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Abstract

The quasi-equilibrium assumption proposed by Arakawa and Schubert assumes that convection is
controlled by the large-scale forcing in a statistical sense, in such a way that the stabilization of the atmosphere by
convection is in quasi-equilibrium with the destabilization by the large-scale forcing. The assumption was
developed largely based on observations in the tropical maritime environment and has not been evaluated in
midlatitudes. This study examines the quasi-equilibrium assumption in midlatitude continental convection
environment using summertime observations from the Southern Great Plains of the United States. Two
complementary approaches are taken for this purpose. The first one compares the net time rate of change of
convective available potential energy to that due to the large-scale forcing. The second one examines the
contributions to the net change of CAPE from the boundary layer air and the free tropospheric air above. Results
from both the approaches indicate that the quasi-equilibrium assumption is not well suited for midlatitude
continental convection. It is shown that the net change of CAPE is comparable to and largely comes from that due
to thermodynamic changes of the boundary layer air, while the contribution from the free troposphere above the
boundary layer is negligible. The analysis also shows that the role of convective inhibition to suppress convection is
the most pronounced when the large-scale forcing in the free troposphere is weak. Based on these and other
observations, a modification to the quasi-equilibrium assumption is proposed. It assumes that convective and large-
scale processes in the free troposphere above the boundary layer are in balance, so that contribution from the free
troposphere to changes in CAPE is negligible. This assumption is then tested using the single column model of the
NCAR CCM3 by modifying the closure in the CCM3 convection scheme. Such a modification significantly
improves the single column model simulation. The applicability of this new quasi-equilibrium assumption to
tropical convection environment is also discussed.

1. Introduction

Convective parameterization is one of the most challenging issues in global climate
models (GCM). Convection as represented by convecitve parameterization schemes in GCMs is
controlled by the large-scale dynamic and thermodynamic fields through a closure condition.
Such a closure condition is typically determined empirically by the observed relationships
between convective activity and the large-scale atmospheric states or processes. Arakawa and
Schubert [1974] introduced the concept of quasi-equilibrium between convection and the large-
scale forcing. The essence of the quasi-equilibrium assumption is that convection is controlled
by the large-scale forcing in a statistical sense, in such a way that the stabilization of the
atmosphere by convection is in quasi-equilibrium with the destabilization by the large-scale
forcing. This assumption has become the cornerstone in modern convective parameterization
development. Most of the convective parameterization schemes nowadays use it one way or
another [e. g., Moorthi and Suarez, 1992; Randall and Pan, 1993; Zhang and McFarlane, 1995;
Sud and Walker, 2000; Gregory et al., 2000].

In theoretical studies, the quasi-equilibrium assumption has also been used extensively
[Emanueal et al., 1994; Neelin, 1997; Yu and Neelin, 1997; Neelin and Zeng, 2000; Zeng et al.,
2000] to understand the tropical dynamics and thermodynamics. For example, Neelin and Zeng
[2000] constructed a tropical circulation model of intermediate complexity based on the quasi-
equilibrium assumption.

The quasi-equilibrium assumption has been examined in a number of observational and
numerical studies for tropical convective environment [Arakawa and Schubert, 1974; Arakawa
and Chen, 1987; Xu and Arakawa, 1992; Yano et al., 2000]. Arakawa and Schubert [1974]
showed, assuming the boundary layer forcing on cloud work function is negligible, that the
large-scale forcing in the cloud layer on cloud work function is much larger than the net change
of the cloud work function [their Figure 13 and footnote 12]. Yano et al. [2000] examined the
asymptotic behavior of the Arakawa and Schubert quasi-equilibrium using an analytic model and
output from a cloud-resolving model simulation. Assuming that the sub-cloud layer variables are



time-independent in both their analytic and cloud-resolving models, they showed that the
Arakawa-Schubert quasi-equilibrium assumption works well.

On the other hand, it has been known for years that changes in tropospheric mean
temperature are minuscule compared to other fields such as diabatic latent heat release and
boundary layer equivalent potential temperature in tropical weather systems [Frank, 1980;
McBride, 1981; McBride and Frank, 1999]. Frank [1980] showed that during GATE the
observed free tropospheric temperature changes are on the order of a few tenths of a degree no
matter how large the vertically-integrated diabatic heating and rainfall is. Observations by
McBride and Frank [1999] in Australian Monsoon Experiment [AMEX] indicate that the actual
stabilization of the atmosphere in response to deep convection occurs almost entirely through the
modification of convective available potential energy [CAPE] through decreasing equivalent
potential temperature of the source air in the boundary layer. Such observational facts are seldom
considered in relation to convective parameterization in general and quasi-equilibrium in
particular. The only exception is the work by Fraedrich and McBride [1989] in a theoretical
study to understand the physical mechanism of CISK. They parameterized convective heating by
assuming a balance between diabatic heating and adiabatic cooling in the free troposphere above
the boundary layer such that the net tropospheric temperature change is zero in their two-layer
model. With this assumption, they showed that the growth rate of CISK perturbation is
independent of the horizontal scale as long as the scale of the disturbance is much smaller than
the Rossby deformation radius. This resolved the long-standing problem that perturbations of
smallest horizontal scales grow the fastest in classic CISK theory and offered new insight into
the physical mechanism of CISK.

Compared to the number of studies for tropical environment, few studies have examined
the performance of quasi-equilibrium in midlatitude continental convection. Grell et al. [1991]
tested a simplified Arakawa and Schubert scheme for a midlatitude mesoscale convective
complex, and found that in such systems, where the large-scale forcing is strong, quasi-
equilibrium is a good approximation. But, problems can arise in cases with weak large-scale
forcing.

In this study, we examine the applicability of the Arakawa-Schubert convective quasi-
equilibrium [hereafter referred to as the AS quasi-equilibrium] in midlatitude continental
environment. Section 2 will describe the data and analysis approaches. Section 3 will evaluate
the quasi-equilibrium assumption. Based on the results, a modified quasi-equilibrium is proposed
in section 4. In section 5, we will test the modified quasi-equilibrium assumption using the
Zhang and McFarlane [1995] convection scheme together with the NCAR CCM3 single column
model. Section 6 will present the summary and discussions.

2. Data and analysis approach

The data used in this study are from the Southern Great Plains [SGP] site of the
Atmospheric Radiation Measurement [ARM] program. Soundings over this area were collected
during two Intensive Observation Periods [IOP] in the summers of 1995 and 1997. The summer
1995 10OP covers 16 days from July 18 to Aug. 3, 1995, and the summer 1997 10P covers 29
days from June 19 to July 18, 1997. The data used to provide the necessary basic meteorological
fields include upper-air soundings, wind fields from wind profilers, and the gridded
meteorological fields from the NCEP Rapid Update Cycle analysis. The data were processed by
Zhang et al. [2001] using variational analysis to provide the large-scale forcing for the single-
column model intercomparison projects to test convective parameterization schemes [Ghan et al.,
2000; Xie et al. 2001]. The soundings were available at 3-hr intervals. However, the objective



analysis interpolates them to 20-min intervals and provide a single temperature and moisture
profile at each time for the entire area representing a GCM grid point. The details of the analysis
processes can be found in Zhang et al. [2001]. The large-scale data at the 20-min interval
resolution are used in this study to compute the needed fields, such as the time rate of change of
CAPE. These fields are then averaged over each 3-hr period to obtain the final results. The
vertical resolution of the data is 50 mb starting from 965 mb and ending at 115 mb.

In this study we use CAPE to measure convective instability in the atmosphere. CAPE is
defined by:

A= CAPE = j: R,(T,~T,)dInp (1)

Where T, =T, (1+0.608 q, - qi) and T,. =T¢(1+0.608q.) are the virtual temperatures of the air
parcel and its environment as it is lifted from its originating level p, to the neutral buoyancy
level pi. Rq is the gas constant for dry air. q is the liquid water condensed following reversible
moist adiabat as the air is lifted. T, and q. are the environmental or large-scale temperature and
moisture, respectively. T, and g, are the parcel's temperature and moisture following a reversible
moist adiabat. They are calculated following the method used in Zhang and McFarlane [1991].
For non-entraining parcels, they are entirely determined by the temperature and moisture content
at its originating level, which is assumed to be in the boundary layer. For this study, the
originating level is set to be the second level from the bottom. It is well known that CAPE values
are sensitive to the choice of the parcel’s originating level [Emanuel, 1994]. We tested this
sensitivity by setting the parcel’s originating level to the lowest level. We find that while CAPE
values are considerably larger in this case, the conclusions regarding the quasi-equilibrium do
not change.

When an air parcel is lifted, it often has to overcome a layer of negative buoyancy
immediately above its originating level until the level of free convection. The vertical integral of
this negative buoyancy measures the convective inhibition, or CIN:

CIN =[" R/(T,,~T,)dInp 2)

Ife
where subscript Ifc stands for level of free convection. An air parcel has to have enough lifting
power to overcome CIN before convection is possible. Thus, CIN is often viewed as a factor to
suppress convection.

The time rate of change of CAPE is given by:
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By definition, at the neutral buoyancy level T,,=T\,., thus the last term vanishes in theory. In
practice, since finite difference is used for time derivative, the last term occasionally has a small
non-zero value when the neutral buoyancy level changes with time. But we will ignore it in our
calculation of CAPE change.

Using the convention of Arakawa and Schubert [1974], the net CAPE change can be
written as the sum of that due to convective processes (denoted by subscript cu) and that due to
large-scale processes (denoted by subscript Is):
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The AS quasi-equilibrium assumption requires that 04/0t << (OA/ at),s . Alternatively, noting that

[cf. eq. (3)] CAPE change can be expressed in terms of changes in the parcel's and its ambient
virtual temperature, eq. (4) can also be rewritten as:
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represent CAPE changes resulting from the parcel's and its ambient virtual temperature changes,
respectively. Thus, the quasi-equilibrium assumption requires that 0A4/0t << 04 , / ot and

0A/0t << 0A, /ot . Tt is appropriate to point out here that since Ty, is entirely determined by
boundary layer thermodynamic fields, we will refer to 04, / ot as CAPE change due to changes

in boundary layer properties. Similarly, since 04, /0t measures the vertical integral of the large-

scale virtual temperature change from the parcel’s originating level to the neutral buoyancy
level, we will refer to it as CAPE change due to free tropospheric virtual temperature changes.

In terms of the conventional thermodynamic quantities, we re-write eq. (5) following
Emanuel [1994, egs. (15.3.1) and (15.3.3)]:
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where 0. is the equivalent potential temperature. As before, subscripts b and t stand for a parcel's
originating level and the neutral buoyancy level, respectively. ¢ is the geopotential. The first

term on the rhs is the net CAPE change due to boundary layer equivalent potential temperature
change at the parcel's originating level. The second term is the thickness change of the
convection layer. Thus, under quasi-equilibrium, the tropospheric thickness [or mean
temperature] and boundary layer entropy change in concert [Emanuel, 1994]. Neelin and Zeng
[2000] used this deduction to relate the tropospheric temperature to surface equivalent potential
temperature in their tropical circulation model.

As both the parcel's [or boundary layer] and its ambient [or free tropospheric] virtual
temperature can change as a result of the large-scale or convective processes, eq. (4) can be
formally written as:
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On the rhs of eq. (4a), the net CAPE change is broken into four components: CAPE change due
to boundary layer virtual temperature change resulting from convective processes (8Ap / 8t)w,

CAPE change due to boundary layer virtual temperature change resulting from large-scale
processes (8A » / at) , CAPE change due to free tropospheric virtual temperature change resulting

Is

from convective processes (aAe /81) , and CAPE change due to free tropospheric virtual

cu

temperature change resulting from large-scale processes, (aAe /Gt)ls. For example, convection-

induced compensatory subsidence warming in the troposphere contributes to (04, / at)m.

Similarly, boundary layer cooling and drying from convective downdrafts contribute to
(GA »/ at)w. The large-scale advection of temperature and moisture contributes to (04, / 8t)ls , and

the large-scale surface fluxes of heat and moisture contribute to (6Ap /6t)ls. The reason we

decompose CAPE change into four components will become clear shortly.
Using ARM observations, we can compute 94/0¢ and (84/0t), as well as their

decomposition into the parcel's and the environment's contributions to evaluate the validity of the
quasi-equilibrium assumption. 04/0¢ is estimated using the observed temperature and moisture

profiles. (84/6t), is estimated using the observed large-scale advection, surface sensible and

latent heat fluxes and the radiative cooling from the ECMWF analysis. The CAPE change due to
the large-scale forcing is computed as the CAPE difference before and after the forcing is
applied to the temperature and moisture fields. To include the effect of surface turbulent fluxes
on CAPE change, we assume that the boundary layer is well mixed and that the surface fluxes
are linearly distributed over this layer near the surface. Since the boundary layer depth is not
known, different values (100 mb and 150 mb) for the layer depth over which surface fluxes are
distributed are used for sensitivity tests. For the convenience of presentation, we will use the
shorthand dA for CAPE change, a subscript cu or Is for CAPE change resulting from convective
or large-scale processes, and a superscript p or e for CAPE changes due to the parcel's or the
environment's virtual temperature change. For example, dAjs represents CAPE change resulting
from the large-scale processes, and dA°s represents CAPE change due to the environmental
virtual temperature changes resulting from the large-scale processes.
3. Examination of convective quasi-equilibrium

Fig. 1 shows the time series of CAPE, CIN, the observed precipitation and the CAPE
change resulting from the large-scale forcing for the summer 1997 IOP. The x-axis shows days
since June 19, 1997. During the IOP the atmosphere in the Southern Great Plains is unstable
most of the time, with large values of CAPE. However, convection (as indicated by



precipitation) only occurs episodically. Furthermore, it has little relationship with the amount of
CAPE in the atmosphere. The convective inhibition is in general large when there is no
convection. More on this will be discussed below.

The large-scale CAPE change due to advection and radiative cooling in the free
troposphere, i. e. dA%s, coincides well with convection. This observation of the relationship
between the two made Xie and Zhang (2000) use the large-scale advective CAPE change as a
trigger function for the Zhang and McFarlane (1995) convection scheme. The large-scale CAPE
change including the effect of surface turbulent fluxes on boundary layer temperature and
moisture is significantly larger most of the time than that without the surface fluxes. The
shallower the layer over which the fluxes are distributed, the larger the CAPE changes, because a
given amount of heat and moisture fluxes distributed over a shallower boundary layer will have a
more pronounced effect on the boundary layer temperature and moisture change. Furthermore,
the large-scale CAPE changes including surface fluxes have a strong diurnal cycle due to the
diurnal variation in surface fluxes.

In Fig. 1 it is shown that no convection is observed when CIN is large. One explanation
is that large CIN poses a strong barrier for air parcels in the boundary layer to be lifted to the
level of free convection. Therefore convection is difficult to initiate. To understand its role in
suppressing convection, Fig. 2 shows the scatter plot of CIN vs. CAPE and CIN vs. dA®s. The
data is stratified based on the presence or absence of convection. There is no apparent
relationship between convection, CIN and CAPE. Convection can occur under both small and
large CIN although the non-convective points are dominant when very large CIN values [larger
than 200 J/kg in magnitude] are observed. At a given CAPE value, convection may or may not
occur, except for very large CAPE values, where no convection was observed. This is in direct
contrast to the assumption that convective activity is proportional to the amount of CAPE in the
atmosphere used in CAPE-based convective parameterization schemes.

There is a much clearer separation between convective and non-convective points when
CIN is plotted against dA®. When the free tropospheric large-scale forcing is large, convection
occurs regardless of the value of CIN. This is probably because the lifting provided by strong
large-scale forcing can overcome the negative buoyancy layer below the level of free convection.
On the other hand, when CAPE change due to the free tropospheric large-scale forcing is small,
convection only occurs when CIN is small, less than 100 J/kg in magnitude. Thus, the role of
CIN in suppressing convection is more profound in situations of weak large-scale forcing. It is
interesting to note that the maximum CIN in general decreases with the large-scale forcing,
likely due to erosion of CIN by sustained large-scale forcing. We also examined a similar plot
with dA®s replaced by CAPE change including surface fluxes. In this case, the separation
between convective and non-convective points seen in Fig. 2b is no longer observed [results not
shown], suggesting that the free tropospheric large-scale forcing, but not the total large-scale
forcing, is a useful parameter to relate to convection.

Fig. 3 shows the scatter plots of the net CAPE change vs. the CAPE change resulting
from the free tropospheric large-scale forcing and the total large-scale forcing including
boundary layer processes, i. €., dA vs. dA%s and dA vs. dAjs. This type of plot is often used to
examine the quasi-equilibrium assumption. The sloping solid line shows the 1:1 ratio for
reference. Thus, if the net CAPE change is comparable to CAPE change resulting from the large-
scale forcing, the observations should fall along this line. During convective periods, when dA°g
is large, dA is slightly smaller in magnitude but opposite in sign; when dAj is small, so is dA.
On the other hand, during non-convective periods, dA is frequently much larger than dA®j,



suggesting that the free tropospheric large-scale forcing is not responsible for the net CAPE
change. When the large-scale forcing, e.g. surface fluxes, on the boundary layer thermodynamic
fields is included, the CAPE change due to the total large-scale forcing, 1. e., dAj, is
considerably larger than dA®;. For fluxes distributed over a 100 mb or 150 mb layer, the
qualitative characters are similar. For the quasi-equilibrium assumption to hold, one must have
dA << dAy, i. e., all the points should fall near the x-axis. However, the figure shows that under
convective situation dA is only modestly smaller than dAjs in magnitude. Under non-convective
situations, most of the points fall along the 1:1 reference line. Clearly, in these cases the net
CAPE change dA is too large for the quasi-equilibrium between convection and the large-scale
forcing to hold.

As pointed out earlier in section 2, another way of examining the quasi-equilibrium
assumption is to determine if dA << dAP and dA << dA°®. Fig. 4 shows the time series and the
scatter plot of the net CAPE change and CAPE change due to changes in boundary layer
temperature and moisture, i. e., dA and dAP. In addition, it also shows the scatter plot between
the net CAPE change and CAPE change due to the free tropospheric virtual temperature change
(dA and dA®). Obviously, dA is very close to dAP at all times. The scatter plot of dA vs. dAP
shows that in both convective and non-convective situations there is a high degree of correlation
[0.98] between the two, with a slope of 0.86. These suggest that most of the net CAPE change
results from the boundary layer temperature and moisture changes. On the other hand, CAPE
change due to the free tropospheric virtual temperature changes is negligible compared to the net
CAPE change, i. e. dA® << dA [Fig. 4c, with a linear regression slope of -0.10]. Recall that the
quasi-equilibrium assumption requires that dA << dAP and dA << dA°®. Fig. 4 clearly shows that
the quasi-equilibrium assumption is not valid in midlatitude continental convective environment.
4. A modified quasi-equilibrium assumption

The above analyses show that the net CAPE change is comparable to the CAPE change
resulting from the boundary layer thermodynamic changes and is much larger than the CAPE
change resulting from the free tropospheric virtual temperature changes. Thus, it is reasonable to
assume that CAPE change resulting from the free tropospheric virtual temperature changes is
negligible, that is, dA° = 0. This is in contrast to the AS quasi-equilibrium. From the viewpoint
of CAPE change, the AS quasi-equilibrium assumes that CAPE change resulting from boundary
layer thermodynamic changes and that resulting from the free tropospheric virtual temperature
changes are in balance, so that the net CAPE change is negligible. On the other hand, here we
assume that CAPE change resulting from boundary layer thermodynamic changes and the net
CAPE change are in balance, and that CAPE change resulting from the free tropospheric virtual
temperature changes is negligible. Mathematically, we can re-write the AS quasi-equilibrium
and the modified quasi-equilibrium as:

04 04
AS quasi-equilibrium: L= = N 0
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04 A
Modified quasi-equilibrium: p_ A = o4, ~0
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Similar to the AS quasi-equilibrium concept, dA° consists of contributions from both convective
and large-scale processes,
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Thus, we assume that a quasi-equilibrium exists between the convective and large-scale
modifications of the environmental contribution to CAPE, so that the net contribution (sum of
convective and large-scale) is negligible. In terms of tropospheric virtual temperature change, the
modified quasi-equilibrium is:

j”’aT—Wdl np-= j [ j din p+ j (

In other words, there is a quasi-equilibrium between changes in the tropospheric mean
temperature resulting from convective and large-scale processes, such that the net virtual
temperature change averaged over the convective layer is negligible [compared to the boundary
layer equivalent potential temperature change].

Fig. 5 shows the scatter plot of dA® vs. dA%;. The diagonal line has a 1:1 ratio. All the
convective points fall nearly along the x-axis, thus supporting eq. (6). For the non-convective
points, dA%s is in general small. For these points, the observations are further divided into two
groups according to CIN. When CIN is large (< -100 J/kg), many points fall near the 1:1 line for
relatively large dA°;. This means that for weak, yet non-negligible free tropospheric large-scale
forcing, CIN acts to suppress convection. When CIN is small, both dA® and dA® are small, and
the points are clustered around the origin. Comparison of Fig. 5, the modified quasi-equilibrium,
with Fig. 3b, the original quasi-equilibrium, demonstrates a clear improvement in relating
convection to the large-scale forcing.

Eq. (6) is further tested using an independent dataset from the summer 1995 IOP. Fig. 6
shows the scatter plots of dA vs. dAP and dA° vs. dA. For both convective and non-convective
periods, the net CAPE change closely follows the CAPE change due to the boundary layer
thermodynamic changes, with a slope of 0.89 and a correlation coefficient of 0.98. Similar to
Fig. 4c, the CAPE change due to the free tropospheric virtual temperature change is negligible
compared to the net CAPE change [dA® and dA are negatively correlated with a slope of -0.08].

Fig. 7 shows the scatter plots of dA® vs. dA®s and dA vs. dAjs for the summer 1995 1OP.
The top frame shows that dA® << dA®j, again suggesting that the modified quasi-equilibrium
proposed in this study works very well. The bottom frame is for the AS quasi-equilibrium
assumption. Similar to Fig. 3, it shows that for convective periods, the net CAPE change is
somewhat smaller in magnitude than that due to the large-scale forcing. For non-convective
periods, the two are comparable, with most of the observations falling along the 1:1 line.
Comparison of the two plots shows that without the contamination of the boundary layer forcing
on CAPE change, the modified quasi-equilibrium gives a more accurate description of the
relationship between convection and the large-scale forcing.

5. Test of the modified quasi-equilibrium in convective parameterization scheme

Similar to the AS quasi-equilibrium assumption, the modified one can also be used as the
closure condition for convective parameterization schemes. Here we use the Zhang-McFarlane
convection scheme (hereafter referred to as the ZM scheme) and the CCM3 single column model
(Hack et al., 1998) to test the assumption proposed in the last section. The closure condition in
the original ZM scheme is:

A
My Fr (7)
where 7 is the time during which CAPE is consumed by convection, and is set to 2 hours in
CCMa3. F is computed from the thermodynamic profiles and the cloud model. This closure is a
variant of the Arakawa Schubert quasi-equilibrium closure, since any deviation of CAPE from

j dlnp=0 (6)
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that required by the quasi-equilibrium will be removed at an exponential rate. A similar closure
condition has also been proposed by Gregory et al. (2000) in the ECMWEF Integrated Forecasting

Systems.
On the other hand, the closure condition based on eq. (6) can be written as:
b aT b| 8T
j” e | dinp = max {— j "1 2| dn p,0} (6a)
P: at cu Py at Is

Note that Ty = T (1 + 0.608q) and the effects of convection on temperature and moisture fields
in the convection layer are:

oT
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where M, is the cloud base mass flux, n is the cloud mass flux at a given level normalized by
My, and O is the detrainment of cloud mass flux, also normalized by M. qs is the saturation
specific humidity of the detrained cloud air, and S is the large-scale dry static energy.
Substituting the above equations into eq. (6a) and rearranging, we have:

1 Pr 6Tvg
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Eq. (8) constitutes the new closure, and the parameterization scheme utilizing it will be referred
to as the revised Zhang-McFarlane (RZM) scheme.

In the remainder of this section, we use the large-scale forcing data for the summer 1997
IOP to drive the NCAR CCM3 single column model. Both the closure conditions eq. (7) and eq.
(8) are tested. Fig. 8 shows the time series of precipitation from the observations and the model
simulations for three convectively active periods. These periods are chosen as they were also the
focus periods in an intercomparison project for convective parameterization by the ARM
program (Xie et al. 2001). In the first period, there is a weak precipitation event on day 9 and
strong precipitation event on day 11. When the original closure is used, the model rains almost
daily, with a clear diurnal cycle. This is because CAPE has a strong diurnal cycle due to the
surface fluxes. During the strong convection event on day 11, the simulated rainfall is about 65%
of the observed. When the new closure is used, both the timing and the intensity of the
precipitation events are very well captured. The precipitation events in periods 2 and 3 are less
intense. But again, the simulated rainfall using the original closure shows clear diurnal cycle, and
the new closure shows noticeable improvement in the rainfall simulation.

Fig. 9 shows the time-height cross section of the temperature biases for the simulations
with the original and the new closure. For all three periods, the simulations with the original
closure show large warm bias, in the range of 5 to 10 K, relative to the observed temperature
fields. The warm biases start to develop early on during each period, and persist throughout the
periods. The simulations with the new closure show significantly less temperature bias, most of
the time less than 2.5 K in magnitude. In general, there is a slight cold bias in the mid-
troposphere. The moisture bias fields [Fig. 10] show similar degree of improvement using the
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new closure. There is a large dry bias, 5 to 10 g/kg, between 900 mb and 750 mb in all three
convective periods when the original closure is used. This dry bias, together with the warm bias
in Fig. 9, may be attributed to the too frequent convection using CAPE-based closure. The new
closure largely removes the dry bias, with a tendency to moisten the layer below 800 mb
somewhat too much, particularly in the last convective period.

In summary, we showed that for the summer 1997 IOP focussing on midlatitude
continental convection, the modified quasi-equilibrium closure makes significant improvement
on the simulation of precipitation, temperature and moisture fields. By excluding the CAPE
changes associated with the strong boundary layer forcing typically observed on land, the new
closure relates convection more realistically to the large-scale forcing.

6. Summary and discussions

This study analyzed the temperature and moisture data from the summers of 1995 and
1997 10Ps for summertime midlatitude continental convection. Two complementary methods are
used to examine the convective quasi-equilibrium. It is shown that in such an environment the
large-scale forcing and convection are not in the quasi-equilibrium as defined in Arakawa and
Schubert [1974]. The net CAPE change, instead of being negligible as required by the AS quasi-
equilibrium, represents a major portion [90%] of the CAPE change associated with changes in
the boundary layer thermodynamic properties. The contribution to the net CAPE change from
the tropospheric temperature and moisture changes is insignificant in magnitude [10% or less]
compared to the net CAPE change.

Based on these observations, we proposed a modified quasi-equilibrium between
convection and the large-scale forcing. In physical terms, the essence of this modified quasi-
equilibrium assumption is that the mean virtual temperature changes in the free troposphere due
to convection and the large-scale processes are in quasi-equilibrium, such that its net change is
negligible compared to the boundary layer equivalent potential temperature change. This is in
contrast to the Arakawa and Schubert quasi-equilibrium assumption that the mean tropospheric
virtual temperature and the boundary layer equivalent potential temperature change in concert.
The main difference between the modified quasi-equilibrium assumption and the original
Arakawa and Schubert quasi-equilibrium assumption lies in the exclusion of the CAPE changes
resulting from changes of the boundary layer thermodynamic properties. It is also shown that the
effect of convective inhibition on suppressing convection is the most pronounced when the free
tropospheric large-scale forcing is weak.

We modified the closure condition of the Zhang and McFarlane convection scheme based
on the new quasi-equilibrium assumption, and tested it using the single column version of CCM3
for the summer 1997 IOP. The model simulates the observed precipitation very well. In addition,
the temperature and moisture biases in the simulations are significantly reduced compared to the
simulations using the original closure. While the single-column model results are encouraging, a
true test would be in GCMs. This will be our future work.

In the new closure the boundary layer forcing does not appear directly. However, this
does not mean it is not important in convective parameterization. Cooling and drying in the
boundary layer due to convective downdrafts can suppress subsequent convection. This is
reflected in the convective parameterization through the following facts. First, the atmosphere
must be convectively unstable in order for convective parameterization to be activated. Thus,
boundary layer forcing including the effect of convective downdrafts has a clear impact on it.
Second, boundary layer forcing also affects the amount of convective inhibition. When the free
tropospheric forcing is weak, large CIN will act to suppress convection.
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Although the new quasi-equilibrium closure is developed from midlatitude data, it has no
obvious dependence on midlatitude dynamics, such as large-scale baroclinicity, rotational
effects, etc. Rather, the key points hinge on the role of the planetary boundary layer.
Furthermore, the essence of the new closure, that is, the net tropospheric mean temperature
change is negligible compared to changes in equivalent potential temperature of the boundary
layer air, was well observed in the tropical atmosphere [Frank, 1980; McBride and Frank, 1999].
Thus, it is likely that the new closure should also work for tropical convection.

It is interesting to note that although the modified quasi-equilibrium is proposed in this
study, its theoretical aspects have already been examined by Yano et al. [2000]. In an attempt to
understand the asymptotic behavior of the Arakawa and Schubert quasi-equilibrium, they
assumed that the sub-cloud layer variables are time-independent in their linear model. Therefore,
the variation of their potential temperature perturbation, or equivalently CAPE, is entirely caused
by the large-scale forcing or convective heating above the boundary layer. Thus, the quasi-
equilibrium reached in their analytic model was between convection and the large-scale
processes in the free troposphere, the same as proposed in this study based on the observations.
In addition, in their analysis of the cloud resolving model results for GATE convection, surface
fluxes are excluded in their calculation of the large-scale forcing. Again, strictly speaking, their
conclusions are applicable to the modified quasi-equilibrium proposed here.

The Arakawa and Schubert quasi-equilibrium was first tested by Grell et al. (1991) in
midlatitude mesoscale convective systems. They showed that in such an environment where the
large-scale forcing is strong, the Arakawa and Schubert quasi-equilibrium is a good
approximation. This is not inconsistent with our results. In the environment of strong convective
systems, such as that on day 11 (June 30, 1997), when the GOES satellite imagery shows a
strong mesoscale convective system, the net CAPE change is relatively small compared to the
large-scale forcing. Thus, the AS quasi-equilibrium is approximately valid. The modified quasi-
equilibrium assumption is also consistent with earlier observations. Zhang and McFarlane (1991)
showed that the main changes of temperature and moisture in midlatitude convective systems
from pre-convection to post-convection occur in the boundary layer while changes in the rest of
the troposphere are relatively small.

Georgi and Shields (1999) and Dai et al. (1999) examined the effect of convective
parameterization on the precipitation simulation over the continental United States in the NCAR
regional climate model. They tested the convective parameterization schemes of Grell (1993),
Kuo (1974) and Zhang and McFarlane (1995), and showed that the simulated summer
precipitation with all three convection schemes had deficiencies in capturing the pattern of the
diurnal cycle of precipitation. The model overestimated precipitation frequency and
underestimated precipitation intensity. In particular, convection from the Zhang and McFarlane
scheme was overactive. Xie and Zhang (2000) found similar results when they used the Zhang
and McFarlane (1995) convection scheme to simulate the precipitation time series in the SGP
site of the ARM program with a single column model. To overcome this deficiency, they used
the large-scale advective forcing on temperature and moisture as a trigger function. Convection
was allowed only when there was large-scale destabilization by the advective forcing, with the
amount of convection still determined by the closure of the Zhang and McFarlane scheme. In
this study, we take a further step to use the large-scale tropospheric forcing to determine not only
the timing, but also the amount of convection.

Another way to remedy overactive convection in models is to impose a relative humidity
(RH) threshold for the boundary layer air as a trigger function within the framework of the AS



13

quasi-equilibrium. In fact, in various implementations of the Arakawa and Schubert (1974)
convective parameterization, this is exactly what has been done (Slingo et al., 1996, Sud and
Walker, 2000, Wang and Schlesinger 1999). For example, Sud and Walker (2000) required that
the boundary layer RH exceed 90% before convection is allowed in their Relaxed Arakawa-
Schubert scheme. Wang and Schlesinger (1999) showed that the simulated tropical intraseasonal
oscillation strongly depends on the choice of the RH threshold: the higher the threshold, the
stronger the simulated intraseasonal oscillation. Arakawa and Cheng (1987) related the boundary
layer RH to the AS quasi-equilibrium. They showed that under the quasi-equilibrium condition,
the near surface RH is negatively correlated with the lower tropospheric moist temperature lapse
rate. Fig. 11 shows such an idealized relationship following Arakawa and Cheng (1987). Here I
and I',, are the average atmospheric lapse rate and the saturation moist adiabatic lapse rate,
respectively, in the lower troposphere below 500 mb. The solid line was obtained with I'=6.5
K/km and a surface temperature of 296.6 K, both of which are very close to the 29-day mean of
the 1997 IOP. The dots are from the summer 1997 IOP observations. If the atmosphere is in the
AS quasi-equilibrium, the observations should cluster along the solid line. Consistent with the
results in section 3, the observations do not show a significant negative correlation between RH
and I' - I'y,. It is also seen that the observed near surface RH spans a large range. By imposing a
relatively high RH threshold for convection, one only allows a small fraction of what would have
been considered as being in convective quasi-equilibrium to be actually so. This in effect
confines convection to a small subset of the observations, thereby reducing the frequency of
parameterized convection. Therefore, introduction of RH threshold in the Arakawa-Schubert
type of convective parameterization has more implications than just a simple convection trigger
switch.
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Figure Captions:
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1: Time series of observed CAPE, CIN and precipitation (upper panel), and the time series
of CAPE change due to the large-scale forcing without surface fluxes (solid), with
surface fluxes distributed over the lowest 150 mb (dashed) and 100 mb (dotted),
respectively.

2: Scatter plots of (a) CIN vs. CAPE, and (b) CIN vs. CAPE change due to the large-scale
forcing without surface fluxes. The pluses are for non-convective periods, and the
triangles are convective periods.

3: Scatter plots of the net CAPE change vs. the large-scale forcing (a) without surface
fluxes, (b) with surface fluxes distributed over the lowest 150 mb layer, and (c) with
surface fluxes distributed over the lowest 100 mb layer.

4: (a) Time series and (b) scatter plot of the net CAPE change and the CAPE change due to
parcel's virtual temperature change, (c) scatter plot of CAPE change due to the ambient
virtual temperature change vs. the net CAPE change. In (b) and (c) triangles and pluses
are for convective and non-convective periods, respectively.

5: Scatter plot of the CAPE change due to the ambient virtual temperature change vs. the
CAPE change due to the large-scale forcing from advection and radiative cooling.
Triangles are for convective periods, pluses and dots are for non-convective periods, the
latter of which are for CIN <-100 J/kg.

: Same as Fig 4b, ¢ except for the summer 1995 1OP.

7: Scatter plots of (a) the CAPE change from the ambient virtual temperature change vs. the
CAPE change from the large-scale forcing from advection and radiative cooling, (b) the
net CAPE change vs. the CAPE change from the large-scale forcing including surface
fluxes. (a) shows the modified quasi-equilibrium while (b) shows the AS quasi-
equilibrium.

8: Time series of observed and simulated precipitation for three convectively active periods
of the summer 1997 IOP.

9: Time-height cross section of temperature bias (model-observation) for the three
convectively active periods shown in Fig. 8. The left panel is with the old closure and the
right panel is with the new closure.

10: Same as Fig. 9, except for specific humidity.

11: Idealized relationship between surface relative humidity and I' - T, under the AS quasi-
equilibrium (solid line). The scatter plot shows the observed near surface RH and I' - 'y,
averaged over the lower troposphere for the summer 1997 IOP.
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of the summer 1997 IOP.
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