
NASA-CR-2007]6

/..-, .

_,i_ . _i_ii
-< Final Report to _

The National Aeronautics and Space Administration

on studies of

Water and Climate

NAG-1653

Principal Investigator: David A. Randall

®

N

N

N

Department of Atmospheric Science

Colorado State University

Fort Collins, Colorado 80523

Period: July 1, 1991 to March 31, 1996



I. Summary of Accomplishments

This research project involved the investigation the vertical profiles of temperature and

moisture in convective regimes, using moist available energy as a guide. The results have been

used to develop an improved cumulus parameterization.

From a human perspective, kinetic energy is the most important energy form of the atmo-

sphere. All weather systems owe their existence directly to the kinetic energy that they possess.

Whether a weather system is intensifying or weakening depends on if it is gaining or losing

kinetic energy. Therefore, the source or sink of kinetic energy is a matter of importance. When the

source of kinetic energy is huge and increasing, we can predict that the associated weather system

will develop and persist and what intensity it will reach; on the other hand, when the source of

kinetic energy is limited and decreasing, we can conclude that the associated weather system will

weaken. Under adiabatic and fdctionless conditions the total energy of the atmosphere, which is

the sum of its kinetic energy, potential energy and internal energy, would remain constant. In such

a case, the only sources or sinks for the kinetic energy of the whole atmosphere would then be

potential energy and internal energy.

Generally speaking, however, the motion of the atmosphere is neither adiabatic nor fric-

tionless. The most important nonadiabatic process which directly alters the atmospheric kinetic

energy is friction, which ordinarily generates internal energy or does work on the ocean to

increase the ocean's kinetic energy, while destroying the kinetic energy of the atmosphere. Since

the intensification of a weather system is often directly related to the production of its kinetic

energy, the loss of kinetic energy due to friction is not so important compared to the kinetic

energy production. This is especially true when we deal with a short time scale, for instance, sev-

eral hours or days. As a result, we can sometimes usefully consider a frictionless atmosphere. The

other nonadiabatic processes do not alter the kinetic energy of the atmosphere directly, but only

alter the internal energy. Therefore, the effects of these processes on the atmosphere can be

reflected through the change of internal energy. Hence, after assuming frictionless motion, the



only sources for the kinetic energy of the whole atmosphere are its potential energy and internal

energy.

For a column of air standing from the surface to the top of the atmosphere, the vertically

integrated total potential energy, defined as the sum of potential energy and internal energy, equals

the vertically integrated enthalpy. For the whole atmosphere, the sum of the enthalpy and kinetic

energy is conserved under adiabatic and frictionless conditions. This means that the only source

of kinetic energy is the enthalpy of the atmosphere. When the enthalpy of the atmosphere

decreases adiabatically, the kinetic energy increases.

As discussed by Lorenz (1955), however, the enthalpy (or the total potential energy) is not

a good measure of the amount of energy available for conversion into kinetic energy under adia-

batic and fdctionless flow, since in the atmosphere, not all of the enthalpy can be converted into

kinetic energy. A simple example was given by Lorenz (1955) to illustrate this point. Consider

first an atmosphere whose density stratification is everywhere horizontal. In this case, although

total enthalpy is plentiful, none at all is available for conversion into kinetic energy. Next, suppose

that the horizontally stratified atmosphere becomes heated in a restricted region. This heating adds

the total enthalpy of the atmosphere, and also disturbs the stratification, thus creating horizontal

pressure forces which may convert enthalpy into kinetic energy. On the other hand, suppose that

the horizontally stratified atmosphere becomes cooled rather than heated. The cooling removes

enthalpy from the system, but it still disturbs the stratification, thus again creating horizontal pres-

sure forces which may convert enthalpy into kinetic energy. Evidently cooling is sometimes as

effective as warming in producing kinetic energy, and the total enthalpy itself is not a good mea-

sure of how much enthalpy is available for conversion into kinetic energy. It seems that only that

portion of enthalpy which can be increased or decreased by the atmospheric motion can be used

as the source of kinetic energy.

We therefore desire a quantity which only measures this portion of total potential energy

which is available for conversion into kinetic energy under adiabatic and frictionless flow.



According to Lorenz (1955), a quantity of this sort was first discussed by Margules (1903) in his

famous paper concerning the energy of storms. Margules considered a closed system possessing a

certain distribution of mass. Under adiabatic flow, the mass may be redistributed, with an accom-

panying change in total potential energy, and an equal and opposite change in kinetic energy. If

the stratification becomes horizontal and statically stable, the total potential energy reaches its

minimum possible value, and the kinetic energy thus reaches its maximum. This maximum gain

of kinetic energy equals the maximum amount of total potential energy available for conversion

into kinetic energy under any adiabatic redistribution of mass, and therefore was called "available

kinetic energy" by Margules.

The concept of "available potential energy" which is similar to the "available kinetic

energy" defined by Margules, was introduced by Lorenz (1955) in considering the general circu-

lation of the atmosphere. The available potential energy (APE) of the whole atmosphere is defined

as the difference between the total potential energy of the whole atmosphere and the minimum

total potential energy that the whole atmosphere would have if the mass were redistributed adia-

batically to yield a horizontally uniform and vertically stable stratification.

As demonstrated by Lorenz (1955), the APE, so defined, possesses the following impor-

tant properties:

(1) Under adiabatic flow, the sum of the available potential energy and the kinetic energy is con-

served. The APE is the only source of kinetic energy, but it is not the only sink.

(2) The available potential energy is completely determined by the distribution of mass.

(3) The available potential energy is zero if the stratification is horizontally and statically stable.

Also, the APE is positive if the stratification is not both horizontally and statically stable.

The "reference state" is defined as the state in which the atmosphere has the minimum

total enthalpy that could be reached by rearranging the mass under reversible adiabatic processes.
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Then, for any given state of the atmosphere, the APE is defined as the enthalpy difference

between the given state and its reference state.

Lorenz (1955) discussed in detail the APE of the whole atmosphere. Although solar radia-

tion is the ultimate source of the atmospheric energy, the atmosphere does not obtain its energy

only through solar radiation. It also obtains energy from terrestrial radiation, latent and sensible

heat fluxes from the Earth's surface. The globally and annually averaged energy balance (e.g.,

Peixoto and Oort, 1992; the specific numbers below are from Ramanathan, 1987) shows that the

largest energy source for the atmosphere is the latent heat flux from the surface, mainly the ocean

surface, with 90 W m "2. The atmospheric absorptions of solar and solid earth radiation, 68 and 63

W m "2 respectively, are smaller, compared to the latent heat flux from the ocean surface; while the

surface sensible heat flux is the smallest atmospheric energy source, with 16 W m "2.

An essential feature of the solar radiation as received by the Earth is that it is horizontally

non-uniform. And of course, the Earth's surface is also non-uniform. Because of these non-unifor-

mities, the latent and sensible heat fluxes from the surface into the atmosphere and the heating and

cooling of the atmosphere due to solar and terrestrial radiation are larger in the tropics than in the

higher-latitude regions. As a result, a temperature contrast between the equator and the poles is

produced. The unbalanced pressure forces demanded by the temperature contrast produce a circu-

lation to transport energy from the region of net energy gain to the region of net energy loss. Thus,

most of the APE in the atmosphere is associated with the horizontal temperature contrast which is

generated by the horizontally non-uniform energy supply.

As discussed above, the APE is that portion of the total potential energy which can be con-

vetted into kinetic energy. There is no assurance that all of the APE will be converted into kinetic

energy, however. How much of the APE will be converted varies from case to case. For the whole

atmosphere, Lorenz (1955) estimated that the amount of kinetic energy is only about 10% of the

amount of APE. Evidently, if kinetic energy is not fully maximized, it is not because a supply of

APE is lacking, but because there are not dynamically realizable circulations that can extract all of



theAPE.

In Lorenz's (1955) study, however, the role of moisture in the APE was not discussed spe-

cifically. Since most of the Earth's surface is covered by the oceans, the evaporation of sea water

leads to a large amount of water (mostly in the vapor state) in the atmosphere. Many of the more

spectacular weather events, from tropical hurricanes to polar blizzards, owe their existence to the

latent energy of condensation and the fusion of water in the atmosphere. Therefore, it is more rea-

sonable to deal with a moist atmosphere than a dry atmosphere in consideration of the APE.

The greatest difficulty in dealing with the APE of moist atmosphere is to include the

effects of the latent heat of condensation and fusion of water vapor in the definition of the APE. In

the real atmosphere, when condensation happens, latent heat is released, and some of the conden-

sate will drop out as precipitation. This precipitation process is, of course, nonadiabatic, whereas

the APE is defined in terms of adiabatic processes. If we assume, however, that all the condensate

accompanies the air in which it condenses, the process is still adiabatic. In such a case, the sum of

enthalpy and kinetic energy is still conserved, and therefore, the concept of APE is still applica-

ble. Based on this idea, Lorenz (1978,1979) extended the concept of APE to the moist atmo-

sphere. With the effects of water condensation included in the definition of the enthalpy, the APE

was called the moist available energy (MAE) by Lorenz (1978,1979), in contrast with the "dry

available energy" (DAE) which does not include moisture effects. Lorenz (1978,1979) showed,

through both graphical and numerical methods, that the MAE is always larger than the DAE, due

to the condensation of some water vapor and the much smaller enthalpy of condensed water com-

pared to water vapor. This shows that the latent heat of water vapor represents an additional

source of atmospheric kinetic energy.

When the mass of the whole atmosphere is rearranged adiabatically from the given state to

the reference state, the rearrangement is both horizontal and vertical. The horizontal rearrange-

ment is needed to eliminate the horizontal pressure differences and temperature contrasts, while

the vertical rearrangement is needed to maximize the static stability. The horizontal rearrange-
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ment of mass drives planetary and synoptic circulations whose time scale is days; whereas the

vertical rearrangement mostly drives convection whose time scale is several hours. Therefore, the

"horizontal part" of the MAE is not effectively accessible to cumulus convection. The "vertical

part" of the MAE, however, can be a source of kinetic energy for cumulus convection. Thus, the

concept of MAE can be applied to a column of air to measure the convective instability that it pos-

sesses. For such an air column, the "vertical component" of the MAE is a measure of the portion

of total potential energy available for conversion into convective kinetic energy, and is similar to

the Convective Available Potential Energy (CAPE). In next chapter, we will define such a quantity

for an atmospheric column, as a measure of its CAPE, and compare the atmospheric instability as

measured by this new method with those from other methods.

When we lift an air parcel to an arbitrary new level, if its density is greater than that of the

surrounding air, it will tend to return to its original position. Such an atmosphere is said to be stat-

icaUy stable. Otherwise, if the density of the lifted parcel is.less than that of the environmental air

at the new level, the lifted parcel will be positively buoyant and will, therefore, tend to accelerate

upward. In such a case, the atmosphere is statically unstable. The neutral state is the "boundary"

between the stable and unstable states. In the neutral state, the density of lifted parcel is equal to

that of the environmental air.

Since the approximation that a lifted air parcel has the same pressure as its surrounding

environment can be used, we also can use the temperatures of a lifted parcel and environment to

judge the static stability of the atmosphere. If the lifted parcel is wanner (colder) than its environ-

ment, it is lighter (heavier) than the environment, and therefore the atmosphere is statically unsta-

ble (stable). Strictly speaking, when we consider a moist atmosphere, virtual temperature should

be used instead of temperature to measure the static stability.

Since the lapse rate represents the rate of temperature change with height, it can be used to

measure the static stability of the atmosphere. For a dry atmosphere, if the lapse rate (F = ----_)
dz

is larger (cooling more rapidly upward) than the dry adiabatic lapse rate (Fd), that is, if F > F d,



then an air parcel lifted dry-adiabatically will become wanner than its environment so that the

atmosphere is statically unstable. Similarly, if F < F d, the atmosphere is statically stable.

For a given pressure, air with a higher (lower) temperature has a higher (lower) potential

temperature (0). And also, for dry adiabatic motions, the 0 of a lifted parcel is conserved. This

means that, for a dry atmosphere, by comparing the 0's of two parcels, we can determine which

one will be warmer or colder at any given pressure level. The air with the higher 0 will be wanner

than the air with lower 0, when they are put at the same pressure. Therefore, the vertical deriva-

dO

tire of 0 can be used as a measure of the static stability. When _ > 0, the 0 of lower-level air is

less than that of higher-level air, so when the lower-level air is lifted, it will be cooler than its envi-

dO

ronment. The atmosphere is therefore statically stable. Similarly, when _-_ < 0, the atmosphere is

dO

statically unstable, and when _-_ = 0, the atmosphere is statically neutral.

In reality, however, the atmosphere contains water vapor. When a parcel is lifted, it may

become saturated, so that some water vapor condenses, and latent heat is released. The latent heat-

ing raises the temperature of the lifted parcel. The static stability criterion for a moist atmosphere

is, therefore, different from that of a dry atmosphere.

One of the simplest concepts used in the analysis of a moist atmosphere is the "pseudoad-

iabatic" process, in which all condensed water is assumed to drop out as soon as it forms. The

pseudoadiabatic lapse rate (F) can be used to judge the static stability of the moist atmosphere. If

the atmospheric lapse rate (F) is larger (cooling more rapidly upward) than the pseudoadiabatic

lapse rate (Is), that is, F > I', the atmosphere is statically unstable for pseudoadiabatie motions.

Otherwise, if F < F s, the atmosphere is statically stable for pseudoadiabatic motions.

It can easily be shown (e.g. Holton, 1979) that the dry-adiabatic lapse rate is always larger

than the pseudoadiabatic lapse rate, that is, F d > F s, because of the latent heat of condensation.

When an atmosphere is statically stable for dry adiabatic motions, it may statically unstable for

pseudoadiabatic motions. This is just the case in which the lapse rate lies between F s and F d,
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l_s < F < Fd, so that the atmosphere is stable with respect to dry adiabatic displacements but

unstable with respect to pseudoadiabatic displacements. Such an instability is referred to as "con-

ditional instability 7' The "condition" is _e saturation of the lifted parcel.

In the real atmosphere, the lapse rate is rarely greater than the dry adiabatic lapse rate, so

that the atmosphere is mostly statically stable for dry adiabatic processes. The most common type

of static instability is the conditional instability. It can be shown (e.g. Holton, 1979) that 0 e, the

equivalent potential temperature, can be used approximately to define a criterion for the condi-
_0 _0 _0

tional stability. When _-_ < O, the atmosphere is unstable; ___e > O, stable; _z - O, neutral.

If the atmosphere is statically unstable, a lifted moist.parcel will obtain positive buoyancy

and therefore convective kinetic energy. It is therefore convenient to measure the atmospheric

instability by the convective kinetic energy that the parcel will obtain. The Convective Available

Potential Energy (CAPE) is just such a measure. It repeesents the maximum possible kinetic

energy that a lifted parcel can acquire in a conditionally unstable atmosphere. The kinetic energy

that a lifted parcel can acquire is the work done by the buoyancy force, i. e.

PFc

CAPE = _ R d (Tv, t, - T v) dlnp. (1.1)

PsB

Here PFC is the pressure of the free convection level, PNB is the pressure of the neutral buoyancy

level, R d is the specific gas constant of dry air, Tv, l, is the virtual temperature of the lifted parcel,

and Tv is the virtual temperature of the environment. CAPE is an energy-related measurement of

convective instability. The cloud work function of Arakawa and Schubert (1974) is a similar

energy-related concept. It also measures the kinetic energy that a lifted parcel can obtain through

the work done by buoyancy. Unlike the CAPE, however, the cloud work function includes the

effects of entrainment on buoyancy.

The above are the traditional methods to measure the static instability of the atmosphere or

the convective kinetic energy that a lifted parcel can acquire in a statically unstable atmosphere.

One of the basic assumptions of these methods is that the lifted parcel is small enough so that its



9

displacement does not disturb the surrounding environment. In reality, however, the rising motion

must be compensated for by subsidence in the environment, if an overall mass balance is to be

maintained. The dry environment between the cloudy updrafts must descend, so that the environ-

ment is in fact disturbed. Thus, we should try to take into account the changes of the environment

when the instability of the atmosphere is considered.

Bjerknes (1938) first included the effects of the environmental air in the computation of

conditional instability. He calculated the conditional instability of the adiabatic ascent of saturated

air through a dry-adiabatically descending environment. He assumed that on any horizontal plane

the upward mass flux in convection cells is just balanced by the downward mass flux in the cloud-

less environment. The saturated air ascends adiabatically, while the environment descends dry-

adiabatically. He showed that the net heating for a layer can be expressed as the sum of two terms,

one representing the released latent heat of condensation in clouds, and the other representing the

dry-adiabatic warming due to the downward compensating flow. The latent heat of condensation

in clouds was considered to be the only source of convective kinetic energy.

Because of the warming of the environment due to the compensating dry-adiabatic

descent, a rising parcel must be heated more than if the environment were undisturbed, in order to

obtain a given amount of buoyancy. Bjerknes' results showed that in order for the rising cloudy

parcel to obtain positive buoyancy, the cloudy tower must be narrow enough. That is, convective

clouds are likely to occur in a system with appreciable upward velocity in narrow cloud towers

and slow downward motion in the wide cloudless spaces. How narrow the cloudy area must be,

compared to the cloudless area, depends on the lapse rates of the observed sounding and the dry-

and saturated-adiabatic processes.

Bjerknes also compared two measures of convective instability, i.e., the classical method

in which an infinitely small parcel does not disturb its environment, and his method in which finite

cloud towers lead to environmental sinking. For this purpose, he used an ordinary sounding. For

such a sounding, when a parcel is lifted saturated-adiabaticedly from its saturation level to a point
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above, the parcel method shows that the lifted parcel will have positive buoyancy and gain con-

vective kinetic energy; but Bjerknes method shows that the finite lifted parcel will have negative

buoyancy and cannot obtain convective kinetic energy at all. Bjerl_nes also did other comparisons

between the two methods. His conclusion is that the atmosphere is always less unstable with

respect to a system of finite cloud towers than with respect to the infinitely small saturated parcels.

As has been shown by Bjerknes, the effects of compensating return flow between clouds

can change our conclusion about the degree of convective instability. Although Bjerknes showed

the importance of including the compensating return flow, he did not quantitatively show how to

measure the convective instability with the return flow included. We will show in next chapter that

the method that we propose does include the effects of compensating return flow quantitatively for

measuring convective instability of the atmosphere.

In addition, the previous parcel-lifting methods for measuring the convective kinetic

energy (e.g., CAPE, cloud work function) depend on the choice of the parcel lifted. For different

lifted parcels, the measured instability may he different. This can he clearly seen, for instance,

from the definition of CAPE, (1.1). It shows that the CAPE is the total work done by buoyancy

when a parcel is rifted. The value of this work is the product of two factors: the buoyancy that the

lifted parcel experienced, and the length of the path over which the parcel has positive buoyancy.

If a warmer and wetter parcel is lifted, it will have more buoyancy and its path will be longer, so

its CAPE will be larger than that of a colder and / or drier parcel. This shows that for a given

sounding, lifting different parcels can give different CAPEs. It is clearly desirable to have an

unique value of CAPE for a given sounding. We will show that our measure of the convective

instability is unique. It is a property of a whole atmospheric column, and does not make reference

to any particular lifted parcel.

Cumulus convection, especially deep and intense convection, is one of the major processes

affecting the dynamics and energetics of large-scale atmospheric circulations. The ways through

which convection exerts influence include: diabatic heating due to latent heat release in penetra-
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five cumulus convection; vertical transports of heat, moisture and momentum; and the interaction

of cumulus clouds with radiation. Riehl and Malkus (1958) showed the importance of cumulus

convection for the heat balance of the tropical atmosphere. They showed that deep cumulus con-

vection carries the released latent heat of condensation to theupper troposphere, to balance radia-

tive cooling there.

The role of deep convection in the formation and growth of tropical cyclones was dis-

cussed by Riehl and Malkus (1961), Yanai (1961a,b), Ooyama (1964), and Chamey and Eliassen

(1964). Their results showed that tropical cyclones largely owe their existence to the release of

latent heat in cumulus convection. They also showed that, to appropriately explain the growth of

tropical cyclones in any model, cumulus heating must he adequately parameterized in the frame-

work of the large-scale motion.

Cumulus convection is thus very important for the large-scale flow. It is necessary to

account for these effects in a quantitative way in models of large-scale circulations. Ideally, if the

resolution of models were sufficiently fine, individual clouds and their effects on the environment

could be calculated directly, so that we would not need to parameterize them. To do so, however,

horizontal and vertical grid sizes of between 100 and 1000 m would be required (Cotton and

Anthes, 1989). Such a high resolution covering the domain size necessary to simulate larger-scale

phenomena is far beyond present and foreseeable computational capability. The problem of

cumulus parameterization will, therefore, remain important in any foreseeable future. Even with

sufficient computer power, cumulus parameterization is still useful for understanding. Moreover,

demands for simple numerical or theoretical models always exist regardless of computer power.

Before parameterizing the effects of cumulus convection, we need a throough understand-

ing of the structure and dynamics of individual clouds and the micro behavior of these clouds.

Unfortunately, our knowledge of clouds is quite limited, because the transports of mass, moisture,

heat and momentum by clouds are not directly measured. Instead, we only can estimate what

these transports must he in order to account for the residuals in the large-scale budget equations.
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To do so, a diagnostic cumulus cloud ensemble model must be employed and therefore, the results

are model-dependent.

Yanai et al. (1973) performed the first such study to determine the bulk properties of trop-

ical cloud clusters from the large-scale beat and moisture budgets, using the Marshall Islands data.

A bulk model was used. In this model, clouds were classified according to the heights of their

tops, and all clouds were assumed to have the same cloud base. A system of equations, based on

consideration of the cloud properties and the cloud effects on the large-scale fields, was solved to

obtain the averaged cloud properties. The vertical profiles of these quantities describe the mean

structure of the cumulus ensemble and the net effects of the clouds on their environment. The

results showed that the upward mass flux in active cumulus clouds is larger than that required

from large-scale horizontal convergence, thus causing a compensating sinking motion between

active clouds. Entrainment, which is the mass added into the cloud from the environment from the

side and / or the top of the cloud, was shown to be strongest in th.e lower troposphere, while

detrainment, which is the mass carried away from the cloud into the environment from the sides

and / or the top, has strong maxima in both the lower and upper troposphere. The lower detrain-

ment maximum suggests the existence of a large number of shallow cumulus clouds in the region,

co-existing with deep cumulus clouds. The large-scale heating of the environment by cumulus

clouds was found to be primarily due to the adiabatic compression due to compensating down-

ward motion. The cooling due to re-evaporation of liquid water detrained from clouds is also an

important factor in the heat balance of the environment. The environment was found to be mostly

dried by deep convection, due to the downward compensating flow between clouds. Counteract-

ing the drying due to the environmental sinking motion are the large amount of water vapor and

liquid water which are detrained from clouds, especially from the shallow clouds in the lower tro-

posphere.

Also using the Marshall Islands data, Ogura and Cho (1973) applied a model of a cumulus

ensemble to determine the cloud properties and the cloud contributions to the changes of heat and
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moisture content of the large-scaie environment, from the large-scale budgets. Unlike the cumulus

ensemble model of Yanal et al. (1973), which only estimated the average properties of the clouds,

the Ogura-Cho model employed a spectral cloud model so that the properties of different cloud

types could be found. This is one important advantage of the spectral model over the bulk model.

The key point in the spectral model is that the properties of a single cloud are Uniquely determined

by an entrainment parameter, so that, by distinguishing the entrainment parameters, different

cloud types can be distinguished. Araknwa and Schubert (1974) discussed the same spectral cloud

model. The results of Ogura and Cho (1973) are basically the same as those of Yanai et aL (1973),

except that the contributions from different cloud types can be seen.

As we have mentioned before, some observational studies showed the existence of down-

drafts in cumulus clouds as early as the 1940's and 1950's (e.g., Byers and Hull, 1949; Squires,

1958). When we use cloud models to determine the properties of clouds, the effects of downdrafts

should be included. Johnson (1976) incorporated downdrafts into the spectral cloud model. He

assumed that each individual cloud element possesses an updraft and downdraft that are steady,

entraining plumes, and that a constant ratio exists between the intensities of the updraft and down-

draft. His results showed that the neglect of cumulus downdrafts and their associated rainfall

evaporation leads to excessively large populations of shallow cumulus clouds in the highly con-

vective situations. Nitta (1977) obtained the same conclusions by using an improved treatment of

downdrafts in the spectral cloud model.

Since cumulus convection has important effects on larger-scale motions, and the grids of

the large-scale models can not resolve the cumulus activity, we must find a way to relate the

effects of the "subgrid-scale" cumulus clouds to the motions resolvable to the models. This is

known as cumulus parametedzation. For cumulus convection to be parameterizable, it is neces-

sary that the convection be controlled by the large-scale motions. Many observations show that

the large-scale processes do control convection.

According to Cotton and Anthes (1989), one of the first observational studies that showed
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a strong dependence of deep cumulus convection on larger-scale variables in the tropics was by

Malkus and Williams (1963). They found that deep cumulus convection occurs only where low-

level synoptic scale convergence prevails. They also noted that dynamic, rather than thermody-

namic, factors are more crucial for cloud growth in the tropics, and that deep convection is charac-

terized by marginal instability and low-level convergence, while very fair conditions are

characterized by much stronger instability and divergence. These early observations were later

confirmed by other studies (Matsumoto et al., 1967; Cho and Ogura, 1974).

In addition, Cho and Ogura (1974) found a high correlation between the vertical mass flux

in the deep clouds and the large-scale mass flux at 950 mb, for the composite wave data in the

equatorial western pacific. Yanai et al. (1976) showed that deep cumulus clouds in the Marshall

Islands region were highly correlated with the large-scale vertical motion in the upper tropo-

sphere. Nitta (1978) also showed that deep cumulus convection over the Global Atmosphere

Research Program's Atlantic Tropical Experiment (GATE) area was highly correlated with the

large-scale vertical velocity at all levels.

For the extratropics, there is also a lot of observational evidence showing that cumulus

convection is strongly controlled by large-scale processes. For example, Sasaki and Lewis (1970),

Lewis (1971), and Hudson (1971) found a close agreement between active convection and areas

of mass and moisture convergence over the central United States. All of this observational evi-

dence that deep convection is influenced and controlled by the large-scale motions provides a

physical basis for cumulus parameterization, and implies that it is possible to parameterize the

effects of cumulus convection in both the tropics and extratropics.

One of the purposes of cumulus parameterization is to determine the total net rate of con-

densation, and to distribute the convective heating and moistening vertically. Since the convective

processes are subgrid scale, all cumulus parameterizations require closure assumptions. Since

observations show that deep convection is invariably related to upward vertical motions and low

level convergence, some authors have assumed that the large-scale vertical motion at the top of
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boundary layer and the low level convergence of mass and water vapor are proportional to some

measure of the convective activity. Also, cumulus convection acts to release the convective insta-

bility in the atmosphere, so as to modify a conditionally unstable atmosphere toward a more stable

state. If the approximate end-state can be specified, this can provide a convenient basis for esti-

mating the intensity of convection. This is the basis of the moist convective adjustment scheme.

The moist convective adjustment (MCA) schemes (Manabe et al., 1965; Miyakoda et al.,

1969; Krishnamurti and Moxim, 1971; Kurihara, 1973) are the simplestcumulus pararneteriza-

tions. In MCA, it is assumed that deep moist convection acts to restore the lapse rate to a neutral

or stable condition, and that there exists a critical temperature and moisture profile associated with

the neutral or stable state. When the large-scale sounding becomes more unstable than this critical

state, it is adjusted toward the critical state. This stabilization is assumed to be caused by cumulus

convection.

The MCA schemes can be separated into hard and soft varieties. In the hard convective

adjustment (according to Krislmamurti et al., 1980), if some portion of a given column is convec-

tively unstable, that is OOe/3z < 0 for that region (where 0 e is the equivalent potential tempera-

ture), only this portion of the sounding needs to be adjusted to eliminate the instability. The value

of the moist static energy (h = gz +cpT+ Lq) of the adjusted portion of the sounding must be

the average moist static energy of the initial sounding over the unstable layer, in order to ensure

energy conservation during the adjustment. Hard convective adjustment produces unrealistic

modifications of the large-scale sounding by excessively cooling and drying the lower tropo-

sphere, and producing too much precipitation.

Because of the problems associated with the hard convective adjustment schemes, efforts

have been made to improve them, e. g., by producing much slower and more realistic adjustment.

Such methods are known as soft adjustment schemes. One of the soft schemes assumptions,

according to Krishnamurti et al.(1980), is that the hard adjustment occurs over a fraction t_ of the

grid-scale area. Over the remaining area ( 1 - t_) it is assumed that the vertical profiles of temper-
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ature and humidity remain invariant during the time step. The final sounding in the c_ region is

determined from the construction of a moist adiabat. Then the final temperature and mixing ratio

on the grid scale are just the average of those in the two regions, c_ and ( 1 - _). Although this

represents an improvement over the hard convective adjustment, because of the occurrence of the

maximum instability before the time of maximum convection in the tropics, the soft adjustment

scheme shows a lag of 1 to 2 days between the calculated and observed precipitation. This large

lag makes the soft adjustment scheme a poor choice when the timing of precipitation is important.

Kuo (1965, 1974) designed a cumulus paran_terization based on the relationship between

convective rainfall and large-scale moisture convergence. Since observational studies have shown

that there is a strong correlation between the observed convective rainfall and the total large-scale

convergence of water vapor in the column, Kuo chose the large-scale moisture convergence rate

as a key variable to parameterize the effects of convection in large-scale models. Parameteriza-

tions (Kuo, 1965, 1974; Anthes 1977; Krishnamurti et al., 1976, 1980, 1983; and Molinari, 1982)

based on large-scale moisture convergence are called Kuo schemes. Basically, Kuo (1974)

assumed that a fraction, (l-b), of the total water vapor converge is condensed and precipitated,

and so heats the column, while the remaining fraction, b, is stored and acts to increase the humid-

ity of the column. Determination of b is obviously an important aspect of the Kuo scheme. Several

methods have been proposed to determine b, by different authors. The vertical profiles of convec-

tive heating and moistening are based on the assumption that environment is modified through the

mixing of cloudy air and the environmental air. The convective condensation heating and moisten-

ing are, therefore, directly proportional to the local excess of cloud temperature and moisture over

the corresponding environmental values. The cloud temperature and moisture content can be cal-

culated from moist adiabatic processes, although they also can he calculated from a cloud model

(Anthes, 1977). The results of the Kuo scheme are much improved over those of the moist adjust-

ment schemes, and therefore, the Kuo scheme has been popular.

An advantage of Kuo's scheme is that it provides immediate measures of cumulus-scale
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heat and moisture fluxes in terms of the measurable large-scale variables, without having to com-

pute cloud dynamical processes and cloud microphysical processes. On the other hand, however,

the simplicity of the Kuo scheme makes it impossible to see explicitly the interactions between

cumulus clouds and the large-scale motions. Also because of the simplicity, many factors have to

be determined empirically. Whereas convection is strongly controlled by the large-scale conver-

gent flow in the tropics, it seems to have less significance in the extratropics (Frank, 1983;

Tiedtke, 1989). This makes applications of the Kuo scheme in the extratropics questionable. More

impo_ntly, objections have been raised against Kuo's assumption that the environment is heated

by the mixing of cloud air with the environmental air. As has been shown by Yanai et al. (1973),

Ogura and Cho (1973), cumulus convection interacts with environment mainly through cumulus-

induced subsidence in the environment between clouds, rather than through the mixing of cloud

air with the environmental air.

Arakawa and Schubert (1974) developed a sophisticated cumulus parameterization

scheme which includes many physical processes. In the Arakawa-Schubert (AS) scheme, a spec-

trum of cloud types is considered, so that the effects of different cloud types can be seen explic-

itly. Also, the AS scheme relates convective clouds to the large-scale forcing, which involves

horizontal and vertical advection, radiation, and the surface fluxes of heat and moisture, rather

than only large-scale moisture convergence as in the Kuo scheme. In particular, the AS parameter-

ization makes the use of the assumption that the real atmosphere is in a quasi-equilibrium state, in

which the rate of destabilization by large-scale processes and the rate of stabilization by cumulus

convection almost balance each other. That is, the large-scale forcing produces convective clouds,

and the clouds consume the instability caused by the large-scale forcing, making the atmosphere

stay close to an equilibrium state in which the instability of the atmosphere remains nearly

unchanged. In this way, the AS pararneterization is an adjustment scheme. The intensity of con-

vection, expressed in terms of the cloud mass flux, is determined by the large-scale forcing. Then,

through the spectral cloud model, other cloud properties can be determined. With these cloud

properties known, the effects of cumulus convection on the environment can be determined. The
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AS scheme assumes that an ensemble of cumulus clouds affects its environment in two major

ways: (1) by inducing subsidence between clouds, which warms and dries the environment; and

(2) through detrainment of the saturated air, which contains liquid water or ice, from cloud top.

Evaporation of the detained cloud water causes cooling and moistening of the environment.

Since the AS scheme relates cloud activity to the total large-scale forcing, not just the

large-scale water vapor convergence as in the Kuo scheme, it is more realistic. The AS scheme is

also appealing because of its clear physical concept of the interaction of cumulus clouds and the

large-scale environment. In this respect it is presently not matched by any other scheme.

An obvious disadvantage of the AS scheme, however, is its complexity, which makes it

more difficult to implement into large-scale models, and computationally more expensive.

Although the key assumption of AS scheme, the quasi-equilibrium hypothesis, has received con-

siderable support from observations (e.g., Lord and Arakawa, 1980; Lord 1982; Arakawa and

Chen, 1987; Xu and Emanual, 1989) and numerical simulations (e.g., Ogura and Kao, 1987; Kao

and Ogura, 1987; Grell et al., 1991; Xu and Arakawa, 1992), there are still some questions about

the validity of the quasi-equilibrium assumption for mesoscale and non-slowly varying fields

(Frank, 1983; Tiedtke, 1989). Besides, the AS scheme assumes that the instability increase due to

the large-scale processes will immediately be released by convection, so that the atmosphere will

not increase its instability. This means that the AS scheme cannot predict the instability stored in

the weather system. In the middle latitudes, however, sometimes the instability produced by large-

scale processes can be stored in the atmosphere without triggering convection. Using the AS

scheme in forecasting models for such cases will not produce accurate results.

Betts (1986), Betts and Miller (1986) presented another cumulus parameterization in

which the main assumption is that when the sounding shows some kind of convective instability, it

is adjusted by convection toward a quasi-equilibrium reference state. This scheme therefore

belongs to the moist adjustment type schemes. However, in contrast to the previous adjustment

schemes, the adjustment profiles have been chosen to represent the thermodynamic structures
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which aretypically observedin convectivesituationsand which resemble quasi-equilibrium states

between the large-scale forcing and cumulus convection. Another important difference between

the Betts-MiUer scheme and the traditional adjustment schemes is that the adjustment is applied

over a finite time interval, which makes the scheme a relaxation scheme. These two critical differ-

ences make the results from this scheme much better than those of the traditional adjustment

schemes (Tiedtke, 1989). Also, the scheme is very simple, since all it needs are the specified refer-

ence profiles, the relaxation time, and a criterion for activating the scheme.

The key limitation of the Betts-MiUer scheme is the definition of the reference profiles.

Betts and Miller (1986) specified the reference profiles empirically from observed soundings. It is

impossible that the reference profiles are unique; they must differ from region to region and may

also depend on the synoptic situation. In addition, as mentioned before, the quasi-equilibrium

assumption may be valid only for slowly varying fields but not for faster systems, making the

scheme not applicable in meso-scale models. Also, as for most other adjustment schemes, the

interactions between cumulus clouds and the large-scale processes are not explicitly shown.

Since penetrative downdrafts have been shown to make important contributions to the

large-scale heat and moisture budgets (Johnson, 1976, 1980; Nitta, 1977, 1978), their effects were

included in most of the cumulus parameterization schemes mentioned above (e. g., Cheng and

Arakawa, 1990; Betts and Miller, 1993), as revisions of the original schemes.

We defined a Generalized Convective Available Potential Energy (GCAPE), and devised a

parcel-moving algorithm for calculating it. The GCAPE of GATE data and ASTEX data were cal-

culated, and the effects of ice were included. We found a high positive correlation between the

rate of GCAPE production by large-scale processes and the observed precipitation rate, while a

negative correlation exists between the GCAPE itself and the precipitation rate. The time change

rate of observed GCAPE is much smaller than the GCAPE production rate by large-scale pro-

cesses, implying that the real atmosphere stays close to a neutral state.
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We also devised a penetrator algorithm, in which mass transport occurs in penetrative

updrafts (downdrafts) with compensating layer-by-layer sinking (rising) motion. The solution was

obtained using nonlinear optimization theory. Our results show that the penetrator algorithm is

more effective than the Lorenz algorithm, in certain respects. It detects more GCAPE, and does

not require high vertical resolution. The liquid water / ice distribution within reference-state cloud

layers obtained with the penetrator algorithm is much smoother than that obtained with the

Lorenz algorithm. Downward penetrators have been detected, but our results show that their

contribution is much smaller than that of the upward penetrators.

The simplest cumulus parameterizations are the moist convective adjustment (MCA)

schemes (Manabe et al., 1965; Miyakoda et al., 1969; Krishnamurti and Moxim, 1971; Kurihara,

1973). In MCA, it is assumed that deep moist convection acts to restore the lapse rate to a

saturated moist adiabat, which can be called the "equilibrium state." When the large-scale

sounding becomes more unstable than the equilibrium state, and if sufficient moisture is available,

the sounding is adjusted toward the equilibrium state. This stabilization is attributed to cumulus

convection. The main limitations of MCA are that it does not simulate penetrative convection, and

that the equilibrium state is saturated and so not very realistic.

Arakawa and Schubert (1974) developed a sophisticated cumulus parameterization which

includes many physical processes. It can be viewed as an adjustment scheme. In the Arakawa-

Schubert (AS) parameterization, a spectrum of cloud types is considered, so that the effects of

different cloud types can he seen explicitly. Also, the AS parameterization relates convective

activity to the large-scale forcing, which involves horizontal and vertical advections, radiation,

and the surface fluxes of sensible heat and moisture. In particular, the AS parameterization makes

use of the assumption that the real atmosphere is in a quasi-equilibrium state, in which the rate of

destabilization by large-scale processes and the rate of stabilization by cumulus convection almost

balance each other. That is, the large-scale forcing produces convective clouds, and the clouds

consume the instability generated by the large-scale forcing, so that the atmosphere stays close to

an equilibrium state in which the conditional instability is weak, or non-existent. In this sense, the

AS parameterization is an adjustment scheme.

According to the quasi-equilibrium hypothesis, the rate of instability increase due to large-

scale processes is fully and immediately counteracted by convection, so that the atmosphere does

not become very unstable. The assumption of such a quasi-equilibrium means that the AS

parameterization cannot predict the Convective Available Potential Energy (CAPE) stored in a

weather system. Some "relaxed" schemes, in which the exact quasi-equilibrium assumption is not

strictly enforced, have been developed to implement the AS parameterization (e.g. Moorthi and

Suarez, 1992; Randall and Pan, 1993). These schemes adjust towards the equilibrium state over a

finite time scale.
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Betts (1986), Betts and Miller (1986) presented a "relaxed" convective adjustment scheme

in which, as in the other adjustment schemes, a conditionally unstable sounding is adjusted by

convection toward an equilibrium state. They specified the equilibrium temperature sounding to

follow a virtual moist adiabat at low levels and a pseudoadiabat at high levels. They specified the

equilibrium moisture profile empirically, although in fact it may vary for different regions and

synoptic situations. The feedbacks between cumulus clouds on the large-scale environment were

not explicitly or "mechanistically" represented, e.g. in terms of mass fluxes.

Since the fundamental physical basis of adjustment methods is that convection acts to

release the convective instability (or conditional instability) so as to drive the atmosphere towards

a neutral state, a measure of the conditional instability is a key ingredient of such schemes. The

conventional methods of measuring conditional instability are not fully satisfactory, however: the

effects of environmental return flow are neglected, and the level of origination of the lifted parcel,

must he assumed. The Generalized Convective Available Potential Energy (C-CAPE) of Randall

and Wang (1992) overcomes these restrictious, and therefore is a prior more accurate measure of

the conditional instability. Based on Lorenz's (1978, 1979) concept of Moist Available Energy

(MAE, Randall and Wang 1992) defined the GCAPE as the "vertical component" of the MAE and

used it as a measure of the conditional instability of an atmospheric column. The definition of the

GCAPE makes a "reference state;' which is the unique state in which the system's enthalpy is

minimized; it is also a statically neutral or stable state.The GCAPE is the vertically integrated

enthalpy difference between a given state and the corresponding reference state, and represents

the total potential energy available for convection in a given sounding.

In this paper, we propose an adjustment scheme based on the concept of GCAPE. The new

parameterization combines some elements of the Arakawa-Schubert parameterization and the

Betts-Miller parameterization, and tries to correct some limitations of those two

parameterizations. The reference state associated with the GCAPE is chosen as the end-state of

the adjustment, or the equilibrium state. This equilibrium state is determined by the given state, so

that it varies in space and time. We relax towards the equilibrium state (as in the Betts-Miller

parameterization), so that no strict quasi-equilibrium between large-scale forcing and convection

is imposed.

We are attracted to the idea of using the GCAPE reference state as the equilibrium state of

the adjustment because the GCAPE reference state is completely general and is not based on a

cloud model. We have to keep in mind, however, that the GCAPE reference state is reached by

reversible adiabatic processes. Real convection involves crucially important irreversible processes

such as precipitation and mixing. Obviously, a cumulus parameterization has to take these

irreversible processes into account.

We take them into account by using a simple cloud model. This means that although we

avoid the use of a cloud model in the definition of the equilibrium state, we do use one to

determine the convective feedback.

One might argue that an ideal cumulus parameterization would avoid using any cloud

model at all. This is the idea behind the Betts-Miller parameterization. It is also the idea behind
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the empirical cumulus parameterization developed by Liu (1995), who used the logical

framework of the AS parameterization, but employed both an empirical equilibrium state (in

which an empirically defined measure of CAPE is small) and an empirical formulation for the

feedback of the convection on the large-scale fields.

It seems desirable to avoid both empiricism and cloud models as far as possible. The

present study aims to show that it is possible to use the concept of GCAPE to define the

equilibrium state without using empiricism or cloud models, but we do resort to a cloud model to

determine the convective feedback.

There is no contradiction between the use of the idealized reference state which is defined

with respect to adiabatic reversible processes and the simultaneous use of a cloud model which

includes irreversible processes like mixing and precipitation. Our idea is that the convection

"tries" to adjust to the reference state, but that irreversible processes prevent this adjustment from

being fully realized.

The incorporation of a cloud model inevitably and regrettably causes our parameterization

to fall far short of the power and generality of Lorenz's MAE concept. For example, the cloud

model does assume particular levels of origin for the updrafts and downdrafts.

As explained in detail later, we use the predicted (or observed) sounding and the

corresponding GCAPE reference state, together with a relaxation time scale (discussed below), to

determine the convective tendency of the moist static energy. This is not enough for a cumulus

parameterization, however. In a prognostic model we need to know the tendencies of temperature

and moisture separately.

In order to find them, we introduce the cloud model mentioned above, the form of the

diagnostic model of Nitta (1975), modified to incorporate the downdrafts of Johnson (1976). 1 The

convective moist static energy tendency is used as input to the diagnostic model, which

1. The cloud model used by Nitta is an en_aining plume model of the type used in the AS parameterization.

Emanuel (1991) has criticized the use of entraining plume models in cumulus parameterizations. Recent

work by Lin (1994) suggests, however, that these models can in fact serve as realistic agents of convective

lranspom.
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determines the corresponding tendencies of temperature and moisture, and also yields the

precipitation rate.

A second new aspect of our parameterization is that we relate the adjustment time scale to

the large-scale forcing, so that the intensity of cumulus convection is controlled by the large-scale

forcing (as in the Arakawa-Schubert parameterization).

A cumulus parameterization for large-scale models has been presented. It is an adjustment

scheme. The reference state associated with the GCAPE is the end-state of the convective

adjustment. This reference state varies from case to case, depending on the given soundings. The

time scale for the adjustment also varies, ranging from several hours to several tens of hours,

depending on the intensity of the large-scale forcing. Because the adjustment time scale is related

to the large-scale forcing, the intensity of convective activity is determined by the large-scale

forcing as in the Arakawa-Schubert parameterization.The methods of Nitta (1975) and Johnson

(1976) are combined to diagnose the convective heating and drying rates.

The closure assumption of the present parameterization can be written as

_h h r - h (2)

(_)CU - _adj

Although (1) looks similar to the closure assumptions of Betts (1986) which are

Br _ T,,f- T (3)
(_ ) cu "%dy

and

_)q _ qref- q (4)
(_i ) CU Xody '

where T is temperature q is total water mixing ratio, and the subscript "ref" denotes the quasi-

equilibrium reference state profiles, some important differences exist. One is that we allow "Cadj tO

change from case to case, depending on the large-scale forcing, while Betts and Miller (1986) use

a prescribed constant "Cadj. In our parameterization, when the large-scale forcing is strong, 'tad j is
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small; and so the effects of convection are strong. On the other hand, when the large-scale forcing

is weak or negative, a large 'tad j is used, and so convection is inhibited. In this way, the intensities

of cloud activity and precipitation are related to the large-scale forcing.

The criterion for activating the Betts-Miller parameterization is that positive buoyancy is

encountered when a hypothetical cloud parcel is lifted adiabatically from the boundary layer.

However, as it has been shown (Thompson et al., 1979; Wang and Randall, 1994) that in GATE

the observed precipitation rate is positively correlated with the intensity of large-scale forcing, but

negatively correlated with the CAPE. This means that it may be more realistic to relate the effects

of convection to the large-scale forcing than to the amount of CAPE.

Although both the Betts-Miller parameterization and the present parameterization are

relaxation schemes, the final reference states are different. Betts (1986) determined the

equilibrium state empirically from observed soundings. The equilibrium state of our

parametedzation is determined by the given soundings and the GCAPE theory, modified to

include the effects of detrainment below the neutral buoyancy level.

A key difference between our parameterization and the Arakawa-Schubert (AS)

parameterization is in the calculation of the cloud-base mass flux. In the AS parameterization, the

quasi-equilibrium assumption is used to calculated the cloud-base mass flux. The quasi-

equilibrium assumption requires that, at any moment, the rate of production of CAPE by large-

scale forcing is balanced by the consumption of CAPE by convection, so that after each time step

the CAPE remains unchanged. A cloud model is used to measure conditional instability and to

define the reference state.

In our parametefization, no cloud model is needed to find the reference state. The effects

of convection on the moist static energy are obtained from (1). Then, by using Nitta's method, we

determine the effects of convection on the temperature and moisture fields. Both the AS

parametefization and our parameterization relate the intensity of convection to the large-scale
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forcing,but in different ways.The presentparameterizationis a relaxation scheme in which no

exact balance is required.

We do not adjust directly to the temperature, moisture, and condensed water of the

reference state because this state is highly unrealistic, especially in view of high condensed water

contents in the upper troposphere. We have considered the following strategy, however: On a

given time step, adjust the temperature, moisture, and condensed water some fraction of the way

to the reference state. Then, within the same time step, allow a microphysics parameterization to

reduce the condensed water concentration in the upper troposphere by precipitation, and to

increase the water vapor content of the lower troposphere by evaporating the falling rain. This

approach would still include a "cloud model" in the sense that we would have parameterizations

of precipitation, evaporation, and so on. Future work may go in this direction.

We regard this as an exploratory study. Certainly much additional work is needed before

the ideas here are ready for application in large-scale models. Nevertheless, we are encouraged by

our results to date and feel that this approach merits further investigation.

Additional information about our research and the results we have obtained is given in the

attachments.
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