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ABSTRACT 

DEVELOPMENT OF A CUMULUS PARAMETERIZATION SUITABLE FOR 

USE IN MESOSCALE THROUGH GCM-SCALE MODELS 

A cumulus parameterization is described and implemented into the Regional Atmo-

spheric Modelling System (RAMS). Although specifically formulated for use in meso-

scale model applications, it can be applied with equal validity in larger-scale models. 

The new cumulus parameterization is a hybrid mass flux and adjustment scheme. The 

mass flux component closely follows the theory developed in the Arakawa-Schubert 

parameterization to describe the change in the cloud environment due to cumulus in-

duced subsidence and detrainment. However, the cloud-base mass flux is computed 

using a prognostic cumulus kinetic energy equation. The adjustment component de-

scribes the change in the grid average property due to the expansion or contraction 

of cloud area. Unlike most adjustment schemes, the adjustment time scale is not 

the lifetime of convection, but the growth rate of convective area. Therefore, the ad-

justment term can either nudge the grid average property toward the cloud profile or 

toward the environment value. The major benefit of this parameterization is that it is 

designed to be valid over scales ranging from meso-1 (5 km) to GCM scale (200 km) 

grid spacings. Comparison of explicitly simulated convection at a horizontal grid 

resolution of 1.5 km with parameterized simulations at 20 km, 12 km and 6 km are 

made. Comparisons to the Kuo parameterization are also discussed. Results indicate 



that the new parameterization does a good job at reproducing the effects of convec-

tion as simulated in the cloud resolving simulations, and performs immensely better 

than the Kuo parameterization. 

11 



ACKNOWLEDGEMENTS 

The completion of this work would not have been possible without the help of 

an enormous number of people. First and foremost, I would like to thank my wife, 

Gina, who has given me unending moral support and understanding. She has more 

than graciously handled what often seemed like a never ending process and for this I 

will always be grateful. I also need to thank my adviser, William Cotton, who took 

me on as a last minute Ph.D. student when this whole thing started back in 1993. He 

has always had confidence in my abilities and given me encouragement on the "down 

days". Instead of just being a boss, he has treated me as a peer-an admirable 

quality which seems to be on the decline in this department. Finally, Bill has been 

a friend with whom I have enjoyed running, backpacking and flying. Hopefully there 

is more to come! I am grateful to my committee for their insight, comments and 

suggestions during the preparation of this dissertation. Many others have spent 

what have probably added up to hundreds of hours discussing my research. In 

particular, I would like to acknowledge Hongli Jiang, Robert Walko, Michael Meyers 

and Peter Olsson for unselfishly yielding their time to my interruptions and rambling, 

verbal brain storms. Brenda Thompson and Abby Hodges have been indispensable 

and always seemed to be able to help me work through the department paperwork 

and politics. Countless other friends and family have contributed in one way or 

another to this dissertation or helped me maintain my sanity, and I hope they will 

forgive me for not explicitly mentioning their names. Last, but certainly not least, 

I would like to thank my Grandmother, Zelda and my late Grandfather, Sol, who 

have always been there for me no matter what the circumstances. This research was 

lll 



supported by Augmentation Awards for Science and Engineering Research Training 

under Contract F49620-95-1-0386 and Air Force Office of Scientific Research under 

Contract F49620-95-1-0132 



LIST OF FIGURES 

1.1 Hypothetical grid boxes A and B . . . . . . . . . 
1.2 A hypothetical cloud probability density function 

2.1 Schematic of the adjustment term 
2.2 Schematic of advection term ... 

5 
6 

15 
16 

3.1 Sounding used to initialize simulations 37 
3.2a Experiment E2DA averaged to 20 km: vertical velocity (ms-1 ) . 63 
3.2b Experiment E2DA averaged to 20 km: total water mixing ratio (g kg- 1 ) • 64 
3.2c Experiment E2DA averaged to 20 km: condensate mixing ratio (g kg- 1 ) • 65 
3.3a Experiment P2DB:vertical velocity (ms-1) . . . . . . 66 
3.3b Experiment P2DB: total water mixing ratio (g kg- 1 ) • • • • • • • • • • • 67 
3.3c Experiment P2DB: condensate mixing ratio (g kg- 1 ) • • • • • • • • • • • 68 
3.4 Vertical velocity ( ms-1 ), total water (g kg- 1 ), and total condensate (g kg- 1 ) 

at 2230 UTC for E2DA and P2DB . . . . . . . . . . . . . . . . . . . 69 
3.5 The surface precipitation record for E2DA averaged to 20 km and P2DB. 70 
3.6a Experiment E2DA averaged to 12 km: vertical velocity ( ms-1 ) . . . . . . 71 
3.6b Experiment E2DA averaged to 12 km: total water mixing ratio (g kg- 1 ) • 72 
3.6c Experiment E2DA averaged to 12 km: condensate mixing ratio (g kg- 1 ) • 73 
3.7a Experiment P2DD: vertical velocity (ms-1 ) . . . . . 74 
3. 7b Experiment P2DD: total water mixing ratio (g kg-1 ) . • • • • • • . • • . 75 
3.7c Experiment P2DD: condensate mixing ratio (g kg-1 ) • • • • • • • • • • • 76 
3.8 The surface precipitation record for E2DA averaged to 12 km and the 

parameterized run P2DD. . . . . . . . . . . . . . . . . . . . . . . . . 77 
3.9 Vertical velocity (ms-1 ), total water (g kg- 1 ), and total condensate (g kg- 1 ) 

at 2230 UTC for E2DA and P2DB . . . . . . . . . . . . . . . . . . 78 
3.lOaExperiment E2DA averaged to 6 km: vertical velocity (ms-1 ) . . . . . 79 
3.l0bExperiment E2DA averaged to 6 km: total water mixing ratio (g kg- 1 ) 80 
3.l0cExperiment E2DA averaged to 6 km: condensate mixing ratio (g kg- 1 ) 81 
3.llaExperiment P2DI: vertical velocity (ms-1 ) . . . . . 82 
3.llbExperiment P2DI: total water mixing ratio (g kg-1 ) . . . • • . • . . . . 83 
3.llcExperiment P2DI: condensate mixing ratio (g kg-1 ) • • • • • • • • • • • 84 
3.12 The surface precipitation record for E2DA averaged to 6 km and the 

parameterized run P2D I. . . . . . . . . . . . . . . . . . . . . . . . . 85 
3.13 Total water and 0i1 tendency at 1930 UTC for P2DB, P2DD and P2DI. 86 
3.14 Results at 2000 UTC from Kuo simulation P2DO 87 
3.15 Results at 2300 UTC from Kuo simulation P2DO . . . . . . . . . . . . 88 

V 



3.16 Precipitation record from simulations using the Kuo convective paramet-
erization at grid resolutions of 20 km, 12 km and 6 km. . . . . . . . . 89 

3.17 The precipitation record from the a sensitivity studies: P2DW and P2DX 90 
3.17 continued: P2DS and P2DT . . . . . . . . . . . . . . . . . . . . . . . . . 91 
3.17 continued: P2DU and P2DV . . . . . . . . . . . . . . . . . . . . . . . . . 92 
3.18 The precipitation record from the A sensitivity studies: P2DA and P2DC 93 
3.18 continued: P2DE and P2DF . . . . . . . . . . . . . . . . . . . 94 
3.18 continued: P2DH and P2DJ . . . . . . . . . . . . . . . . . . . 95 
3.19 The precipitation record from the A sensitivity studies: P2DY 96 
3.19 continued: P2DAB and P2DAC . . . . . . . . . . . . . . . . . 97 
3.19 continued: P2DZ and P2DAA . . . . . . . . . . . . . . . . . . 98 
3.20 Vertical velocity (ms- 1 ) , total water mixing ratio (g kg- 1 ) and condensate 

mixing ratio (g kg- 1 ) at 1800 UTC and 2 km AGL: E3DA 99 
3.20 continued: P3DA 100 
3.20 continued: P3DB . . . . . . . . . . . . . . . . . . . . . . . . . 101 
3.20 continued: P3DC . . . . . . . . . . . . . . . . . . . . . . . . . 102 
3.21 Vertical velocity (ms-1 ) , total water mixing ratio (g kg- 1 ) and condensate 

mixing ratio (g kg- 1 ) at 1800 UTC: E3DA 103 
3.21 continued: P3DA 104 
3.21 continued: P3DB . . . . . . . . . . . . . . . . 105 
3.21 continued: P3DC . . . . . . . . . . . . . . . . 106 
3.22 Vertical velocity (ms-1 ) , total water mixing ratio (g kg- 1 ) and condensate 

mixing ratio (g kg- 1 ) at 2115 UTC and 2 km AGL: E3DA 107 
3.22 continued: P3DA 108 
3.22 continued: P3DB . . . . . . . . . . . . . . . . . . . . . . . . . 109 
3.22 continued: P3DC . . . . . . . . . . . . . . . . . . . . . . . . . 110 
3.23 Vertical velocity (ms-1 ) , total water mixing ratio (g kg- 1 ) and condensate 

mixing ratio (g kg- 1 ) at 1800 UTC: E3DA 111 
3.23 continued: P3DA 112 
3.23 continued: P3DB . . . . . . . . . . . . . . . . 113 
3.23 continued: P3DC . . . . . . . . . . . . . . . . 114 
3.24 Surface precipitation (mm) at 0000 UTC for E3DA, P3DA, P3DB and 

P3DC ... . .. .. . .. . .. ... . .. . ....... .. .... .. 115 

VI 



LIST OF TABLES 

3.1 A summary of the experiment nomenclature and values of disposable para-
meters in the two-dimensional simulations. Type E simulations are 
explicit (CRM); K are parameterized with the Kuo parameterization 
and P with the new parameterization. . . . . . . . . . . . . . . . . . . 46 

Vll 



Chapter 1 

INTRODUCTION 

1.1 Motivation and Objectives 

This dissertation describes the development and implementation of a cumulus 

parameterization scheme designed explicitly for mesoscale models, although it may be 

applied with equal validity in larger-scale models. The rise of mesoscale and regional 

numerical models over the last decade necessitates the development of parameter-

izations for atmospheric convective phenomena which are not completely resolved. 

Schemes valid at scales from roughly five to one hundred kilometers are few in number 

(Kreitzberg and Perkey (1976); Fritsch and Chappel (1980); Weissbluth and Cotton 

(1993a)), and have generally been applied only in situations with strongly forced, 

quasi-steady convection. The ability of these schemes to account for less organized 

and weakly forced convection has not been widely investigated with the exception 

of perhaps Weissbluth and Cotton (1993b ). Furthermore, many of these paramet-

erization schemes use assumptions with questionable validity as the grid spacing is 

reduced. Even worse, cumulus parameterizations designed for large-scale models with 

grid spacings on the order of hundreds of kilometers such as Kuo (1965), Arakawa 

and Schubert (1974), Betts (1986), and Betts and Miller (1986), are often applied at 

the finer grid spacings despite the potentially increasing errors in assumptions as the 

horizontal grid dimensions are reduced. 

One reason cumulus parameterization in mesoscale models is particularly chal-

lenging is because convection may already be partially resolved. This problem is 
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not encountered in large-scale models; there is a clear scale separation between the 

resolved large-scale energy associated with atmospheric circulations and the unre-

solved energy associated with convection. Therefore, in a large-scale model there 

is no danger in parameterizing a convective phenomena which may be partially or 

completely resolved. The possibility of double counting in a mesoscale model is signi-

ficant. In some way, a convective parameterization in a mesoscale model must begin 

to shutdown as the model begins to resolve the phenomena. 

Another desirable feature of a mesoscale convective parameterization would be its 

ability to reduce to a large-scale parameterization when grid spacings become large, 

and bypass the problem of having to decide, usually somewhat arbitrarily, when to 

switch from one parameterization scheme to another. This raises the question as 

to whether or not there exists a smooth transition from the non-deterministic view 

of convection at GCM-like scales to the deterministic view typically taken at so-

called cloud resolving scales. The answer to this question will be discussed in a later 

chapter. 

Using the nomenclature of Arakawa and Schubert (1974; hereafter AS74), the 

parameterization described in this manuscript consists of three parts: feedback, static 

control, and dynamic control. The feedback loop determines how the cumulus affect 

the model resolved prognostic variables. Essentially, this amounts to specifying the 

form of the cumulus eddy flux divergence. The static control is a cumulus ensemble 

model. Here, the resolved properties are used to determine the in-cloud properties of a 

spectrum of clouds which could exist in the given environment. The dynamic control 

is synonymous with the parameterization closure. Rather than the quasi-equilibrium 

assumption proposed by AS7 4, a prognostic cumulus kinetic energy equation (Randall 

and Pan 1993 ·) is used to obtain the cloud base mass flux for each ensemble. The 

feedback, static control and dynamic control will be discussed in more detail in 

Chapter 2. 
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The major original scientific contribution of the convective parameterization 

presented in this paper is that it addresses the issue· of grid-scale :flexibility. Therefore, 

the parameterization is a unifying theory, since it is valid from the GCM-like scales 

to the mesoscale. Another significant contribution is the departure from the meso-

scale convective parameterization paradigm. In the past, parameterizations designed 

for mesoscale models typically followed this basic recipe: 1) conditional instability; 

2) trigger function; 3) cloud model; 4) feedback. This class of parameterizations 

has been successful under many circumstances. However, the return per unit effort 

following the standard parameterization paradigm is decreasing. We have tried to 

take a step back and re-examine the parameterization problem with an open mind; 

sometimes it is hard to see the forest for the trees. The outcome of this research is a 

new mesoscale parameterization philosophy, method, framework and design. 

1.2 A New Paradigm 

The previous section of this chapter posed the rhetorical question "is there a 

smooth transition from the deterministic view of convection taken at cloud-resolving 

scales to the non-deterministic view of convection taken at large, GCM-like scales?" 

In order to address this question, we will first define some terminology. Throughout 

the rest of this manuscript we will define the cloud ensemble to be the set of all 

possible types of clouds which could exist in a given environment. The active cloud 

population or just active population is defined as the subset of the ensemble which 

actually exists in a given area. 

In some cases the active population will be the cloud ensemble. This is what is 

assumed in the Arakawa-Schubert parameterization. The set of all possible clouds is 

defined as a collection of cloud types defined by the single entrainment parameter, 

and all the cloud types contribute (i.e., they exist) to the net cumulus flux. This of 

course seems reasonable since we might imagine that a GCM-sized grid box could be 

large enough to physically contain so many potential clouds. This is also consistent 
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with one of the primary assumptions of AS7 4: that the area over which it is applied 

is large enough to encompass an ensemble of clouds. Another assumption, however, 

which has never been explicitly stated, although has certainly been applied, is that 

all the clouds in the ensemble exist in the given area. 

1.2.1 Philosophical Continuum 

Consider a hypothetical grid box and examine the ensemble and active population 

as the area of the box shrinks (Fig. 1.1). H the environment confined within the box 

does not change then the ensemble does not change; the environment determines the 

set of possible clouds. Therefore, the ensemble is independent of the grid spacing 

or model resolution. The active cloud population however is dependent on the grid 

spacing. As the grid becomes significantly smaller than a GCM-sized box, we imagine 

that some cloud types will not be represented within the sample of clouds in the box. 

H we still wish to apply a convective parameterization that utilizes a cloud model to 

determine convective fluxes it is necessary to know what the active population is. To 

do this, we define a probability density function (PDF) for the cloud types. 

Let P( ,\ )d,\ be the probability of sampling cloud types which have entrainment 

values in the interval [>,, ,\ + d.\] . H we integrate over the whole ensemble then we 

must have 

(1.1) 

For the sake of discussion, assume that P(.\) is graphically given by Fig. 1.2. Cloud 

types with small entrainment values (big clouds) are not as common as the smaller 

cloud types with larger entrainment values. From a statistical standpoint, if the grid 

box is too small to contain the entire ensemble, we can certainly make a reasonable 

guess at which ones will and will not be represented in our sample. As an example, 

suppose our box was only big enough to contain one cloud ( or one cloud type), 

and we had to place a bet on what the one cloud (the active population) was. The 
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Figure 1.1: Hypothetical grid boxes A and B. The cloud ensemble is a function 
of the environment, but the active population is determined by the size of the grid 
box. The grid box A is large enough so that the active population is identical to 
the ensemble. The smaller grid box B can not physically contain the ensemble. The 
active population in grid Box B is a subset of the ensemble. 

smart money would have to be on the most likely cloud to be found in the given 

environment: the smallest cloud type. In a larger box which might contain n cloud 

types, we would chose the n most likely clouds. Of course, we will occasionally be 

wrong and choose an incorrect active population. For example, you may run the 

risk of not including or sampling large cumulonimbi even though the CAPE is large 

and the Richardson Numbers is small. Another possibility-and the one used in this 

parameterization-is to partition your money so that you bet on all cloud types, but 

weight your bet according to P(>.). This method allows all possible cloud types to 

exist to some degree; the PDF determines the relative activity of each type. 

The AS74 parameterization does not require a PDF since it assumes that all 

possible clouds exist. Equivalently, if a PDF for the ensemble were defined, AS74 

would take infinite samples to determine the active population which by definition 

would then be equivalent to the ensemble itself. 

Unlike AS74, many parameterization schemes use only a single cloud type for 

the active population (Weissbluth (1991); Fritsch and Chappel (1980); Kreitzberg 
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Figure 1.2: A hypothetical cloud probability density function. The smaller clouds 
(large entrainment) are more likely than the taller clouds ( small entrainment). The 
PDF should be used to determine what fraction of sub-ensembles are in the active 
population. 

and Perkey {1976); Kuo {1965)). This would perhaps be acceptable as long as the 

single cloud type was the most probable cloud type {or nearly so). It would also be 

sufficient if the single cloud could capture the characteristics of all possible clouds. 

Unfortunately, there is no reason to believe that this would be the case. 

Recently, another class of cloud models used in parameterizations has appeared: 

buoyancy sorting models (Kain and Fritsch 1990; Emanuel 1991). The basic idea is 

to allow fractions of an ascending parcel to mix with different quantities of environ-

mental air to produce sub-parcels with a spectrum of buoyancies. These sub-parcels 

are then allowed to ascend or descend to levels in the environment with the same 

corresponding buoyancy. The collection of the sub-parcels determines the cloud pro-

file. Therefore, these types of cloud models represent single clouds with multiple 

drafts. While the buoyancy sorting model probably represents an improvement over 

single cloud/ single draft models, it is not entirely clear that they are significantly 

different from multiple cloud/ single draft models, for example AS7 4. It may be that 

a collection of clouds with single drafts produces nearly identical results to a single 
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cloud with multiple drafts. The major difference seems to be that the multiple cloud 

models allow cloud mass :fluxes which are independent while the mass :flux associated 

with the sub-parcels of the buoyancy sorting models are inherently connected. In this 

sense, the multiple cloud models seem to have an advantage, but it all remains to be 

seen. 

To illustrate the potential hazards of using a single cloud type, consider the 

experience we have had using the Weissbluth convective parameterization in a Florida 

sea-breeze simulation (Weissbluth and Cotton 1993b ). Observations and explicit 

modelling have demonstrated that there are two modes of convection. The first mode 

consists of transient cumulonimbi and smaller towering cumuli occurring prior to the 

collision of the inland propagating east and west coast sea-breezes. The second mode 

consists of deep, long-lived cumulonimbi which fire after the two sea breezes collide 

in the region of strong convergence. 

During the parameterized simulation, deep, long-lived cumulonimbi were para-

meterized to provide the cumulus fluxes. This was by design, since the cloud model 

used in the parameterization was only capable of producing a single, deep and steady-

state cloud type. Unfortunately, it was not the most likely cloud type for the given 

environment, and the predicted grid-scale cumulus tendencies were much too strong 

and resulted in excessive stabilization ( warming and drying) of the atmosphere. When 

the sea-breezes finally collided, the parameterization failed to produce the strong cu-

mulus forcing which was expected based on the observations and explicit modelling. 

This was attributed to the exhausting of boundary layer energy by the earlier para-

meterized convection. Had the parameterization been able to model different cloud 

types and choose transient towering cumuli as the most probably cloud type during 

the first mode of convection, and deep, steady-state cumulonimbi during the second 

mode, the parameterized solution would have likely been quite good. In fact, a 

simulation in which convection was explicitly simulated up to the point of sea-breeze 
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collision and then used to initialize a parameterized simulation produced encouraging 

results. This shows that choosing the correct active population is quite important. 

1.2.2 Spatial Continuity from Cloud Resolving to the Large-scale 

When modelling at the cloud resolving scale ( on the order of a kilometer or 

smaller) convection is sometimes considered (perhaps incorrectly) deterministic and 

other times not. The first view is taken when an individual cloud is simulated. Often 

the modeller will attempt to compare the simulated cloud with observations. The 

second view is taken in cumulus ensemble simulations. Here, the modeller makes 

no effort to compare individual clouds to observed clouds; only statistics from the 

entire population are examined. These two views, however, are not necessarily in 

opposition to one another. 

Consider two types of cloud resolving simulations of an individual cloud. The 

first type is typically performed by applying large scale convergence, or a thermal 

or moisture perturbation to initiate the convection. The second type is performed 

by beginning at a synoptic-like scale and nesting down to the cloud resolving scale 

over a limited area. In the first case the modeller forces the solution to a particular 

cloud type. Typically, a strongly buoyant bubble or increasingly stronger convergence 

will create deeper convection. In fact, the simulation is often tuned to observations 

by varying these parameters to produce the most optimal results. The cloud that 

is simulated should be considered one realization, or one probable solution out of 

all possible solutions in the given environment. Hopefully, the initial conditions are 

chosen so that the model correctly models the active cloud which was observed. The 

simulation, however, should not be considered deterministic; the modeller imposes 

conditions which select the desired solution from a wide range of possibilities. In 

the second case of nesting, the interpretation is slightly more complex. Here, the 

modeller does not artificially impose a solution, although by nesting, the forcing can 

be focused so that convection may preferentially occur in the region with the nest. 
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Nonetheless, the simulated clouds seldom match observations either temporally or 

spatially, but the types of clouds in the given region often do. We discuss a cloud 

resolving sea-breeze simulation to illustrate this point. 

In the sea-breeze simulation the model is initialized according to observations 

prior to the onset of convection. Upon integration, the model produces convection 

along the inland propagating sea-breeze which matches in character the observed 

convection. However, no attempt is made to exactly match individual convective 

elements to observations. For example, if we were to use the simulation as a forecast 

model, it would not be wise to predict that Orlando, Florida would experience a 

thunderstorm exactly of the same type and at same time that was simulated by the 

model. However, we might forecast that a region around Orlando might experience 

a thunderstorm similar to the one modelled around a similar time. The simulation 

should be considered as one possible realization. If we wanted a probability forecast, 

we would have to run many simulations with slightly varying initial conditions to 

generate an ensemble of realizations. We could then statistically determine the most 

probable scenario as is done in ensemble forecasting. In either case it would appear 

that the modelled cloud should not be considered deterministic. Rather, it should 

be considered as one realization of all possible scenarios. Hopefully, it is the most 

probable one in the case of a forecast model, or the one which most closely matches 

observation. 

A cumulus ensemble model representing a non-deterministic viewpoint is almost 

like running many explicit simulations simultaneously. Under similar environmental 

conditions and forcing, a population of different cloud types is allowed to develop. 

Therefore, the cloud ensemble simulation contains many simultaneous realizations. 

Statistics from the cumulus ensemble determines what the average ( or most probable) 

effect the population has on its environment. 

Based on the preceding discussion, there is now a basis upon which we can 

philosophically describe the smooth transition of cumulus parameterization from just 
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beyond cloud resolving scales, through the mesoscale, up to GCM-like grid scales. In 

no situation should the clouds be regarded as being deterministic from a modelling 

standpoint. A cumulus parameterization that operates just beyond the resolved scale 

should provide fluxes from the most probable cloud type or from fluxes normalized by 

a cloud PDF. As the scale increases and more than one cloud can physically fit within 

a grid box, the parameterization should consider the effect of the most probable set of 

cloud types. Finally, at large GCM-like scales, the parameterization should consider 

all cloud types, even the most unlikely. Of course, at the cloud-resolving scale and 

smaller, a parameterization is not needed at all. 

1.2.3 Temporal Continuity from Cloud Resolving to the Large-scale 

At large scales, there is assumed to be enough clouds of a particular cloud type 

so that we do not need to consider the temporal evolution of the clouds. Instead, 

we only need to consider the average effect over the lifetime of the clouds. As the 

grid spacing decreases, there may not be enough clouds of a given type to make this 

assumption. 

In a manner similar to what has been done with the selection of cloud types using 

a PDF, it may be possible to define another PDF which provides the probability of 

finding a particular cloud type in a given stage of its life-cycle. Then we could select 

the most probable stage for each member of the active population. Of course, this 

requires a cloud model which is capable of determining in-cloud properties which are 

a function of cloud type and time. 

Adding time dependence to a cloud model is not trivial. This is especially 

true if the code must be numerically efficient. We have made the assumption that 

a time independent cloud model will accurately represent a cloud over its lifetime. 

This assumption does not discount the possibility of transient convection. The only 

requirement is that 

11.,. - x(t)dt x(t) 
T 0 

(1.2) 
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where X is some cloud property and T is the lifetime of the cloud. There is clearly 

room for improvement, but this will undoubtedly require significantly more memory 

since in-cloud properties would have to be carried around for at lea.st two model 

timesteps. 



Chapter 2 

CUMULUS PARAMETERIZATION FRAMEWORK 

This chapter provides the theoretical framework upon which the cumulus para-

meterization is based. The description of the parameterization is separated into three 

components: feedback, static control and dynamic control. Although the components 

are described somewhat independently, only together do they constitute a complete 

parameterization. 

2.1 Feedback: The Cumulus Eddy Fluxes 

The effect of unresolved convection on model resolved variables can be expressed 

as the divergence of the cumulus eddy flux. For example, the tendency of model 

variable x due to unresolved cumulus activity is 

ax. 1 -- = --V · w'x'. at P 
(2.1) 

There are basically two ways to determine the cumulus eddy flux divergence. The first 

method is to determine the cumulus fluxes and then take a vertical derivative. The 

second method is to provide the eddy flux divergence directly; the need for an exact 

form of the flux is eliminated and only its derivative is required. Experience has shown 

that the first method produces results which are generally only capable of drying and 

heating the free atmosphere. This is acceptable for large-scale models where the 

moist cumulus contribute negligibly to the grid average. Examples of this method 

include the Arakawa-Schubert parameterization where the flux of a conservative scalar 

quantity xis 

(2.2) 
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and Mc is the cumulus mass flux. ff we imagine a non-entraining cloud ( constant 

mass flux as a function of height) then the cumulus will heat the free atmosphere 

whenever the local atmospheric stability is positive and dry the atmosphere whenever 

total water mixing ratio decreases with height. 

Once the cumulus occupy a significant portion of a model grid box, as they might 

in a mesoscale model, the cumulus must be able to contribute to the moisture and heat 

content of the atmosphere by virtue of the warm and moist clouds replacing the drier 

and cooler environmental air as they expand in area. This can easily be accomplished 

by specifying the flux divergence (method two). Since we wish the parameterization 

to function at all scales, we will take a hybrid approach of determining the tendency 

partly from a specified eddy flux and partly from an eddy flux divergence 

Deriving a suitable form of cumulus eddy flux divergence is straight forward. 

Using subscripts u and d to denote updraft and downdraft cloud properties, respect-

ively, and a tilde to denote properties in the cloud environment, the grid average 

property denoted by an overbar is constructed as 

X = L o-!x~ + L o-~x~ + (1 - O"c)X, (2.3) 
cloud, cloud, 

The superscript i refers to the cloud type and summations are over all cloud types. 

The total cloud fractional area is O"c and x represents the environment value. 

We now take the total derivative of Eq. 2.3 and make a steady-state assumption 

for the clouds. The motivation for doing this is two-fold. First, if we were to leave 

in the time rate of change of cloud properties than we would need to develop a time-

dependent cloud model-not an easy task. Second, and perhaps more importantly, 

even if we had a time dependent cloud model, the amount of memory required to 

store the cloud values from the previous time step for every cloud at every level over 

the entire model domain is prohibitive. Therefore, 

(2.4) 
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The first two terms in Eq. 2.4 are adjustment terms. The third term is an 

environmental subsidence term and the fourth is an advective term. The adjustment 

terms differ from the those typically used in other parameterizations (Kuo 1965; 

Weissbluth and Cotton 1993a) in that the timescale of adjustment is not the average 

lifetime of the cloud but the rate of change of fractional cloud area. Under most 

circumstances the result will be to nudge the average property toward the in-cloud 

property if the cloud area is growing or toward the environment value if the cloud 

area is shrinking. The adjustment process is illustrated in Fig. 2.1 for a growing 

cloud fractional area. 

Generally, the adjustment terms are locally non-conservative. By this we mean 

that a vertical integration of the adjustment terms over the depth of the cloud will 

generally be non-zero. A good example is to consider a growing cloud which by 

definition is moister than the environment; there is a net moisture source over the 

depth of the cloud. Clearly there must be mass and energy conservation and as we 

will see, the last term in Eq. 2.4, the advection term, will pick up the slack and 

provide the necessary conservation. 

The third term in Eq. 2.4 is an environmental subsidence term analogous to that 

derived by AS7 4. If we make the small cloud fractional area assumption and neglect 

horizontal eddy convergence we arrive at exactly the same form of the flux given by 

Eq. 2.2. We close this term as AS74 did and as discussed in a later section. Unlike the 

adjustment terms and the advection term, the vertical integration of the subsidence 

term is conservative in a grid column. This is by definition since the cloud mass flux 

goes to zero below and above the cloud. 

Finally, we examine the advection term. This term will cause the grid average 

value to change by allowing a net convergence or divergence of the cloud property 

by both resolved and unresolved convective circulations. Because we require the 

vertically-integrated grid tendency to be zero and the subsidence term is by definition, 

the net increase or decrease of x in a column from the adjustment term must be 
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Figure 2.1: The effect of the adjustment term on the resolved grid value depends on 
the rate of change of cloud fractional area. H the clouds are growing in area, there is 
less environment to contribute to the grid average. Consequently, the grid average 
becomes more cloud-like. The opposite occurs when the cloud area shrinks. 

accounted for in the advection term. For illustrative purposes let x be total water. 

H the adjustment term causes net column moistening ( as it would if the cloud area 

was growing) then this moisture must come from advection of moisture from within 

the PBL below the cloud or from other grid columns as shown in Fig. 2.2. 

The closure of the four terms in Eq. 2.4 will require updraft and downdraft 

properties, the cloud-base mass flux and the cloud fractional area of the active cloud 

population within the grid box. In the following sections we describe the cumulus 

ensemble model which provides the in-cloud properties and the prognostic cumulus 

kinetic energy (CKE) closure which provides the cloud-base mass flux. The cloud 

fractional area is obtained using information from both the cumulus model and CKE 

closure. 

2.2 Static Control: Cumulus Ensemble Model 

The cumulus ensemble model provides the cloud updraft and downdraft prop-

erties. Cloud types, or sub-ensembles are distinguished from one another by the 
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Figure 2.2: In a growing cloud, the adjustment term will cause net moistening. The 
excess water mass must be provided by the advection term which will dry the PBL or 
other grid columns. When a cloud shrinks, the excess drying in the free atmosphere 
will appear as moistening in the PBL or other columns. 

single parameter..\ which, following AS74, is the fractional entrainment rate. Each 

cloud of type ..\ is considered representative of clouds with entrainment in the interval 

2.2.1 Cloud Updrafts 

For cloud i with entrainment ..\(i), the updraft normalized mass flux (77u), poten-

tial temperature (Ou), total water (qu), and microphysical species (i) are described 

by 

:z 77u(z, i) = ..\(i)77(z, i), (2.5) 
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:z ['lu(z, i)<fu(z, i)] = A(i)11u(z, i)<fu(z, i) Dl(z, i) - Su(z, i) 

+Ct(z, i) + Ft(z, i). (2.8) 

Although we can construct equations for all the microphysical species in RAMS 

we choose to do so only for three: cloud water, rain and total ice. There are several 

reasons for this. First of all, carrying around additional scalars can become numer-

ically expensive and we wish to be as frugal as possible. Second, only very crude 

parameterizations of microphysical interactions between the species would be pos-

sible, and the gain in doing so would likely be minimal. Finally, RAMS will perform 

more accurate microphysics once microphysical species are on the resolved grid. With 

only three species in the cloud model we need only worry about conversion of cloud 

water to rain, freezing of rain to ice and melting of ice to rain. We do not allow cloud 

water to freeze unless it is below -40°C at which point it freezes instantaneously. 

Liquid water is condensed from vapor in the amount exceeding the saturation 

mixing ratio and is denoted by Cu in Eq. 2.6 and releases latent heat into the updraft. 

At temperatures below freezing, some water may also freeze in amount equal to Fu 

and provide an additional heat source. The constants Liv and Lil are the latent heat 

of vaporization and sublimation, defined positive for condensation and freezing. The 

conversion of cloud water ( qc) to rain ( qr) is obtained from a simple auto-conversion 

formula: 

(2.9) 

where a = .25 and q; = 1 x 10-3 is a critical cloud water mixing ratio. The equation 

is only applied once the calculated cloud water content exceeds the critical amount, 

and is intended to model the warm rain collision and coalescence process. 

Once the updraft temperature falls below freezing, ice processes become active. 

Ice is formed from the freezing of rain and is parameterized as a linear function of 
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temperature. All rain is assumed to freeze at temperatures below -20°C. Cloud 

water does not freeze until a temperature of -40°C is reached as previously stated. 

Neglect of cloud water freezing will slightly reduce the potential cloud buoyancy since 

the additional latent heating is not realized. 

Total water substance may change through entrainment of environmental air, 

by the transfer of amount Du to the downdraft or through removal via convective 

precipitation. Only rain and ice are affected by transfer to the downdraft and pre-

cipitation removal R. The amount of transfer to the downdraft is parameterized as 

a constant fraction of the updraft condensate: 

(2.10) 

We have chosen c0 = 0.25. Rain and ice are parameterized to fall out of the up-

draft and contribute directly to surface precipitation following the method of AS74 

and Hack et. al. (1984; hereafter H84). For simplicity, we have chosen a con-

stant auto-conversion factor for all cloud types even though as pointed out by H84 

this may overestimate rainfall from shallow clouds. Currently, we use a value of 

2.0 x 10-3 m-1 for this coefficient. 

Cloud top is defined as the level at which the cloud buoyancy is equivalent to the 

the environmental value, including virtual and buoyancy loading effects. Since the 

clouds generally lose buoyancy between the discrete model levels, the actual cloud 

top is obtained through linear interpolation and used in all ensuing calculations. 

Choosing the origin and initial properties of the cloud updraft parcel is a problem 

which is not encountered in GCM models with a PBL parameterization. In GCM 

models the clouds start at the top of the PBL with the well mixed properties of 

the PBL. RAMS and most other mesoscale models do not contain an explicit PBL 

parameterization. Therefore, we must decide where the clouds originate and with 

what properties. Originally, we had tried starting the clouds at the lowest model 

level. We soon discovered that this was inappropriate. As a general rule, the lowest 
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model level tended to moisten rapidly over water and moist soil causing the convective 

available potential energy (CAPE) for that parcel to grow rapidly. However, once the 

sub-grid scale mixing processes began, the CAPE would be rapidly removed from 

that layer. Even though the net entropy of the PBL was going up, the CAPE of 

our low level parcel was going down! Through trial and error, we discovered that 

starting the parcel at approximately 1 km AGL with a mass weighted mixture of the 

properties below provided satisfactory results; the CAPE followed the more typical 

and expected diurnal trend due to large scale forcing from surface fluxes. 

The numerical clouds must be physically realistic. Therefore, we impose the 

following logical constraints: 

• The cloud work function, A, must be positive where 

1%t 

A(.\) = .io 77(z, .\)B(z, .\)dz. (2.11) 

B is the local buoyancy including virtual and precipitation loading and the 

integral is from cloud base to cloud top. This is a general criteria for convective 

instability. 

• There must be condensate and the cloud must be saturated at cloud top. This 

rules out clouds which have entrained so heavily that they are dry. 

• The clouds must be at least three model levels deep. This is necessary in 

order to compute fluxes and tendencies from the clouds. Clouds which are 

only two model levels deep are assumed to be handled by the sub-grid mixing 

parameterization. 

2.2.2 Determining Updraft Vertical Velocity 

Following Simpson and Wiggert (1969), the vertical distribution of kinetic energy 

of the sub-ensemble updrafts is 
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(2.12) 

The arbitrary additive constant w~ is determined by requiring that the updraft 

always have positive vertical velocity. Typically, the cloud will be negatively buoyant 

in the lowest layers requiring an initial kinetic energy in order to penetrate to the level 

of free convection. We have arbitrarily selected the initial kinetic energy to be enough 

so that the kinetic energy at any cloud level never falls below 1.0 m2 s-2 + T KE. Here, 

T KE is the average value of TKE in the PBL as obtained following the Mellor-

Yamada (1974) closure currently implemented in RAMS. Sensitivity studies show 

that varying the initial vertical velocity within reasonable values does not noticeably 

change the solution. 

2.2.3 Cloud downdrafts 

The downdrafts are modelled using the ideas proposed by Johnson (1976) and 

Betts and Silva Dias (1977). The downdraft is assumed to have the same entrain-

ment rate as the corresponding updraft. The budget equations for the downdraft 

normalized mass flux, theta, total water and microphysical species are 

8TJd( z, i) '( ") ( ') az = " i T/d z, i , (2.13) 

(2.14) 

(2.15) 
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:z [11c1(z, i)<fa(z, i)] = ,\(i)11a(z, i)<fa(~, i) - Sa(z, i) 

+Cj(z, i) + Fj(z, i). (2.16) 

The notation is the same as described for the updrafts, but terms C and F represent 

evaporation and melting. 

Downdrafts are assumed to start at cloud top. This is in contrast to other 

downdraft models which often assume that the downdraft originates at the level of 

free sink or at some specified fraction of the updraft height or pressure level. The 

current formulation was necessary in order to preserve mass balance between the 

updraft and downdraft. Hwe wanted to start the downdraft at some specified fraction 

of the updraft depth, we would need to know a priori the depth of the updraft. This 

is impossible without iteration since the cloud top depends on the cloud buoyancy 

which in turn depends on the downdraft condensate transfer rate. 

The initial property of the downdraft is obtained by assuming that the mixing 

ratio of rain and ice in the updraft is ejected into the environment to produce an evap-

oratively and sublimatively cooled parcel which is 0.1 °K colder than the environment, 

i.e., just enough to start a negatively buoyant descent. Subsequent evaporation or 

sublimation is parameterized using the evaporative pressure scale proposed by Betts 

and Silva Dias (1977). Typically the value is between 50 to 150 mb. Melting of ice 

occurs instantaneously. 

The downdrafts terminate at the level at which they become neutrally buoyant 

or at the ground, whichever comes first. Like the updraft, the actual level is obtained 

via linear interpolation since the downdrafts generally end between the discrete model 

levels. H condensate is present at the ground level, it assumed to fall completely to 

the ground and contribute to the convective precipitation. 
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2.3 Dynamic Control: Prognostic Cumulus Kinetic Energy Closure 

Randall and Pan {1993; hereafter RP93) relaxed the equilibrium closure assump-

tion used in AS74 to determine the cloud-base (z = z0 ) mass flux which is defined 

as 

{2.17) 

The sub-ensemble fractional area ( (1 •) is defined over an area which is large enough 

to contain the ensemble of clouds, but small enough so as to cover only a fraction of 

a large-scale disturbance. The closure begins with the cumulus kinetic energy budget 

equation for a sub-ensemble as discussed by Lord and Arakawa {1980). We re-write 

it here using slightly different notation: 

(2.18) 

The cumulus kinetic energy, CKE, is the vertically-integrated kinetic energy of the 

sub-ensemble in the interval [A, A+ dA] per unit area. The area over which CKE is 

integrated is the same as the cloud-base mass flux. CKE includes both the horizontal 

and vertical components of kinetic energy. The rate at which CKE is dissipated per 

unit cloud-base mass flux is given by D. Shear production terms have been neglected. 

Since CKE is a vertically-integrated quantity, vertical transport terms such as those 

involving vertical velocity, or advection of CKE by the cloud do not appear. However, 

horizontal advection by the mean wind over the depth of the sub-ensemble A remains. 

Throughout the rest of this chapter we will drop the explicit notation of A, however it 

should be remembered that there exists as many equations as there are sub-ensembles. 

Closure involves relating CKE to the cloud-base mass flux according to 

(2.19) 

as first proposed by Arakawa and Xu (1990) and Xu {1991). Also, the dissipation is 

modelled in a simple way: 

(2.20) 
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where TD is a dissipation time sea.le. Substituting Eqs. 2.19 and 2.20 into Eq. 2.18 

yields a linear prognostic equation for the cloud-base mass flux: 

8Ms A Ms 
= 2a - 2TD • {2.21) 

We note that a similar equation could also be derived for the CKE. 

Given a and TD, the sub-ensemble cloud-base mass flux can now be determined. 

However, the mass flux in Eq. 2.21 is the mass flux averaged over a large sea.le area. 

The large-scale area might be more properly defined as the area which encompasses 

the subsident inflow and outflow circulations of the convection in the ensemble. ff 

we let this area be A, then the area covered by convective cores is a = o-.A. The 

fraction of the sub-ensemble ( u) we expect in a grid box smaller than A of size .6.:~ 

IS 

u.A 
(T = ,6.2 . (2.22) 

There a.re several observational studies which show that A is a function of the Richard-

son Number (Weissman and Klemp 1982). Since the computation of~ is somewhat 

numerically intensive, we have fixed A at a value consistent ( about 100 km.2) with 

the environment of the parameterized simulations that will be discussed later. A 

formulation for A such as that used by Weissbluth (1991) can be added in the future 

with little trouble although it will impact the efficiency of the code. 

We require that the total grid fractional area be invariant to the number of sub-

ensembles (number of different entrainment values) chosen to represent the ensemble. 

This is done simply by normalizing the fractional area of each sub-ensemble by the 

total number of sub-ensembles with cloud tops ( detra.inment levels) at the same model 

level. Consequently, if we decrease .6..X, although we will have more clouds detraining 

in any given model level, the total fractional area will remain independent of the 

discretization of the ensemble. 
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We also require that the total cloud fractional area in a grid remain less than or 

equal to unity. ff the total cloud area exceeds the grid area we may interpret this to 

mean that the grid is completely covered by the ensemble, and that only a fraction 

of the ensemble mass flux is contained within the grid box. 

Obviously, the cloud-base mass flux in a model grid is adjusted so as to be 

consistent with the grid fractional area. In summary, the grid fractional area u is 

given by 

(2.23) 

where u. is computed directly from Eq. 2.17, A is either a fixed area or computed as 

a function of~ and N().) is the number of sub-ensembles which detrain in the same 

model level as sub-ensemble ).. The variable f is unity as long as the total ensemble 

cloud area remains below the grid area ~;11 • ff the cloud area is greater than the grid 

area, f is a normalization factor such that E u().) = 1. 

By definition then, the cloud-base mass flux in the grid box (not in the large-sea.le 

environment) is 

(2.24) 

The method for obtaining w was discussed in a preceding section. For simplicity, all 

future references to the grid cloud-base mass flux will be notationally given by Ms 

rather than Mj and we will reserve MB for the large-sea.le, cloud-base mass flux. 

The grid fractional area of sub-ensembles will be donated by u().) and u.().) will be 

used for the environmental large-scale fractional area. The reader should take careful 

note of this notational change to avoid later confusion. 

The expression for u().) is the PDF we use to obtain the active population from 

the ensemble. Note that if the total fractional area of the ensemble is less than unity, 

and if there is only one ). type cloud detraining at each level, the active population 

is the ensemble. In all other cases, each ,\ type cloud is allowed to exist, but only a 
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fraction of its mass flux will be represented. The fraction is dependent on the total 

area of the ensemble and the number of similar >.-clouds which detrain at identical 

model levels. 

2.3.1 Determining a 

As shown by Xu (1991) and Xu and Arakawa (1992), the contribution to CKE 

from the updraft and downdraft structure of the convection is almost completely 

manifested in the vertical kinetic energy, kz = ½pw'w'. Mesoscale organization and 

circulations primarily contribute to CKE in the form of kinetic energy of the horizontal 

wind. Therefore, it appears convenient to define a partition parameter 

(2.25) 

where Kz is the vertically-integrated vertical variance kz which can be written 

(2.26) 

Pan (1995) attempts to use a grid average definition of the vertical variance in 

order to write a as 

1 1%t T/2 
a= 2e; z, pu(l - u)' (2.27) 

However, it appears that he has been inconsistent with the definition of cloud-base 

mass flux. He uses the following definition in deriving an expression for a: 

M*2 T/2 
k - B 

z - 2pu•(l - u•) (2.28) 

while using MB = pwu. elsewhere. These expressions are not equivalent in any 

obvious way. 

One of the major disadvantages to using the prognostic CKE equation is that 

it becomes a function of the unknown parameter a. Perhaps it is not so surprising 

since the CKE equation is in essence a turbulent kinetic energy (TKE) equation. 
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The TKE equation cannot be closed without the introduction of a constant which 

relates terms of order n to terms of order n + 1. We should not expect any different 

behavior from the CKE equation. At some point, it may be possible to develop a 

prognostic equation for a, but this will depend on other unknowns which will have 

to be set equal to a constant or parameterized in some way. RP93 have set a equal 

to a constant; a zeroth order closure. 

RP93 claim that a should be a function of the number of sub-ensembles that 

are used. Their reasoning is that as the number of sub-ensembles increases (by 

decreasing A>.), we would expect the fractional area occupied by each sub-ensemble 

to also decrease, which should in turn cause a to decrease. This obviously can not 

happen if we fix a. They then formulate a to be inversely proportional to A>.. Their 

reasoning, however, is based upon their in.consistent definition of the cloud-base mass 

flux, and it is not entirely clear whether this analysis is valid. 

We prefer a slightly different interpretation on this matter. Since we have nor-

malized the cloud-base mass flux and sub-ensemble fractional area by the number of 

sub-ensembles which detrain at similar levels, we find that the total ensemble cloud-

base mass flux and fractional area are independent of the entrainment interval chosen. 

Therefore, we do not expect a to depend on the number of sub-ensembles. 

Scaling arguments of RP93 demonstrate that a should range between 107 and 

109 • In practice, we have found that a should be much more narrowly defined at 

around 108 • Values greater than this result in convection which is incapable of re-

moving any significant part of the CAPE generated by external forcing while values 

significantly less generate explosive convection which consumes not only CAPE gen-

erated by external forcing, but any background CAPE as well. We will discuss the 

sensitivity of the parameterization to a in the next chapter. 
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2.4 Cumulus Eddy Flux Closure 

With the exception of the advection term, we now have all the information we 

require to formulate expressions for the terms in Eq. 2.4. However, there is no 

information in Eq. 2.4 which tells what fraction, if any, of the four terms are explicitly 

resolved and what fraction must be parameterized. In the case of the subsidence term, 

it appears to have a built in shutdown mechanism as the clouds take up more of the 

grid column. The factor (1- O'c) will go to zero linearly as O'c 1. Nonetheless, this 

term may result in double counting since part of the box may be taken up by resolved 

subsidence. In the case for the adjustment term it will continue to operate as long 

as the clouds occupy an area less than the grid area. Therefore, even if the clouds 

occupy 99% of the grid box-at which point the clouds are most likely resolved-we 

will see an adjustment tendency. The advection term is the most difficult to deal 

with since it can include effects from other columns. 

To remediate potential double counting we propose the linear filter given by 

(2.29) 

to determine the fraction of unresolved convection (~:v in km2 ). This function is 

intuitively based and may be regard somewhat as an ad hoc approach. The value of F 

is zero at some critical grid spacing where convection is completely resolved. As the 

grid spacing increases the fraction of unresolved convection increases linearly until 

another critical grid spacing is reached and all convection is completely unresolved. 

Once the grid tendencies are computed from Eq. 2.4, the tendencies are multiplied 

by F to separate out the unresolved component. In other words, if we decompose 

the grid tendency due to convection into contributions from resolved and unresolved 

convection 

(ax) (ax) (ax) 
at cu = at reaolved + at unreaolved ' 

(2.30) 
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then 

(ax) = :F(a2 ) (ax) 
at unre•olved Z1I at cu• 

(2.31) 

We now have the information we require to construct the equations for the subsidence 

term, adjustment terms and advection term which comprise Eq. 2.4. 

2.4.1 Subsidence Term 

AS74 presented a well recognized theory on how cumulus interact with the large-

scale environment. However, unlike AS74 we are not interested in deriving an ex-

pression for the the time rate of change of the combined environment and cloudy 

air-a derivation which requires the "small sigma" approximation. We are interested 

only in the change of the environment. Therefore, we may use their equation for the 

change in the environment property without approximation. For dry static energy 

and total water the tendency of the environment due to convection is 

(2.32) 

and 

(2.33) 

The summations are over all sub-ensembles which detrain at the level z, and q, q1 

and qi refer to mixing ratios of vapor, liquid and ice. The environment values are 

obtained by inverting Eq. 2.3 given the model grid value and the cloud properties 

obtained from the cumulus model. Note that the tendency to the environment is 

independent of the grid spacing. 

ff we were to vertically-integrate Eqs. 2.32 and 2.33 from cloud base to cloud top, 

and include convective precipitation, we would find the value is zero. This is necessary 

since the mass flux goes to zero below and above the cloud. The contribution of the 

environment tendency to the grid average is obtained by multiplying by (1 - O'c) as 

in Eq. 2.4. 
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2.4.2 Adjustment Term 

The closure of the adjustment terms require the time rate of change of sub-

ensemble grid fractional area and the cloud and environment properties. The envir-

onment property is obtained by the same method as was used for the subsidence term. 

Since the grid fractional area is computed each time the parameterization is called, 

we could directly compute the time rate of change. However, this is numerically 

expensive since we must store in memory the fractional area of each sub-ensemble 

at every level over the entire domain. Consequently, we obtain the tendency of the 

fractional area indirectly by taking the time derivative of Eq. 2.24, and assuming a 

steady state updraft. Then 

au(z) r,(z) 8MB 
at= p(z)w(z) at 

{2.34) 

This method does not require any additional memory over the amount already used 

to retain the cloud-base mass flux for use in the prognostic CKE closure. Given the 

tendency of the cloud fractional area and the environment and cloud property, the 

adjustment term is closed. 

2.4.3 Advection Term 

ff we vertically-integrate the tendencies obtained from the subsidence and ad-

vection terms after being run through the filter function, the result will generally 

be non-zero. This means there is net column heating, moistening, etc. in the grid 

column. ff mass and energy are conserved then the integration of the filtered advec-

tion term must provide the necessary balance. The problem is that the integration 

boundary is unknown. 

As a first guess, we assumed that the horizontal limits of integration were the 

local grid column walls and that the surface and top of the PBL were the vertical 

limits. In other words, if there was net column moistening over the cloud depth, the 

PBL below the cloud and in the column provided that moisture. This assumption 
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worked well at very large grid spacings. However, by the time we reached a 20km grid 

spacing we found that requiring the PBL to dry an amount necessary to provide mass 

balance resulted in an almost immediate loss of convective instability. Apparently, the 

moisture should not be coming exclusively from the local PBL, but from other grid 

columns as well. In retrospect this makes sense. We know from everyday experience 

that a typical cumulonimbus can feed upon air which is located many kilometers 

away. Larger storms may draw upon air 100 km away, or more. 

It seems that to properly close the advection term, the parameterization must 

become horizontally non-local, and we must also somehow decide from what columns 

to take mass and energy and in what amounts. This is not an easy problem! We 

gave this problem extensive thought and did not come up with any workable solution. 

Fortunately, we can circumvent the whole issue. 

We were curious how much of a problem the mass and energy imbalance was, 

so we ran the parameterization and completely neglected any contribution from the 

advection term. Each time the parameterization provided tendencies, we computed 

a domain integration of sensible and latent energy, and total water to test just how 

"leaky" the scheme was. To our surprise, it was hardly noticeable. The error or 

residual was on the order of 10-4 % of the total domain value. So, running the 

parameterization for 10 hours only results in an error on the order of 1.0%. This is 

nice, but why is this? 

The answer appears to be quite simple. First of all we note that most of the 

error comes from the adjustment term; it will usually only moisten or dry, or heat or 

cool the entire column. The subsidence term is nearly conservative causing heating 

and drying through the depth of the cloud and moistening and cooling at detrain-

ment level. At large grid spacings, the adjustment term does not do much since 

the clouds typically occupy only a small fraction of the grid. We are then left with 

the rather small error introduced by the subsidence term. Using only the local PBL 

to account for this difference does not do much since the amount is small. Also, 
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the large grid spacing means it is unlikely that the clouds are drawing upon other 

columns for source air. This explanation also holds for smaller grid spacings near 

initialization time (when the clouds start of with zero area) or anytime clouds are 

nearly steady-state with respect to cloud area (the adjustment term is zero). When 

the grid spacing decreases, the adjustment term starts to dominate since there is less 

and less environment in the grid column. Imagine in a given grid column that there 

exists a growing cloud and consider the following chain of events: 

• The growing cloud will cause heating and induce a positive vertical velocity 

perturbation on the resolved grid. 

• The upward motion on the resolved grid will in turn cause resolved subsidence 

(primarily .in the form of gravity waves) which affect other columns. 

• The subsidence will result in a decrease in the cloud work function in those 

columns leading to a weakening of parameterized convection. 

• The weakening of the convection is realized as a decrease in the mass flux and 

a negative tendency of the cloud fractional area. 

• The negative cloud fractional area tendency results in drying and cooling in 

that column. 

Therefore, when one cloud grows and causes an imbalance, other clouds feel the effect 

and respond in an opposite sense to offset that imbalance. This is great! It appears 

that we can let the resolved physics deal with the adjustment term. The gravity 

waves propagating away from the growing cloud will determine which columns and 

clouds within those columns will feel the convective influence. The effect can be seen 

in the parameterized heating and moistening rates, and we will illustrate this when 

we discuss the parameterization performance. 



32 

Based on the above discussion, our approach to the closure of the advection term 

is to simply ignore it. We keep track of domain integrated values to insure that we 

do not develop any significant imbalances in mass or energy. As of yet, we have not 

seen any which warrant concern. 

2.5 Parameterization Summary 

For clarity, we will now summarize the parameterization and present an over-

view of its implementation. The description applies to a single model column, and 

computations are carried out once for each grid column in the model domain. 

The steps listed below are carried out every CONFRQ seconds where CONFRQ 

is the host model convective update cycle. Typically in mesoscale modes this is on 

the order of 450 seconds. The user may call this part of the parameterization as 

frequently as desired for presumably better results. However, due to the numerical 

complexity, model efficiency will be sacrificed. 

1. Run the cumulus updraft model N times, where N is the number of desired 

possible clouds (Eq. 2.6 - Eq. 2.8). 

(a) Cloud type i will have the entrainment rate of iAmo.zN-1 where Amo.z is the 

maximum allowable entrainment rate and i is an integer from O to N - l. 

(b) Clouds originate at approximately 1 km AGL and are a mass weighted 

mixture of the properties below. 

2. Calculate the cloud top of each potential cloud by finding the equilibrium buoy-

ancy level including virtual and precipitation loading effects. 

3. Compute the cloud work function (Eq. 2.11). 

4. Disregard any non-physical clouds. Must have: 

(a) Cloud work function greater than zero. 
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(b) Condensate and saturation at cloud top. 

(c) Cloud top at least three model levels deep. 

5. Compute the updraft vertical velocity profiles for all viable clouds. 

(a) Adjust the profiles so that w > {l.Oms-1 + TKE) at all levels. 

6. Using the (large-scale) cloud-base mass flux from the previous model time, 

construct the {large-scale) cloud fractional area for each cloud at each level. 

The method of obtaining the cloud-base mass flux is discussed further below. 

7. Construct the downdraft profile corresponding to each updraft profile 

Eq. 2.13- Eq. 2.16. 

8. Compute the convective fluxes and tendencies. 

(a) The first component of the subsidence term is given by Eq. 2.32 and Eq. 

2.33. 

i. The environment value (tilde) is obtained by inverting Eq. 2.3. 

ii. The value <1 c is the total normalized cloud fractional area given by 

Eq. 2.23. 

(b) The result obtained from above is multiplied by (1 - <1c) as in Eq. 2.4 to 

obtain the complete subsidence term. 

{ c) Using the current and previous value of the cloud-base mass flux, the rate 

of change of cloud fractional area is obtained from Eq. 2.34. Note this is 

the normalized cloud fractional area and cloud-base mass flux. 

( d) The above result is multiplied by the difference between the in-cloud prop-

erties and the environment as in Eq. 2.4. The adjustment term is now 

completely computed. 

( e) The advection term is neglected. 
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( f) Run the sum of the adjustment and subsidence tendency through the filter 

function to obtain the total unresolved cumulus tendency. 

9. Update the host model tendencies. 

The time integration of the cloud-base mass flux (Eq. 2.21) is carried out every 

host model time step using the value of the cloudwork function obtained from the 

last call to the cumulus parameterization. Let t be the current time, t + 1 be the time 

in one host model timestep and A be the value of the cloudwork function obtained 

from the last call to the parameterization. The value of the cloud-base mass flux at 

time t + 1 is computed from a discretized forward time difference equation: 

M;/+l - M;/ A Ms t+l 
At = 2a - 2Tv (2.35) 

The mass flux tendency equation could be solved explicitly, but the solution involves 

an exponential function which is numer:cally expensive. Consequently, we use the 

discretized rather than the analytical form. 

After the local time change is computed, advection by the mean wind over the 

depth of the cloud is computed. We have adapted the RAMS fourth order scalar 

advection routine to suit our needs. This routine is used as a black box. The reader 

should refer to RAMS documentation for a detailed explanation of the numerics of 

the advection operator. 

The mass flux tendency equation uses a very small value (10-7 kg-m2 s-1 ) as an 

initial condition for each cloud type. If MB falls below this value during integration 

or advection, it is reset to the small value. 
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PARAMETERIZATION PERFORMANCE 

The use of a numerical data set to examine and develop parameterizations for at-

mospheric processes is a widely accepted tool in boundary layer meteorology. Large 

eddy simulations (LES) explicitly resolve the boundary layer eddies which are re-

sponsible for mixing and transport. Statistics from an ensemble of eddies, or exam-

ination of individual eddies provide guidance for parameterization closures and also 

as a data set by which parameterizations can be evaluated. Observational data with 

the temporal and spatial coverage of an LES do not exist, so the LES is an essential 

tool. ff the validity of the LES is accepted, then it is easy to extend the concept to 

cloud-resolving models (CRMs). In these cases, most of the mixing and transport 

is associated with moist convection, and with sufficiently small grid spacing, the in-

dividual convective elements are resolved. Once again, the CRM provides data at 

spatial and temporal coverage which is simply not possible with observational data 

sets. In most cases the LES or CRM results are compared to observation as much 

as possible in order to substantiate their use as credible data sets. 

The performance of the convective parameterization is evaluated by running a 

variety of simulations at various grid spacings in two and three dimensions, and com-

paring the results to a simulation in which convection is explicitly resolved. Our 

cloud-resolving simulations are idealized and we can not directly make comparisons 

with observations, but we will show that the data from the cloud-resolving simulations 

are consistent with numerous observational and numerical studies of similar convect-

ive situations. The configuration of the two-dimensional simulations is an idealized 
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sea-breeze scenario consisting of a 200 km wide piece of land surrounded by 200 km 

of water on either side. This configuration crudely·represents the Florida Peninsula. 

The two-dimensional simulations are primarily used for sensitivity studies; they run 

fast, take up little disk space and are much more straight forward to evaluate. The 

three-dimensional simulations are more realistic, but take longer to run, take up sig-

nificant amounts of disk space, and the analysis becomes much more complicated 

because of the additional degree of freedom. The 3-D simulations are all configured 

with a 120 km wide strip of land with water on either side. The length of the strip 

and amount of adjacent water was constrained by the 128 megabytes of computer 

memory. The exact configurations will be discussed in detail when the individual 

simulations are investigated. 

All the simulations are initialized with the sounding shown in Fig. 3.1. The 

sounding is similar to that used by Weissbluth (1991) and Nicholls et al. (1991), 

and characteristic of the Type I sounding described by Blanchard and Lopez (1984). 

Comparisons of the parameterized simulations will be made with data from cloud 

resolving simulations which have been averaged to the resolution of the parameterized 

simulations. Consequently, we take a moment to discuss the technique by which we 

average the explicit simulation. 

3.1 Averaging Techniques 

We state from the very beginning that averaging a high resolution simulation 

to a different, coarser resolution is somewhat arbitrary. For example, if we want to 

know how convection would appear on a twenty kilometer A::: model grid, should 

we average the convection to A:::? Or, is 2A::: more appropriate? Some would argue 

that the· minimum resolvable model feature is 4A:z:, Also, how should we average 

the data? One possibility is to sample the high resolution data set at the desired 

frequency. This method produces different answers depending on where we start the 

sampling, and also potentially aliases the location and magnitude of maxima and 
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Figure 3.1: All the sea-breeze simulations were initialized with the above sounding. 
It is representative of the Type I sounding described by Blanchard and Lopez (1984) 
and similar to the one used by Nicholls et al. (1991) and Weissbluth (1991). 
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minima in the data. Another possibility, and the one we choose to use, is to take a 

running average, also known as windowing the data. 

The choice of a windowing function is almost as arbitrary as the choice of aver-

aging technique. Because of its simplicity, our first choice of a windowing function 

was the sercalled "top hat". This function is unity in the desired averaging interval 

and zero elsewhere. We soon discovered this function generates severe noise when the 

high resolution data has a. small spatial wavelength. As a simple exercise, the reader 

might try to construct a drawing of a twerdimensional narrow updraft with narrow 

downdrafts on both sides. Now imagine what the top-hat average of the drawing looks 

like. You should have come up with a. broad updraft with a. double maximum and 

small downdrafts on both sides. We want the parameterized simulation to represent 

a blurred picture of the explicit simulation, but a windowing function which creates 

two updrafts from one is not the kind of blurry picture we a.re after. 

The noise we encounter from the top hat windowing function can be reduced by 

introducing a windowing function which rolls off as we move away from the center 

of the average {Press et al. 1995). Many complex windowing functions which do 

this have been described, but we a.re interested in something simple. Therefore, our 

next attempt at a windowing function was a triangle-like function. This function 

had a maximum at the center of the average and decreased linearly to zero at some 

desired distance away from center. Of course, we normalized the function. This 

simple function seemed to do the trick. When we averaged the updraft-downdraft 

scenario described a.hove, we ended up with a broad updraft surrounded by broad 

downdrafts, all of which were reduced in magnitude. This is the blurry picture of the 

explicitly simulated convection we expect! 

The last thing we need to do is determine how broad the triangle window function 

should be. Once again, this is somewhat arbitrary. We found that a triangle which 

was a.bout 70% broader than the scale to which we wanted to average seemed to 

produce results which were objectively consistent with what we expected. In other 
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words, if we wanted to average the explicit simulation to 20 km, we would use a 

triangle which was 34 km wide at the base. The only reason for this choice was that the 

explicit convection averaged this way seemed to look like what we might expect at 20 

km. We cannot emphasize strongly enough that the choice of the windowing function 

is somewhat arbitrary. Nevertheless, we do expect the parameterized simulations to 

compare to some reasonable degree in magnitude and spatial scale to the averaged 

explicit simulation. 

3.2 Convective Heating and Moistening: Q1 and Q2 

Virtually every convective parameterization described in the literature uses con-

vective heating and moistening (Yanai et al. 1973 ) as part of the evaluation. This 

is a reasonable and well accepted procedure, but it is only truly applicable when 

there is a scale separation between the resolved and convective energy. In fact, the 

scale separation assumption goes into the derivation of Ql and Q2. Even though this 

parameterization provides heat and moisture tendencies they should not be regarded 

as begin equivalent in any way, shape or form to the total convective tendencies if 

convection is being partially resolved. In other words, the host model (RAMS) will, 

in addition to the parameterized tendencies, produce heating and moistening tend-

encies which are associated with the resolved adiabatic heating and cooling as well 

as resolved condensation. For example, the parameterization may cause heating in 

a grid column which will in turn cause resolved vertical motion (partially resolved 

convection) which will offset some of that heating through adiabatic expansion, and 

possibly increase the heating through resolved latent heating. In short, Ql and Q2 are 

not derivable properties in parameterizations which operate at grid spacings where 

convection is partially resolved. 

The major problem with the loss of Ql and Q2 as viable evaluation tools, is 

that it is quite difficult to find acceptable, alternative quantitative measures. One 

simple measure is surface precipitation, but this alone does not constitute a means 
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for accepting or rejecting a parameterization. The best method for evaluation seems 

to be to directly compare total water, vertical velocity, condensate fields, etc. with 

either observations or a CRM data set instead of trying to indirectly infer convective 

effects via Ql and Q2. After all, Ql and Q2 are simply residual terms obtained from 

budget equations. Why not examine the convection directly? This evaluation clearly 

becomes more objective and qualitative. However, it is quite easy to see when the 

parameterization is performing acceptably and when it is not, even if it is hard to 

quantify. 

A discussion of standard techniques by which to validate convective paramet-

erizations at the mesoscale would be a welcome sight in the literature. As of yet 

there is none. Consequently, we will do the best we can, primarily through direct 

comparisons with CRM data and precipitation records. 

3.3 Overview of the 2-D Cloud Resolving Simulation 

Since we are going to use the data from the cloud resolving simulation (here-

after referred to as Experiment E2DA) to evaluate the parameterization, it seems 

reasonable to briefly discuss the character and nature of the explicitly resolved con-

vection. As in the explicit simulation c&,-ied out by Weissbluth {1991), two distinct 

modes of convection were exhibited. The first was a transient mode where short-

lived, towering cumuli and cumulonimbi were triggered along and between the inland 

propagating sea-breezes. The second mode developed when the sea-breezes collided. 

It consisted of a multi-cellular storm with a lifetime two to three times longer than 

the convection in the transient mode. Strong convection dissipated several hours 

after the sea-breezes collided. 

The simulation was started at 1200 UTC. Deep convection first appeared around 

1730 UTC along the east coast sea-breeze. Small storms then proceeded to break out 

in a westward moving fashion, perhaps excited by gravity waves produced from the 

original east coast storm, until reaching the west coast where a large cell developed 
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around 1930 UTC. A convectively quiescent period, characterized by towering cumuli 

over the land dominated the period from about 2045 UTC through 2145 UTC. The 

sea-breezes collided during this time and produced a multi-cellular storm around 

2200 UTC which had a lifetime of about one and one-half hours. We have refrained 

from displaying figures from the simulation since they will be shown later when 

comparisons with the parameterization are made. 

Because of the ambient easterly wind, the east coast sea-breeze propagated inland 

at a much faster rate than the west coast sea-breeze. Consequently, the sea-breeze 

collision occurred west of the center of the land mass. We also note that dry ( no 

condensation) sensitivity runs at various grid resolutions produced sea-breezes which 

propagated at different speeds. In general, the larger the horizontal grid spacing 

the slower the sea-breezes propagated, and the more diffuse the sea-breeze fronts 

appeared. The slowed propagation may be related in some sense to the diffuse sea-

breeze front. H we regard the sea-breeze as a density current, the contrast in the 

air masses determines the speed of propagation. The sharper the gradient, the faster 

the boundary moves. Geisler and Bretherton (1969) and Pielke (1974) found the sea-

breeze may be more closely related to an undular bore. In either case, the propagation 

of the sea-breezes has important implications for the convective parameterization 

since it ultimately must respond to the model resolved fields. We can not expect 

the parameterization operating at 20 km grid spacing to trigger the long-lived, multi-

cellular convection at the same time as in the explicit simulation if the sea-breezes 

have not yet collided. 

The evolution of the sea-breezes and associated convection is consistent with the 

observational studies of Pielke (1973), Burpee (1979), Blanchard and Lopez (1984), 

the preliminary observations from the Convective and Precipitation Experiment (Wil-

liams et al. 1992), and numerous numerical modelling studies (Pielke 1974; Pielke 

and Mahrer 1978; Gannon 1978; McCumber 1980; Burpee and Lahiff 1983; Dalu and 
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Pielke 1989; Nicholls et al. 1991). Blanchard and Lopez (1984) examined data col-

lected during the Florida Area Cumulus Experiment (FACE) and noted that "Type I 

convection is characterized by early development of convection within the east coast 

sea-breeze convergence zone, followed some time later by convection within the west 

coast sea-breeze convergence zone. Both sea-breezes advance inland; however, the 

east coast sea-breeze moves faster than the west coast sea-breeze. Merger of these 

two sea-breezes usually takes place inland in the center or to the west of the center 

of the peninsula. The strongest convection, in the interior of the peninsula, finally 

begins to diminish during the early evening." These observations are consistent with 

the evolution of the sea-breezes and convection in the cloud-resolving simulation and 

provide confidence in using the numerical data as a synthetic or surrogate to an 

observational data set. 

Until recently, the microphysical structure of Florida sea-breeze convection has 

primarily been obtained from instrumented aircraft penetrations through the tops 

of growing towering cumuli at temperatures warmer than -15°C (Sax and Keller 

1980; Keller and Sax 1980; Hallet et al. 1978). The rise of multi-parameter radars 

over the last decade has provided a means for indirectly inferring the microphysical 

structure within mature thunderstorms which are generally not penetrated by aircraft. 

Caylor et al. (1993), Bringi et al. (1993a,b;1995) and Liu et al. (1993) have examined 

several case studies from the Convective and Precipitation Electrification Experiment 

( CAPE) which took place in the vicinity of the Kennedy Space Center in Florida. 

Individual convective cells embedded in nearly identical environments were found to 

have widely varying mass and concentrations of hydrometeors. However, the basic 

structure and evolution of the cells inf erred from radar were similar, and also agreed 

well with the earlier aircraft observation studies. During the growing stages of the 

towering cumuli and cumulonimbi, warm rain processes dominate the precipitation 

production. Once the cloud tops penetrate approximately the -10°C level, some of 

the rain drops freeze and mixed phase precipitation production becomes important. 
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The main focus of this dissertation is not cloud resolving simulations. Con-

sequently, we will not go into any more detail describing and verifying the CRMs 

against what are still sparse observational data sets. We assert that the data from 

the CRMs (2-D an~ 3-D) are in excellent agreement with the body of observational 

data which is available in the literature. More importantly, we claim that CRMs we 

have conducted are a valid data set for the purposes of evaluating convective para-

meterizations, particularly at mesoscale grid spacings. As a final argument for the 

credibility of the CRMs, we note that RAMS has been successfully used to explicitly 

supercell thunderstorms and their associated tornadoes (Grasso 1995), precipitating 

and non-precipitating stratocumulus topped boundary layers (Stevens et al. 1996), 

Eastern Pacific (Alexander 1995; Alexander and Cotton 1996a,b) and middle latit-

ude (Olsson and Cotton 1996) mesoscale convective complexes. To some degree, this 

constitutes proof by induction. 

Since we only carried out a single, explicit, two-dimensional, cloud-resolving 

simulation, we should regard the output as only a single realization. Small changes 

in initial conditions may have produced convection which triggered at different times 

and at different locations. The basic structure and characteristic of the storms should, 

however, be similar .in any simulation we undertake. We should, for example, see the 

two modes of convection. We should also expect vertical velocity within the clouds, 

and the· scalar transport done by the clouds to be similar. Also, we expect the 

microphysical and dynamical structure to be consistent with in situ and remotely 

sensed observations. In short, we do not expect the parameterization to exactly 

reproduce clouds or cloud effects whenever and wherever they were found in the 

CRM, but we do expect similar end results. It is in this spirit that we analyze and 

evaluate the parameterization. 
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3.4 Parameterization at Twenty, Twelve and Six Kilometers in Two Di-
mensions 

Because of the transient nature of the simulated convection in both the CRM and 

the parameterized experiments prior to the collision of the sea-breezes, it is inherently 

difficult to capture the evolution of the convection without showing an enormous 

amount of figures. An animated sequence of the simulations would be useful, and 

this technique was employed during the defense of this research. However, animation 

is clearly not a viable alternative in a text . As a compromise, we will show a series 

of snapshots in time from the CRM and parameterized simulations which embodies 

the characteristics of the transient convection (typically a convective life-cycle), but 

which do not cover the entire time-span over which the transient convection was 

active. Because the appearance of individual, transient, convective cells, the CRM 

and parameterized simulations do not correspond exactly in time, and the sequence 

of snapshots in time from the CRM and parameterized experiments will typically be 

offset by an hour or more. The inability of the parameterized simulations to exactly 

reproduce convection at the same time and place as seen in the CRM should not be 

regarded as a failure of the parameterization. Instead, the CRM should be regarded 

as only one possible realization. What is important is that the parameterization 

produce transient convection when the CRM indicates this convective mode. Also, 

it is important that the strongest parameterized convection be collocated with the 

sea-breeze fronts , that weaker convection occur over land, between the sea-breezes, 

and that no convection is present over -.;he water; all of these characteristics were 

found in the CRM. Once the sea-breezes collide and the convection becomes more 

steady-state, the characteristics of the convection is well represented by a snapshot 

at a single time. Therefore comparison between the CRM and the parameterizations 

becomes straight forward . 

Snapshots of vertical velocity, total water and condensate from E2DA averaged 

to 20 km resolution are shown in Fig. 3.2a at fifteen minute intervals over a one 
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hour period from 1915-2000 UTC. The transient nature of the convective cell along 

the west coast sea-breeze is apparent. In Fig. 3.3a, a set of corresponding data are 

displayed from a 20 km parameterized simulation (hereafter Experiment P2DB) for 

a parameterized, transient convective cell also along the west coast over the period 

1930-2015 UTC. The parameterization configuration of Experiment P2DB, along 

with all the other forthcoming experiments is summarized in Table 3.1. We note 

that the parameterized convection decays by 2030 UTC (not shown), so it is indeed 

transient, although slightly longer lived than its CRM counterpart. Also apparent 

is the development of a transient cell along the east coast sea-breeze. The vertical 

velocity fields compare well with peak values in E2DA and P2DB of approximately 

2.0 ms-1. The total water fields compare reasonably well; the most obvious differ-

ence is the parameterized simulation is about 1.0 g kg- 1 too moist in the PBL over 

land. Also, it appears that the CRM convection transports more water to the upper 

troposphere. Examination of the condensate field shows that some of the excess PBL 

moisture should probably be transported aloft and converted to condensate in the 

process. This is based on the depth and magnitude of the condensate column of E2DA 

at 1945 and the lack of an equal column in P2DB. The peak values of condensate 

magnitudes of the condensate fields are comparable in P2DB and E2DA. 

What is not apparent from Fig. 3.3a is that convection triggers in P2DB nearly 

an hour and one-half after it is observed in E2DA. This may be related to the slow 

development and propagation of the sea-breeze at the 20 km grid spacing. We also 

note that both the east and west coast sea-breezes in P2DB are often active simul-

taneously; a feature not seen the in the explicit simulation. Some of the discrepancies 

are likely related to the choice of the windowing function and others, as we have pre-

viously stated, are probably a result of the poor resolution of the sea-breeze fronts. 

Even if this were not the case, we do not expect that the parameterization would 

have performed perfectly. 
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II Experiment I Type I ~:i:tt (km) I No. Pt.s. I a (kg m-4 ) I JA (km) I F II 
E2DA E 1.5 600 - - -
P2DA p 20 31 108 100 1.0 
P2D~ . p 20 31 1ois 120 1.0 
P2DC p 20 31 10is 160 1.0 
P2DD p 12 50 108 120 0.354 
P2DE p 12 50 1ois 160 0.354 
P2DF p 12 50 108 100 0.354 
P2DH p 6 100 10is 100 0.083 
P2DI p 6 100 1ois 120 0.083 
P2DJ p 6 100 108 160 0.083 
P2DK K 6 100 - - -
P2DL p 12 50 5 X 10is 120 0.354 
P2DM p 12 31 107 120 0.354 
P2DN K 6 100 - - -
P2DO K 12 50 - - -
P2DP K 20 31 - - -
P2DQ p 12 50 5 X 108 120 0.354 
P2DR p 12 50 5 X 107 120 0.354 
P2DS p 12 50 8.33 X 107 120 0.354 
P2DT p 12 50 1.25 X lOis 120 0.354 
P2DU p 6 100 8.33 X 107 120 0.083 
P2DV p 6 100 1.25 X 108 120 0.083 
P2DW p 20 31 8.33 X 101 120 1.0 
P2DX p 20 31 1.25 X 108 120 1.0 
P2DY p 20 31 108 120 0.80 
P2DZ p 6 100 1ois 120 0.066 

P2DAA p 6 100 108 120 0.099 
P2DAB p 12 50 108 120 0.283 
P2DAC p 12 50 108 120 0.426 

Table 3.1: A summary of the experiment nomenclature and values of disposable para-
meters in the two-dimensional simulations. Type E simulations are explicit (CRM); 
K are parameterized with the Kuo parameterization and P with the new parameter-
ization. 
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The timing of the convection does not concern us too greatly. We believe that the 

late appearance of the convection is more closely tied to the slow development of the 

sea-breeze forcing. We are also not too concerned with the simultaneous appearance 

of east and west coast convection. In the explicit simulation, the east and west 

convection were observed to be active within an hour or so of each other, and a 

different realization may have produced simultaneously occurring convection. 1 

Of greater concern is that too much water seems to remain aloft. This becomes 

particularly obvious at later times when well developed anvils are found in P2DB and 

not in E2DA. Possible causes of this are that the parameterization is a) not removing 

enough precipitation via convective precipitation; b) producing too much cloud water, 

instead of heavier rain and ice which sediment out; or c) simply be transporting too 

much water upward. The middle option (b) seems to be the culprit. We noted 

earlier that while the total water transport seemed reasonable, there was a deficiency 

of condensate at upper levels. Therefore, we can assume that the parameterization 

is leaving too much water in the form of vapor upon which RAMS converts to the 

lighter species of cloud water and pristince ice, neither of which have a fall velocity. 

As a consequence, extensive anvils develop. 

We next examine the quasi-steady-state mode of convection which occurs after 

the sea-breezes have collided. This convective mode is actually a multi-cellular storm 

with a lifetime of about two hours, and is composed of individual convective cells with 

much shorter lifetimes that rise in succession. Comparisons of vertical velocity, total 

water, and total condensate are shown in Fig. 3.4 for E2DA and P2DB at 2230 UTC. 

In P2DB we can see a cell ascending through the middle troposphere and another cell 

developing in its wake. The storm in E2DA only reveals a single cell at this time. The 

peak vertical velocities compare well, although the parameterized simulation appears 

1Simultaneous east and west coast sea-breeze convection was observed in the three-dimensional, 
cloud resolving simulation. 
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slightly too strong. Also clearly evident by this time, is the accumulated effect of 

too much water remaining aloft in the parameterized simulation. The total amount 

of water is too high, and the host model (RAMS) has caused what was once excess 

water vapor to condense and nucleate into cloud water and pristine ice. ff not for the 

extensive anvil in P2DB, the condensate fields would compare favorably. 

The total precipitation from E2DA (averaged appropriately) and P2DB are dis-

played in Fig. 3.5. First, note that the basic structure of the the plots are the same. 

In particular there is a bimodal type structure which appears at later times in both 

simulations near the center of the domain. Overall, the magnitudes appear reason-

able, but P2DB has somewhat lower values than expected (with the exception of 

the east coast spike). This is further evidence that a larger fraction of water should 

appear as large condensate which can fall instead of water vapor. 

Having dispensed with most of the items that went wrong, let us take a look at 

what went right with this simulation. First and foremost, we can conclude that the 

basic premise and theory behind the parameterization seems to produce reasonable, 

albeit not perfect results-at least at a 20 km grid spacing. The parameterization has 

produced transient convection along the sea-breeze fronts, and longer-lived, multi-

cellular convection at the boundary marking the sea-breeze collision. This was done 

without the use of a trigger function. We did not arbitrarily decide when to turn the 

parameterization on or off; if conditionally instability was present, the parameteriza-

tion was operational. If we examine the magnitude of vertical velocity in E2DA and 

P2DB we see that the values are within reason. Turning to the condensate fields we 

find that the multiple maxima which appear in E2DA are also reproduced in P2DB. 

Cloud tops and lifetimes also compare favorably. 

Fig. 3.6a and 3.7a are from E2DA averaged to a 12 km resolution (1915-2000 

UTC) and from a similar transient event (1800-1845) in the 12 km parameterized 

simulation (P2DD), respectively. The figures are analogous to the fields previously 

discussed for the twenty kilometer simulation. The lifetime of the convective cell 
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in both simulations is comparable as are the values of vertical velocity. The water 

transport also appears to be within reason and the excessively moist PBL seen in 

P2DB is not as obvious in P2DD. A major feature of P2DD which is not seen in E2DA 

is the strong subsident drying west of the west coast sea-breeze. This feature is not a 

direct result of the parameterization, but an indirect consequence. The host model is 

concentrating the resolved compensating subsidence from the west coast convection 

within a narrow region, thereby producing the excessively strong subsident drying. 

It is not clear why this is happening, but it may be due to the inability of the model 

to propagate the subsidence over a larger area via gravity-waves as effectively as it 

is done in the CRM. Similar to what was seen in P2DB there is evidence that not 

enough water is being partitioned into the heavier hydrometeors which can precipitate 

out. 

The precipitation record (Fig. 3.8) from P2DD is in excellent agreement with 

E2DA. The narrowness of the bimodal precipitation structure seen along the west 

coast in P2DD is due to the different propagation speeds of the sea-breeze fronts. 

Basically, the west coast sea-breeze penetrated farther inland in E2DA, and the pro-

ceeding collision produced a peak in precipitation farther east (grid point 178 in 

E2DA). 

The timing of the onset of convection in this simulation is much better than in 

P2DB. The east coast sea-breeze is the first to trigger around 1730 UTC followed im-

mediately by the west coast sea-breeze at 1745 UTC. Longer-lived convection triggers 

at the sea-breeze collision boundary around 2200 UTC, and exhibits a multicellular 

structure. The better timing of convection is likely related to the increased resolution 

and propagation speeds of the sea-breezes. Vertical velocity, total water and total 

condensate are shown in Fig. 3.9. The most obvious deficiency of the parameterization 

is, once again, the appearance of an excessively thick anvil. 

Overall however, the simulation does quite well. Convection coincides nicely in 

space and time with the what we would expect based on the explicit simulation. P2DD 
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suffers from convection which appears somewhat too strong, although the surface 

precipitation compares favorably. The condensate field also shows that the anvil 

clouds become too well developed just as they did in P2DB. Although not perfect, the 

results are encouraging since it seems that the parameterization is basically working 

at the mesoscale grid spacings for which it was intended. 

The last resolution at which we ran the parameterization was at six kilometers 

(Experiment P2DI). Just as we did for the 12 and 20 km simulations, we present 

snapshots in time of E2DA (1915-2000 UTC) averaged to six kilometers and P2DI 

(1800-1845 UTC) in Fig. 3.10a and 3.lla. In most respects the parameterization 

performs adequately, but suffers from many of the problems previously outlined at 

the larger grid spacing. In particular, too much vapor and small condensate ( cloud 

water and pristine ice) remains aloft and creates too thick of an anvil and stratiform 

cloud layer. Also, unlike P2DB and P2DD, the sea-breeze collision and associated 

steady state convection occur farther west than found in E2DA. The precipitation 

record (Fig. 3.12) shows the basic structure seen in all the simulations. There is a 

bimodal peak on the west side of the land mass and a small hump indicating the east 

coast convection. Examination of P2DI during the steady-state mode basically shows 

the same strengths and weaknesses seen at the other grid spacings. Consequently, we 

omit these figures. 

To summarize this simulation, the ea.st coast sea-breeze develops before convec-

tion on the west coast, and initiates approximately one-half hour later than in E2DA. 

There is good agreement between the peak values of condensate and vertical velocity 

in E2DA and P2DI, and the life cycle of the transient cells is captured. The steady-

state convective mode appears somewhat too weak in the parameterized simulation, 

although it is long-lived. The precipitation record also compares favorably with the 

cloud resolving simulation. As in the previous cases, the parameterization correctly 

placed and developed convection in a manner consistent with expectations, and did 

so without the use of a trigger function. 
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3.4.1 Mass and Energy Conservation 

We will now revisit the issue of the non-conservative or "leaky" parameterization. 

We claimed that there should not be local column mass and energy balance since 

unresolved transport from other columns is possible, and in fact necessary to sustain 

convection. We also stated that over the model domain as a whole, mass and energy 

were nearly conserved. To illustrate this, we show the total water and ice-liquid 

potential temperature tendency at 1930 UTC from experiments P2DB, P2DD and 

P2DI (Fig. 3.13). In each case, we have convection which is growing in area and 

creating regions of positive total water and heating anomalies. There are also regions 

where convection is dissipating or decreasing in intensity resulting in drying and 

cooling. In all cases, it appears that the effects nearly offset each other. A domain 

wide budget of mass and energy confirm this. 

3.4.2 Comparison with Kuo Parameterization 

Before moving on to sensitivity studies, it is appropriate to compare the new 

parameterization with the Kuo parameterization. The Kuo scheme is the only con-

vective parameterization currently implemented in RAMS. It is designed primarily 

for large-scale simulations, but is currently used at scales as small as 16 km in the 

case of the real-time forecasting model (Gaudet 1996). Gaudet found that the Kuo 

scheme was responsible in large part for many of the busted forecasts during the 

convective season over the Colorado Front Range foothills and plains. 

We ran the Kuo scheme at twenty, twelve and six kilometers, and we set the 

vertical velocity cloud-base trigger to 0.02 ms-1, 0.09 ms-1 and 0.25 ms-1 respect-

ively. The values were chosen based on the cloud resolving simulation E2DA. In 

every simulation, the Kuo scheme failed miserably. Convection initially triggered in 

the right places at approximately the right time, but everything went downhill from 

there. As a quick, overall summary of the Kuo simulations we show vertical velocity, 

total water and condensate fields at 2000 UTC and 2300 UTC in Fig. 3.14 and 3.15 
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from experiment P2DO (Kuo at 12 km grid spacing). These should be compared 

to the corresponding fields in E2DA and P2DI. Simulations with the Kuo paramet-

erization at six and twenty kilometers are similar to P2DO and the corresponding 

figures are not shown. The precipitation record is also shown in Fig. 3.16 for the Kuo 

parameterization simulations at three different grid spacings. 

Major deficiencies of the Kuo scheme appear to be grossly underestimated pre-

cipitation, vertical velocity and total condensate. Even at six kilometers, where con-

vection should be nearly resolved, the Kuo scheme rarely produces vertical velocity in 

excess of 75 cm s-1 • The condensate field does not give any indication of convection 

and total water transport is clearly underestimated. 

In an effort to try and improve the simulations using Kuo, we lowered the 

threshold of vertical velocity required to trigger the parameterization. The reasoning 

was that this should cause the parameterized convection to become more active, pro-

duce more precipitation, transport more water and perhaps generate some semblance 

of resolved convection. Actually, we found that the simulation was worse. It ap-

pears that the decreasing trigger threshold approaches the magnitude of the velocity 

perturbations associated with the convectively-generated gravity waves. The result 

is a wave-CISK-like (Raymond 1975) simulation with convection firing at one point 

and spreading at gravity wave speed throughout the domain. After a while, convec-

tion appears almost random, firing over land and water with no regard to what the 

ambient sea-breeze circulation is doing. 

Despite some of the inadequacies of our parameterization, it is clearly superior to 

the Kuo scheme under the conditions of these idealized, two-dimensional sea-breeze 

simulations. The added expense in running the new scheme appears worthwhile, 

especially after carrying out the head-to-head competition. 
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3.5 Sensitivity Experiments in Two-Dimensions 

There are only a few parameters which we intend to be adjustable or variable 

within the parameterization, and we will focus on these when designing the sensitivity 

experiments. The first parameter we will examine is a which relates the cloud-base 

mass :flux to CKE. Second, we will examine the sensitivity of the parameterization 

to the cloud influence area A. Finally the filter function .r(~!,) will be investigated. 

The reader is directed once again to Table 3.1 for a summary of the simulations. 

3.5.1 Sensitivity to a 

We can perhaps anticipate how changes in a will affect the parameterization 

before conducting any sensitivity studies. For simplicity, if we neglect the dissipation 

term in Eq. 2.21 we see that the cloud base mass :flux will grow exponentially on 

the time scale of (2a)-1 • It is now clear why the range of a between 107 and 109 

suggested by PR93 is much too broad. The lower value causes the cloud base mass 

:flux to explode at rates which are physically unrealistic and the higher value barely 

allows the convection to respond to the cloud work function. We feel it is more 

appropriate to test the sensitivity of the parameterization to a using values that 

augment the growth rate by ±20%. 

Small values of a should cause the cloud-base mass :flux to grow fast . Therefore, 

for a given cloud work function, the cloud fractional area will be large, and the growth 

rate of the cloud fractional area will be large. This in turn means that the ratio of 

the adjustment tendency term to the subsidence tendency term will be larger than 

usual. Consequently, for a growing cloud we should see less subsidence drying and 

warming, and more adjustment moistening and warming. The opposite should occur 

when a is increased. The simulations bare this out. 

Rather than presenting an enormous amount of figures from the a sensitivity 

studies, we will show the only the surface precipitation record The precipitation 
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record can be used to get an idea of convective intensity and location. The basic 

evolution of the convection is all very similar to the control runs P2DB, P2DD and 

P2DI. We conducted two simulations each at horizontal grid spacings of 6 km, 12 km 

and 20 km. The first set used a = 1.25 x 108 , and a = 8.33 x 101 in the second. 

These values give growth rates which are within ±20% of the growth rate given by 

the control value of 108• 

As expected we see that the parameterization produces more vigorous convection 

with a small value of a and more subdued convection with the larger value. The 12 

km simulations (PT2DS and PT2DT) were least affected by the variation of a; total 

precipitation varied by approximately 15%. The 6 km and 20 km simulations did 

show reasonably strong sensitivity to a. In the case of the P2DW, total precipitation 

nearly doubled over the west-coast region. 

Another interesting aspect which we did not anticipate is the weakening, and 

in some cases near disappearance of the steady-state convective mode when a was 

decreased. We are not sure of the precise cause, but it appears to be similar to the ef-

fect seen in Weissbluth (1991). Apparently, the transient convection is parameterized 

too strongly and this results in excessive stabilization of the atmosphere. When the 

sea-breezes finally collide, the convection is unable to sustain itself. Associated with 

the weakening of the steady-state mode was the weakening of the bimodal precipita-

tion structure on the western half of the peninsula. The western most precipitation 

peak was caused by the initial convection along the sea-breeze while the peak further 

inland was due to the convection initiated along the convergence boundary of the 

sea-breeze collision. The loss of the bimodal peak seems to be due to an increase 

in the strength of the west coast sea-breeze and a decrease of the steady-state mode 

along the collision boundary. 

Overall, increasing a had less of an impact than decreasing it. We are not sure 

why. Unfortunately, the parameterization seems fairly sensitive to this parameter. 
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This is perhaps not surprising since it appears as an exponent in the analytical solu-

tion to the prognostic CKE equation. Ideally, we would like to develop a diagnostic 

or prognostic equation for a which will free the user from having to prescribe a value. 

This will be relegated to future research, but will be among the top priorities. 

3.5.2 Sensitivity to A 

As in ·the case of a sensitivity, it is possible to anticipate how the parameteriz-

ation will respond to changes in A. Given a fixed, large-scale cloud-base mass flux, 

the grid cloud-base mass flux will increase as A increases. The total cloud fractional 

area will also increase. The increasing fractional area should cause the contribution 

from the subsidence term to become weaker. At the same time, the contribution from 

the adjustment should increase. Unlike a, A does not affect the growth rate of the 

CKE. Also, it is a linear factor rather than exponential. 

Simulations with 100, 120 and 160 km were conducted holding all other 

parameters fixed. This gives a total of nine simulations at grid spacings of six, twelve 

and twenty kilometers. As we expected, the simulations with higher values tended 

to produce stronger convection. The effect was more noticeable as the grid spacing 

decreased. Once again we show only the precipitation history from the simulations 

in Fig. 3.18. 

Variations of A have much less impact than a variations. In the case of P2DA and 

P2DC, the bimodal precipitation feature along the west coast seems to be lost. The 

east coast maximum is also lost in P2DA, but over-exaggerated in P2DC. Because 

we have only shown a single time from each of the simulations, it may appear in some 

cases that the vertical velocity fields do not agree well (P2DC for example). This 

is not a real deficiency; it is due only to the single sampling time and the transient 

nature of the convection. The basic results are all very similar. 

At some point in the near future, we will begin diagnosing A from the Richardson 

Number. Since this will only be a crude parameterization at best, we felt we were 



56 

justified to see how sensitive the parameterization was to this parameter. It seems 

that as long as we can get .A within ±40%, we -should be able to get reasonable 

results. 

3.5.3 Sensitivity to the Filter Function 

The final set of sensitivity tests we conducted were on the filter function. A 

total of eight simulations were conducted-three each at 6 km and 12 km and two 

at 20 km. We did not run the 20 km simulation with an increased value of :F since 

it is already unity at that grid spacing. :F was allowed to vary at ±33% of the 

original value as given by Eq. 2.29. :Fis a linear factor like .A so we expected similar 

behavior. The difference between the two is that the filter function is applied after 

the adjustment and subsident tendencies are calculated. 

The surface precipitation record is shown in Fig. 3.19. The overall solutions are 

basically the same, and show many of the same sensitivities as seen with .A. All 

of the simulations looked reasonable and seemed to capture the convective features 

exhibited in the explicit simulation. 

3.5.4 Summary of Sensitivity Experiments 

The overall results from the sensitivity experiments indicate that the parameter-

ization is most sensitive to a and less semitive to .A and :F. We more or less expected 

this since a appears as an exponential growth rate while the other parameters only 

have a linear effect. In almost all cases, the sensitivity studies gave reasonable results. 

In all cases, the solution was significantly better than those given by Kuo. More than 

anything, the sensitivity studies show that the parameterization is robust. As long 

as parameters are specified within reasonable values, we get reasonable results with 

the simulations generally being more similar than dissimilar. This is an encouraging 

finding. 

Since we can anticipate the effect of each of the parameters, we should consider 

the parameters as tunable. This may be considered good or bad depending on the 
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situation. Ideally, a parameterization should not have any tunable coefficients; all 

values should be globally valid. In reality, this is almost never the case. We have no 

doubts that in some cases the parameterization will produce convection which is too 

strong or too weak. Then, the tunable parameters are welcomed. 

For now, we recommend users use a value of a close to 108 • As we test the 

parameterization over a wider variety of cases and become more familiar with its 

behavior, we may find more specific or appropriate values. Specifying the value of A 

will not be necessary in the operational version. Instead, it will be diagnosed from 

the bulk Richardson Number as previously discussed. We do not really intend for 

the user to alter the filter function. However, since it is basically an unknown which 

we have used intuition to specify, we thought it would be worthwhile to investigate 

its influence. 

3.6 Cloud Resolving Simulation in Three Dimensions 

The three-dimensional, cloud resolving simulation (E3DA) is similar in many 

ways to its two-dimensional counterpart (E2DA), but there are some significant dif-

ferences. Many of the differences may be attributable to the slightly different con-

figurations. The 3-D simulation has a narrower strip of land (120 km compared to 

200 km in 2-D). Also, there is less water on either side of the land (only 30 km). 

The strip of land is 90 km long and cyclic boundary conditions at the North-South 

boundaries make the land semi-infinite. The smaller domain was necessary to allow 

the simulation to fit on the 128 megabyte workstation. 

The most fundamental difference in the results of E3DA and E2DA is that 

the steady-state mode of convection seen in 2-D was not present in the the three-

dimensional simulation. While this may be due to the narrower land mass, it is 

probably more a result of the extra degree of freedom. Although it is not at all a fo-

cus of this research, the difference does point out the potential pitfalls of reducing an 
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inherently 3-D phenomena to two dimensions. Besides the lack of a quasi-steady con-

vective mode, the sea-breezes in E3DA collided earlier than in E2DA. This is a direct 

result of the narrower land mass. Finally~ convection is triggered a little earlier in the 

3-D configuration and convection is active on both coasts simultaneously throughout 

the simulation. 

We decided not to produce any averaged fields from E3DA. The decision was 

motivated by the arbitrariness of the averaging techniques. We believe the reader 

can do a better job of visualizing a "blurry" picture than we can do creating it nu-

merically. We will examine two times from the explicit simulation and corresponding 

parameterized simulations. The first time is 1800 UTC, about an hour and one-

half after convection becomes active. The second time is 2115 UTC which is about 

one-half hour after the sea-breezes have collided. 

3. 7 Parameterization at Twenty, Twelve and Six Kilometers in Three 
Dimensions 

The width of the land mass in all the simulations is fixed at 120 km, but the 

amount of water and length of the land mass in the twenty (P3DA), twelve (P3DB) 

and six (P3DC) kilometer simulations is variable. In P3DA, the land is 340 km long 

with 100 km of water on each side. P3DB and P3DC have land which is 204 km long 

with 120 km of water on each side. Once again, the configurations were dictated by 

computer memory constraints. The length of the land in each of the parameterized 

simulations is much longer than the cyclic frequency of the CRM so that they are, 

for all practical purposes, infinite strips of land. The variable amounts of water was 

necessary to allow several model grid points to extend over the water at the larger 

grid spacing while keeping the width of the land the same in each simulation. We 

did not apply cyclic boundary conditions in any of the parameterized runs ( thus 

the variable length of the land strips) . Also, the parameterized simulations all use 

a= 108 , v"A=120 km, and the filter function as given by Eq. 2.29. In the following 
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figures of P3DA, P3DB and P3DC we have cropped the east-west (water) domain 

so that the land/sea boundaries approximately line-up with the boundaries in E3DA. 

These boundaries are at model points 6 and 12 in P3DA, 9 and 19 in P3DB and 20 

and 40 in P3DC. In the cloud resolving simulation, the land/sea boundaries are at 

model grid points 20 and 100. This should aid in the interpretation of the results. 

We will display the north-south domains in their entirety. 

Shown in Fig. 3.20 are vertical velocity, total water mixing ratio and condensate 

mixing ratio for the cloud resolving simulation (E3DA) and the corresponding para-

meterized runs P3DA, P3DB and P3DC at 1800 UTC and approximately 2 km AGL. 

At this time the east coast sea-breeze has propagated approximately half way across 

the land mass in all the simulations. The decrease in propagation speed with in-

creasing grid spacing is apparent although not significant. In contrast to the two-

dimensional simulation, convection is simultaneously present on the east and west 

coast. The west coast convection appears less organized while the east coast convec-

tion is organized into a line. All the parameterized simulations reflect the convective 

characteristics and place the convection in the correct places. In P3DA, the isol-

ated convection along and ahead of the west coast sea-breeze is present although its 

signature is masked by the more intense east coast convection. 

To investigate the vertical structure of the convection, we show along-line cross 

sections of the east coast sea-breeze for each of the simulations in Fig. 3.21. Cloud top 

heights inferred from the condensate fields of the parameterized simulations compare 

very well with cloud resolving simulation. The Peak vertical velocity is 21 ms-1 

in E3DA, 20 ms-1 in P3DC, 10 ms-1 in P3DB and 3.5 ms-1 in P3DA. These are 

approximately what we expect. 

A significant difference between the two and three dimensional parameterized 

simulations is that the transport of water in 3-D is not as excessive as was seen 

in 2-D. This was a persistent problem in all of the two-dimensional parameterized 

simulations. Also, we do not see the extensive and over-developed anvils which 
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plagued the 2-D simulations. The parameterized convection still appears to be a 

little too strong when compared to E3DA, but it is well within reason. 

We now focus on the simulations at 2115 UTC which is after the sea-breezes have 

collided. The cloud resolving simulation exhibits multicellular convective clusters 

along the collision boundary with weaker convective regions between and to the west 

(Fig. 3.22). The six kilometer parameterized simulation (P3DC) clearly shows similar 

clustering of convection, but the twelve (P3DB) and twenty (P3DA) kilometer simu-

lations are not as obvious (Fig. 3.22). Interestingly, the location of the convection is 

reproduced best by P3DB. Convection in P3DA is about 20 km too far east (a one 

a,: error) and about 20 km too far west in P3DC. The reason for this is unknown. 

Along line cross sections (Fig. 3.23) show that the vertical structure of the con-

vection in the cloud resolving simulation is well captured in the parameterized ex-

periments. Magnitudes of vertical velocity, total water and condensate all appear 

well within reason and expectations. As in all the previous cases, the parameter-

ized convection is probably a bit too active, but appears less of a problem than in 

two-dimensions. 

As a final comparison between E3DA and the parameterized simulations, we 

present the surface precipitation record a.t 0000 UTC (Fig. 3.24). Most of the con-

vection had died down by this time. Except for P3DC, the parameterized simulations 

did not do as well as we would have liked. The magnitudes of the precipitation are 

only a little higher than expected in P3DC, but much too high in P3DA and P3DB. 

This once again suggests that the parameterized convection was too strong especially 

at the larger grid spacings. Some of the ~xcess precipitation could be corrected by 

reducing the precipitation efficiency of the updraft. However, a large fraction comes 

from resolved microphysics. Therefore, tl:.e best fix may be to decrease A or modify 

F. 

Another obvious feature present in all the parameterized simulations was the 

bimodal precipitation pattern. Apparently, the convection was focused too strongly 
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along the sea-breezes. Examination of earlier precipitation records (not shown) shows 

that the west coast convection produced too much·rain and created the western most 

precipitation maximum. Differences in the propagation and location of the sea-breeze 

collisions are also partially responsible. The precipitation field is probably the most 

disappointing and worst handled aspect of the 3-D simulations. 

As a side note, there are indications that there is a bug in the RAMS precipitation 

sedimentation code which causes inaccuracies in the amount of precipitation which 

reaches the ground. At this point, the exact cause has not been isolated, but the 

code is being re-worked. Unfortunately, the bug was not suspected until after all 

the simulations were completed, and a working version of the code has not yet been 

introduced. We suspect some of the precipitation errors seen in the parameterized 

simulations may be partially accounted for by the sedimentation bug, although even 

with the code working properly, we are almost certain we would still see the same 

general pattern. To a large extent, the errors caused by the bug should be systematic 

since both the cloud resolving and parameterized simulations were run with the same 

RAMS code. 

3. 7.1 Summary of the Three-Dimensional Simulations 

All things considered, the 3-D experiments were successful. Convection was 

triggered at approximately the right locations and at the correct times. Vertical 

velocity and water substance were within expected values and captured the basic 

structure and characteristics of the convection simulated in the cloud resolving simu-

lations. Surface precipitation was not handled well, although values were still within 

50% or so of those produced in E3DA. While most of the precipitation errors are 

likely attributable to the parameterization itself, there is some question about errors 

in the host model code which could be reducing the amount of precipitation in E3DA. 

No attempt was made to tune the parameterization for optimal results. Simula-

tions P3DA, P3DB and P3DC were first-try experiments. It is quite likely that we 
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could have generated data which would have had much better agreement with E3DA. 

However, one of the expected implementations of this parameterization is in the real-

time forecast model. In a forecast model you do not have the luxury of repeatedly 

running simulations to optimize the results. In retrospect, we believe that we should 

probably alter the filter function to decrease the tendencies. In other words, the model 

seems to resolve convection better than we anticipated and we are seeing the effects 

of double counting. 
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Figure 3.2a: Snapshots in time at fifteen minute intervals from Experiment E2DA av-
eraged to 20 km: vertical velocity (ms-1) from 1915-2000 UTC. Land/sea boundaries 
are at model grid points 133 and 267. 
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Figure 3.2b: Snapshots in time at fifteen minute intervals from Experiment E2DA 
averaged to 20 km: total water mixing ratio (g kg-1 ) from 1915-2000 UTC. Land/sea 
boundaries are at model grid points 133 and 267. 
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Figure 3.2c: Snapshots in time at fifteen minute intervals from Experiment E2DA 
averaged to 20 km: condensate mixing ratio (g kg-1 ) from 1915-2000 UTC. Land/sea 
boundaries are at model grid points 133 and 267. 
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Figure 3.3a: Snapshots in time at fifteen minute intervals from Experiment P2DB: 
vertical velocity (ms-1 ) from 1930-2015 UTC. Land/sea boundaries are at model 
grid points 10 and 20. 
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Figure 3.3b: Snapshots in time at fifteen minute intervals from Experiment P2DB: 
total water mixing ratio (g kg-1 ) from 1930-2015 UTC. Land/sea boundaries are at 
model grid points 10 and 20. 
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Figure 3.6a: Snapshots in time at fifteen minute intervals from Experiment E2DA 
averaged to 12 km: vertical velocity (ms-1) from 1915-2000 UTC. Land/sea bound-
aries are at model grid points 133 and 267. 
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Figure 3.6b: Snapshots in time at fifteen minute intervals from Experiment E2DA 
averaged to 12 km: total water mixing ratio (g kg-1) from 1915-2000 UTC. Land/sea 
boundaries are at model grid points 133 and 267. 
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Figure 3.6c: Snapshots in time at fifteen minute intervals from Experiment E2DA 
averaged to 12 km: condensate mixing ratio (g kg-1) from 1915-2000 UTC. Land/sea 
boundaries are at model grid points 133 and 267. 
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Figure 3.7a: Snapshots in time at fifteen minute intervals from Experiment P2DD: 
vertical velocity (ms-1) from 1800-1845 UTC. Land/sea boundaries are at model 
grid points 17 and 33. 
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Figure 3. 7b: Snapshots in time at fifteen minute intervals from Experiment P2DD: 
total water mixing ratio (g kg- 1 ) from 1800-1845 UTC. Land/sea boundaries are at 
model grid points 17 and 33. 
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Figure 3.7c: Snapshots in time at fifteen minute intervals from Experiment P2DD: 
condensate mixing ratio (g kg-1) from 1800-1845 UTC. Land/sea boundaries are at 
model grid points 17 and 33. 
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Figure 3.9: Vertical velocity (ms-1), total water (g kg-1), and total condensate 
(g kg-1) at 2230 UTC for E2DA and P2DB 
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Figure 3.10a: Snapshots in time at fifteen minute intervals from Experiment E2DA 
averaged to 6 km: vertical velocity (ms-1) from 1915-2000 UTC. Land/sea bound-
aries are at model grid points 133 and 267. 
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Figure 3.10b: Snapshots in time at fifteen minute intervals from Experiment E2DA 
averaged to 6 km: total water mixing ratio (g kg-1 ) from 1915-2015 UTC. Land/sea 
boundaries are at model grid points 133 and 267. 
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Figure 3.llb: Snapshots in time at fifteen minute intervals from Experiment P2DI: 
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Figure 3.llc: Snapshots in time at fifteen minute intervals from Experiment P2DI: 
condensate mixing ratio (g kg-1 ) from 1800-1845 UTC. Land/sea boundaries are at 
model grid points 33 and 67. 
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parameterized run P2D I. 
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Figure 3.16: Precipitation record from simulations using the Kuo convective para-
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Figure 3.17: The precipitation record from the a sensitivity studies: P2DW and 
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Figure 3.17: continued: P2DS and P2DT 
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Figure 3.20: Vertical velocity ( ms-1), total water mixing ratio (g kg-1 ) and condens-
ate mixing ratio (g kg-1 ) at 1800 UTC and 2 km AGL: E3DA 
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Figure 3.20: continued: P3DB 
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Figure 3.21: Vertical velocity {ms-1 ), total water mixing ratio (g kg-1 ) and condens-
ate mixing ratio (g kg-1 ) at 1800 UTC: E3DA 



104 
P3DA CROSS SECTION ALONG X=10 

VERTICAL VELOCITY (m/s) AT 1800 UTC 

·-·-IIIIIO -i- ... 

G -· < -!i: -· C, 
i.j -:::c: ---IIIIO 

• 
MODEL GRID POINT 

P3DA CROSS SECTION ALONG X=10 

TOTAL WATER MIXING RATIO (g/kg) AT 1800 UTC 

·-·-·-·- ···<·····: ·····:·····: . ·:- •..• i ••. . ·:· .• . . • .. 

]- . .- .... ; ..... ; ..... ; ..... ;. .... ; . .. 

G < 
!i: 
Cl 
c;j 
:::c: 

---- .-.. ... ; ···.···••: -
. . . . . :r~~. 

o,i-,. ....... ...._.......;.~;.....,__....;..._,~ .. -· ....--,..,_, .....,.,,,......,,.,-2 --ll.._ . ..,..,.;-· ~- II 

MODEL GRID POINT 
P 30A CROSS SECTION ALONG X= 10 

CONDENSATE MIXING RATIO (g/kg) AT 1 BOO UTC 

·-·-11000 ·-i-

!i: 
Cl 
i.j 
:::c: 

-· -----· -· -
MODEL GRID POINT 

Figure 3.21: continued: P3DA 
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Figure 3.22: Vertical velocity ( ms-1 ), total water mixing ratio (g kg-1 ) and condens-
ate mixing ratio (g kg-1 ) at 2115 UTC and 2 km AGL: E3DA 
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Chapter 4 

SUMMARY AND CONCLUSIONS 

A new cumulus parameterization scheme designed for use over a wide range of 

model grid spacings has been presented. The effects of unresolved cumulus activ-

ity is modelled using a combination of a subsident mass flux term and a convective 

adjustment term. The subsident term is an extension of the Arakawa-Schubert para-

meterization and uses a prognostic cumulus kinetic energy closure to obtain the large-

scale, cloud-base mass flux. The adjustment term is a function of the area growth 

rate of convective subensembles. The parameterization differs from many others in 

that there is no explicit trigger function. Also, the adjustment term can nudge the 

grid value toward or away from the cloud property depending on the whether the 

sub-ensemble area is expanding or contracting. 

In addition to the new scheme, a new philosophical approach has been developed, 

the basis of which is the idea of the cloud probability density function. The new 

methodology provides a philosophical continuum for parameterization from the cloud 

resolving scale to the large-scale and eliminates the need for different parameteriza-

tions when the model grid spacing changes. This is an important feature for nested 

grid models such as RAMS which often have GCM-like grid spacing on the coarsest 

grid and meso--y or smaller grid spacing on the finest grid. 

The parameterization was tested on a large number of two- and three-dimensional 

idealized sea-breeze simulations and compared to corresponding cloud resolving sim-

ulations. Overall the parameterized fields compared quite well with the fields in the 

cloud resolving simulation. Sensitivity studies in two-dimensions indicated that the 
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parameterization was most sensitive to the parameter a and less sensitive to :F and 

A. This was somewhat expected since a should have an exponential influence while 

:F and A are linear parameters. 

Because a can be set to a value large enough to effectively shut the parameteriz-

ation down, there may be a tendency to label it as a trigger function. However, this 

is not the case. Even with a large a, convection is active. All that a does is control 

the growth rate of the cloud base mass flux. It does not control whether there is a 

mass flux associated with convection. 

The major strengths of the parameterization are its ability to reproduce the 

effects of transient, steady-state and multicellular convection. In addition, the need 

for specifying a trigger function which is globally valid is eliminated. Since the 

parameterization is valid over a wide range of grid spacing, there is no need to 

make an arbitrary decision of when to use a different parameterization, and it can 

be implemented in nested grid models on all the grids. The parameterization also 

performs significantly better than the Kuo convective parameterization which is the 

only scheme currently implemented into RAMS. Finally, since there was no guarantee 

that the parameterization would work at all, we consider the overall success to be a 

major strength. Additional research and development has the potential to make the 

parameterization a more attractive alternative to what is currently available to the 

mesoscale modeller. 

The major weakness of the parameterization is the tendency to transport too 

much water substance into the upper troposphere. The result was most pronounced 

in the two-dimensional simulations where excessive anvil cloudiness developed. The 

over abundance of upper level water might be partially remediated with a more prop-

erly chosen filter function, by allowing a larger fraction of the cloud condensate to 

be placed into heavier hydrometeors which will not remain aloft, or by increasing 

the convective precipitation efficiency factor. The surface precipitation of the two-

dimensional simulations compared favorably with the cloud resolving simulation, but 
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agreement deteriorated in three dimensions. This may be partially due to the sedi-

mentation bug. The final significant, but temporary weakness of the parameterization 

is that it runs too slow. Because the parameterization was a new development effort, 

our first priority was simply to get it to run-numerical efficiency took a back seat. 

We are however, confident that the scheme will be able to be run in the real-time 

forecast model in the near future. This belief is based on an earlier, prototype ver-

sion of the scheme which was modified for numerical efficiency and which produced 

an acceptable level of computing cost. We estimate a clean version of the parameter-

ization will add approximately 5% to 25% additional computing overhead depending 

on the amount of convective activity. 

4.1 Future Research 

The first task to be completed in the near future will be to implement the para-

meterization into the current RAMS code. Hopefully, by this time, the model de-

velopers will have fixed the sedimentation bug. Implementation will require modify-

ing the dynamic memory allocation routines to allow for multiple, nested grids and 

adding the ability to do history restarts with the parameterization activated. Once 

this is accomplished the next step will be to create a more efficient code and imple-

ment the parameterization into the real-time forecast version of RAMS. Additional 

modifications will include introducing a diagnostic equation for A which is a function 

of the Richardson Number, and perhaps a variable precipitation efficiency parameter 

which is a function of the sub-ensemble (Hack et al. 1989). 

Once the parameterization has been incorporated into the standard and forecast 

version of RAMS, we will be able to test the scheme under realistic atmospheric condi-

tions rather than just idealized sea-breezes. However, we will re-run all the idealized 

simulations with the properly working version of RAMS. Clearly, the "anvil problem" 

will have to be addressed. We suspect that a large part of the problem is a result 

of our ignorance: we just don't have enough experience using the parameterization 
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to set the constants appropriately. Hopefully, the fix will be rather straight forward. 

Additional cloud resolving simulations would aid in this effort. 

The last major problem that will need to be addressed is the issue of the ad-

vection term. Inclusion of this term will generally require the parameterization to be 

column non-local. Therefore, parameterized convection in one model grid column will 

directly effect other columns. Besides the closure problems this creates-problems 

to which we have not found a satisfactory answer-a non-local parameterization will 

create enormous problems for the forecast model which is run on parallel processors. 

Until the advection term is properly accounted for, we will keep track of the error we 

introduce through neglect of the term. 

Ideally, we would like to introduce a diagnostic method which will allow for a 

variable a in time and for each sub-ensemble. This is not a priority and will have to 

wait until the more serious problems are tackled. Research is also currently underway 

to connect this parameterization to a Mesoscale Convective System parameterization 

for use in GCM-scale models (Alexander 1995; Alexander and Cotton 1996a,b; Jiang 

1996). 
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