang and Wang, 2006; Li and
Zhang, 2008]. However, in situations of triggered convec-
tion when the free tropospheric large-scale forcing on
CAPE is weak or negligible and convection is forced by
surface thermodynamic fluxes, the free tropospheric quasi-
equilibrium assumption will not work. For dilute CAPE,
under such circumstances surface flux forcing on CAPE
will become relatively important, and the conventional
quasi-equilibrium assumption incorporates such forcing in
determining convection. On the other hand, when large-
scale free tropospheric forcing is dominant, for which case
the free tropospheric quasi-equilibrium assumption using
undiluted CAPE works well, although both the free tropo-
spheric quasi-equilibrium and the Arakawa-Schubert quasi-
equilibrium work reasonably well, there are a number of

potential factors that can affect the accuracy of the assump-
tion. First, the neutral buoyancy level pt in dilute CAPE
calculation is lower than the top of the large-scale forcing
layer in the troposphere pT. Therefore the forcing in the layer
between pt and pT is not reflected in the dilute CAPE change.
There are a number of occasions during TOGA COARE and
SGP97 when dilute CAPE is zero and yet significant precip-
itation is observed (not shown). In such cases, convection
will be underpredicted with dilute CAPE. Second, including
the boundary layer contribution, however small it may be,
represents a contamination to the actual relationship between
precipitation and large-scale CAPE change. Therefore it will
also introduce errors in predicted convection.
[25] All the results presented in this study are averages

over the observational domain typical of today’s GCM grid
size (200 to 300 km). Therefore the closures examined are
suitable for such GCM resolutions. As the model resolution
increases, how does it affect a particular closure? In CAPE-
based closure, since CAPE is not very sensitive to model
grid size (the mean state variables only vary gradually,
particularly over oceans), convection so parameterized
has less scale dependence. On the other hand, observed
precipitation is highly scale-dependent. On smaller scales,
precipitation is more intense. To incorporate such scale
dependence into convection parameterization, a typical
practice in global modeling is to ‘‘tune’’ the free parameters
in the parameterization scheme, such as adjusting the
relaxation timescale in CAPE-based closure for different
model resolutions. In contrast, in quasi-equilibrium closures
the large-scale advective forcing, which largely determines
convection, highly depends on the model resolution: the
smaller the grid size the larger the advective forcing, and
thus the more intense the convection. Therefore the con-
vection parameterization has the scale dependence built into
it. As such, the quasi-equilibrium–based parameterization
should work well as GCM resolution increases.
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