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ABSTRACT

This paper discusses an extension of the approach proposed previously to represent the delay of cloud

water evaporation and buoyancy reversal due to the cloud–environment mixing in bulk microphysics large-

eddy simulation of clouds. In the original approach, an additional equation for the mean spatial scale of

cloudy filaments was introduced to represent the progress toward microscale homogenization of a volume

undergoing turbulent cloud–environment mixing, with the evaporation of cloud water allowed only when the

filament scale approached the Kolmogorov microscale. Here, it is shown through a posteriori analysis of

model simulations that one should also predict the volume fraction of the cloudy air that was diagnosed in the

original approach. The resulting model of turbulent mixing and homogenization, referred to as the l–b

model, is applied in a series of shallow convection simulations using various spatial resolutions and compared

to the traditional bulk model. This work represents an intermediate step in the development of a modeling

framework to simulate characteristics of microphysical transformations during entrainment and subgrid-

scale turbulent mixing.

1. Introduction

Recent modeling studies (e.g., Chosson et al. 2004,

2007; Grabowski 2006; Slawinska et al. 2008) demon-

strate that assumptions concerning the microphysical

evolution of natural clouds, in particular the homoge-

neity of cloud–environment mixing, significantly affect

the albedo of a field of shallow convective clouds, such

as subtropical stratocumulus and trade-wind cumulus. It

follows that microphysical properties of such clouds

have important implications for the role of clouds in the

climate system. Because these clouds are strongly di-

luted by entrainment, the focus should be on modeling

dynamical, thermodynamic, and microphysical processes

associated with entrainment. This paper extends an ap-

proach for modeling subgrid-scale processes associated

with entrainment and mixing proposed in Grabowski

(2007, hereafter G07). As in G07, we limit the discus-

sion to bulk representation of cloud microphysics and

present analysis of a series of simulations of trade-wind

shallow nonprecipitating convection observed during

the Barbados Oceanographic and Meteorological Ex-

periment (BOMEX; Holland and Rasmusson 1973)

recently used in the model intercomparison study de-

scribed in Siebesma et al. (2003); the same model setup

was used in section 4b in G07. The longer-term goal is to

combine the approach discussed here with the double-

moment bulk microphysics scheme of Morrison and

Grabowski (2007, 2008) to locally predict the homogeneity
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of mixing [i.e., the parameter a in Eq. (11) in Morrison

and Grabowski 2008] using the results of a large set of

direct numerical simulations (DNS) with detailed (bin)

microphysics discussed in Andrejczuk et al. (2009).

The next section provides a brief summary of the

method developed in G07 and presents a modification

(or extension) of this approach necessitated by a pos-

teriori analysis of simulations with and without the ex-

tension. Selected results from a series of numerical

simulations of shallow nonprecipitating convection are

then discussed in section 3. A brief summary and out-

look in section 4 concludes this note.

2. Modeling evaporation of cloud water resulting
from entrainment and mixing

The essence of the approach developed in G07 is to

supplement the standard thermodynamic grid-averaged

equations for the bulk advection–diffusion–condensation

problem:
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where u is the potential temperature; qy and qc are the

water vapor and cloud water mixing ratios, respec-

tively; C is the condensation rate; D terms represent

subgrid-scale turbulent transport terms; and all other

symbols are exactly as in G07. These thermodynamic

equations are supplemented with the evolution equa-

tion for the scale (or width) of cloudy filaments, l. The

evolution of l is supposed to represent the progress of

subgrid-scale turbulent mixing toward the microscale

homogenization (Broadwell and Breidenthal 1982;

Jensen and Baker 1989). When extended into the

multidimensional framework and written in the con-

servative (flux) form analogous to (1), the equation for

l takes the form
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where the first term on the right-hand side (rhs) de-

scribes the decrease of l as the turbulent mixing pro-

gresses [e is the local dissipation rate of the turbulent

kinetic energy (TKE) and g ; 1 is a nondimensional

parameter taken as g 5 1.8],1 Sl is the source/sink term,

and Dl is the subgrid transport term analogous to the D

terms in (1). The source/sink term Sl considers three

processes that affect the scale l: (i) initial formation

of cloudy volumes due to grid-scale condensation, (ii)

disappearance of cloudy volumes due to complete evap-

oration of cloud water, and (iii) homogenization of a

cloudy volume. The source/sink term resets the current

value l to either the scale comparable to the size of the

grid box—say, L [ (Dx Dy Dz)1/3 (where Dx, Dy, and Dz

are the model grid lengths in the x, y, and z directions,

respectively)—or to zero. Because uniform cloudy grid

boxes are characterized by l [ L and cloud-free grid

boxes have l [ 0, the former is applied in cases (i) and

(iii) and the latter in case (ii). Microscale homogeniza-

tion of the cloudy grid box is assumed once the scale

predicted by (2) falls bellow the threshold value l0,

taken as 1 cm.

The overall motivation behind the approach is to

represent the chain of events characterizing turbulent

mixing—from the initial engulfment of the ambient fluid

by an entraining eddy to the small-scale homogenization—

and to include a corresponding delay in the saturation

adjustment until the grid box can be assumed to be

homogenized. This is schematically illustrated in Fig. 1.

In practice, when l 5 L or l # l0, the evaporation

rate is exactly the same as in the traditional bulk model;

that is, it is given by the saturation adjustment. How-

ever, when L . l . l0 (i.e., the turbulent mixing has

not reached scales characterizing the small-scale ho-

mogenization), the adiabatic condensation rate (which

depends on the resolved vertical velocity; see appendix

in G07) is only used over the cloudy part of the grid

box: C 5 bCa, where b is the fraction of the grid box

with cloudy air and Ca is the adiabatic condensation

rate.

It was suggested in G07 that b can be diagnosed lo-

cally based on the mean relative humidity of a gridbox

RH and on the environmental relative humidity RHe at

this level as

1 This value was suggested by Prof. Steven Krueger based on the

theoretical argument and his simulations applying the linear eddy

model (Kerstein 1988, 1991; Krueger 1993), a 1D analog of tur-

bulent stirring and molecular diffusion. As mentioned in G07, LES

results did show some sensitivity to the value of this parameter in

low-resolution simulations reported in G07. One might argue that

this sensitivity should diminish as model resolution is increased

because of a better representation of entrainment dynamics with

higher spatial resolution. Also note that this parameter was

marked a in G07. We change the notation to avoid conflict with

parameter a that describes the homogeneity of mixing in Morrison

and Grabowski [2008, Eq. (11)].
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b 5 max 0, min 1,
RH�RHe

1�RHe

� �� �
, (3)

where in the simulations and in the analysis here RHe is

taken from the initial RH profile, and additional limit-

ing is used to avoid unphysical values of b. Arguably, (3)

may provide a reasonable approach for the case of a

convective cloud. For stratocumulus, on the other hand,

entrainment and cloud–environment mixing takes place

primarily at the cloud top where vertical gradients of

environmental profiles are large because of the pres-

ence of boundary layer inversion. It follows that (3) is

most likely of limited use when modeling stratocumulus.

Because the accuracy of (3) is uncertain, we decided

to make b an additional model variable and to locally

predict its value together with l. The advection–diffusion

equation for b is
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where Sb is the source/sink term and Db is the subgrid

transport term. Similarly to the source term for l in (2),

Sb resets b to 1 if either grid-scale condensation or mi-

croscale homogenization takes place. Otherwise, b is

advected and diffused in a manner similar to l. Addi-

tional justification for the approach in which b is pre-

dicted by (4) rather than diagnosed from (3) comes from

a posteriori comparison between the values of b ob-

tained from the diagnostic formulation (3) and the

prognostic formulation (4) discussed in the next section.

3. Application of the l–b model to BOMEX
shallow convection

Equations (3) and (4) were included in the anelastic

semi-Lagrangian/Eulerian cloud model EULAG, docu-

mented in Smolarkiewicz and Margolin (1997; model

dynamics), Grabowski and Smolarkiewicz (1996; model

thermodynamics), and Margolin et al. (1999; subgrid-

scale model) applied in G07. The Eulerian version of the

model is used to simulate the quasi-steady-state trade-

wind shallow nonprecipitating convection observed during

BOMEX (Holland and Rasmusson 1973; Siebesma et al.

2003), as in G07. In this case, the 1.5-km-deep trade-wind

convection layer overlays the 0.5-km-deep mixed layer

near the ocean surface and is covered by the 500-m-deep

trade-wind inversion layer. The cloud cover is about

10% and quasi-steady conditions are maintained by pre-

scribed large-scale subsidence, large-scale moisture ad-

vection, surface heat fluxes, and radiative cooling.

In the three-dimensional simulations presented here,

the model setup is as described in Siebesma et al. (2003)

but different domain sizes and model grid lengths are

applied (i.e., increasing the model resolution but keep-

ing the same number of grid points in the horizontal,

128 3 128; and adjusting the number of grid points

in the vertical to maintain the 3-km vertical extent of

the domain). Three different model grid lengths were

FIG. 1. Evaporation of cloud water as a result of turbulent

mixing between cloudy and cloud-free grid boxes. The vertical axis

represents time. The two grid boxes are shown at the bottom of the

figure, at time t0. During a model time step, from t0 to t1, param-

eterized turbulent mixing creates a grid box containing both

cloudy and cloud-free air. The traditional bulk model immediately

homogenizes the grid box, resulting in either a saturated and

cloudy or subsaturated and cloud-free grid box at time t1. In the

modified bulk model, homogenization is only possible once tur-

bulent stirring reduces the filament width l from the initial value

;L to the value corresponding to the microscale homogenization

l0. This process may take a few time steps as illustrated on the left

side of the figure.
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considered: 100 m 3 40 m (horizontal 3 vertical) i.e., as

in Siebesma et al. 2003 and in G07), 50 m 3 40 m, and

25 m 3 25 m. Note that decreasing the horizontal grid

length with the same number of grid points results in

progressively decreasing horizontal extent of the do-

main and thus poorer cloud statistics. However, this

does not seem to affect the results discussed below.

Results from both the traditional bulk model and the l–b

model will be presented. As in Siebesma et al. (2003)

and G07, the model is run for 6 h and snapshots of

model results for hours 2 to 6, archived every 4 min, are

used in the analysis.

Figure 2 shows the results from the simulation ap-

plying the l–b model with a grid length of 25 m in the

horizontal and vertical directions. The figure compares

values of b predicted by (4) to corresponding values

obtained using the diagnostic relationship (3) at the

1250-m level (i.e., about half of the cloud field depth).

As the figure illustrates, there is a significant difference

between the predicted and diagnosed values of b, most

likely reflecting the fact that assumptions leading to (3)

are seldom justified. More importantly, however, the

diagnostic approach leads to a significant overestima-

tion of b relative to that obtained from the prognostic

approach. This is because the air entrained into a cloud

is typically more humid than the environmental profile;

that is, the environmental air is premoistened before

it is entrained into a cloud. This is consistent with the

fact that reducing RHe in (3) indeed results in an in-

crease of the diagnosed b. One way to show that the

entrained air is premoistened is to consider the plot of

the ratio RH/RHe versus b. Equation (3) implies that

RH/RHe / 1 (i.e., RH approaches RHe) when b / 0.

To investigate this, we plot RH/RHe versus b in Fig. 3.

The figure shows that the ratio RH/RHe is typically

larger than 1 when b is close to 0. This implies that the

air entrained into the cloud is, on average, more humid

than environmental air at this level. Similar analyses

can be performed separately for the temperature and

water vapor mixing ratio. They show that the water

vapor is typically higher near the cloud than the envi-

ronmental value at a given level, whereas the tem-

perature close to the cloud is usually lower than the

environmental temperature. The latter is consistent

with the fact that premoistening is associated with the

evaporative cooling.

Another way to demonstrate that the air in the vi-

cinity of clouds is typically more humid than in the far

environment is to plot RH/RHe as a function of the

distance to the nearest cloud. Such plots are shown in

Fig. 4 for both the traditional bulk and the l–b models

and the simulations applying 25-m grid lengths. As the

figure shows, RH in the vicinity of a cloud is indeed

higher than further away. In general, this is reminiscent

of both numerical (Jonker et al. 2008; Heus and Jonker

2008) and observational (Heus et al. 2009) studies

demonstrating the existence of a thin shell of subsiding

air near edges of shallow convective clouds, with

thermodynamic properties different than the far envi-

ronment. Figure 4 also shows that the cloud edge (i.e.,

the zero distance in Fig. 4) corresponds to only one

value of RH for the traditional bulk model (i.e., the

saturated one), whereas significant scatter exists for

the l–b model. The latter is consistent with the ex-

pectation that a grid box at the cloud edge can be

FIG. 2. Predicted b vs diagnosed b at an altitude of 1250 m in the

simulation with 25 m 3 25 m (horizontal 3 vertical) grid length for

hours 2–6.

FIG. 3. RH/RHe vs b for the simulation in Fig. 2.
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partially cloudy with RH below saturation. In sum-

mary, the above results provide a posteriori support for

the approach where b is predicted using (4) rather then

diagnosed from (3).

Figure 5 presents contoured frequency by altitude

diagrams (CFADs) of the vertical velocity for simula-

tions with the traditional bulk model and the l–b

model using the 25-m grid lengths. Only grid points

with a cloud water mixing ratio larger than 1022 g kg21

are included in the analysis. Although both CFADs are

similar, there are some differences. First, clouds in the

l–b model seem slightly deeper than in the bulk ap-

proach. This is consistent with the lower-resolution

results discussed in section 4b of G07 and can be ar-

gued to result from delayed evaporation of cloud water

due to entrainment and mixing, resulting in more cloud

buoyancy. Second, in the l–b model, points with ver-

tical velocities in the range of 0 to 1 m s21 contribute

more to the distribution than points in the range of

1 to 2 m s21 across most of the depths of the cloud field.

This is consistent with the expectation that cloud

evaporation (and thus buoyancy reversal and subse-

quent downward acceleration) is delayed when the l–b

approach is used.

FIG. 4. RH/RHe as a function of the distance to the nearest cloudy grid box for the 25 m 3 25 m bulk and l–b model

simulations at an altitude of 1250 m. The mean values are shown as stars.

FIG. 5. CFADs of the vertical velocity (calculated with 0.15 m s21 wide bins) for (right) the l–b model and (left) the

traditional bulk model in the simulation with 25 m 3 25 m grid length and for hours 2–6. The grayscale bar details the

frequency-of-occurrence scale.
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To document the impact of the l–b approach on the

vertical velocity field inside clouds, Fig. 6 shows a

scatterplot of the vertical velocity versus l at an altitude

of 1250 m for the simulation using 25-m grid lengths

(i.e., as in Figs. 2–5). It needs to be kept in mind that the

cloud water in a grid box with l0 , l , L 5 25 m would

immediately evaporate in the traditional bulk model.

As Fig. 5 shows, there are many grid boxes with inter-

mediate values of l and they are characterized by small

positive and negative values of the vertical velocity, with

the mean around zero. A clear tendency toward positive

bias is apparent for l values approaching L. The values

at l 5 L correspond to the homogeneous cloudy grid

boxes and thus are characterized by both positive and

negative values, with a bias toward positive values at

this particular height.

Figure 7 shows profiles of the horizontally averaged

(i.e., over the entire horizontal domain) cloud water

mixing ratios (also averaged in time between hours

2 and 6) for all simulations (i.e., 100 m 3 40 m, 50 m 3

40 m, and 25 m 3 25 m for l–b and traditional models).

Spatial resolution impacts the depth of the cloud layer,

and this impact is significantly stronger for the l–b model.

Arguably, the latter is consistent with the delayed cloud

water evaporation, which allows clouds to longer main-

tain positive buoyancy despite the dilution by environ-

mental air. Note that the cloud water profiles near the

cloud base and the height of the cloud base are similar

in all simulations. The cloud water increases with height

for the l–b model with the lowest resolution, but for

higher-resolution simulations this is reversed, in agree-

ment with the bulk model results. A local maximum in the

FIG. 6. Vertical velocity vs l for the simulation in Fig. 2.

FIG. 7. Profiles of the cloud water mixing ratio (4-h averages) for the bulk and l–b model simulations applying

different spatial resolutions.
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cloud water profiles at the bottom of the trade-wind in-

version (i.e., just above 1.5-km height) is significantly

stronger for the l–b model than for the bulk model. This

is again consistent with more gradual evaporation of

cloud water once the vertical development of a cloud is

arrested by the inversion. The differences between the

traditional and l–b models decrease as the model res-

olution increases, as one might expect.

The difference in the cloud field depth for low- and

high-resolution l–b simulations can be understood

using the following argument, supported by selected

snapshots of cloud field shown in Fig. 8. Entrainment

and cloud dilution in numerical simulation is a combi-

nation of resolved and parameterized dynamics. When

model spatial resolution increases, entrainment becomes

better resolved. As Fig. 8 shows, the cloud in the low-

resolution simulation is wide and features just a single

updraft, and its cloud–environment interface is relatively

smooth. In contrast, clouds in the high-resolution sim-

ulation typically contain multiple turrets and show

complicated cloud–environment structures responsible

for the entrainment. Arguably, clouds in high-resolution

simulation are more realistic, and it is reassuring to

see that the differences between the traditional and

l–b models diminish as the model spatial resolution

increases.

4. Summary and outlook

This paper presents results using an approach devel-

oped in G07 to represent the delay of cloud water

evaporation and buoyancy reversal associated with the

cloud–environment mixing. This is accomplished by

including an equation for the scale (width) of cloudy

filaments, l. A conceptual picture assumes that tur-

bulent mixing is initiated by an engulfment of envi-

ronmental fluid by an entraining eddy. It progresses

through the gradual filamentation of the initial coarse

mixture of cloudy and cloud-free air (represented by the

decrease of l) and reaches the final homogenization

once l approaches spatial scales close to the Kolmogorov

microscale. Using this approach, evaporation of cloud

water due to saturation adjustment is delayed until the

microscale homogenization stage. This is schematically

illustrated in Fig. 1. Here, we extend this approach and

include an additional prognostic model variable, the

fraction of the grid box covered by the cloudy air, b. The

parameter b was diagnosed in G07, but here we show

that the diagnostic approach results in significant in-

accuracies when modeling shallow convective clouds.

These inaccuracies exist because the air entrained into

the cloud has thermodynamic properties significantly

different from the environmental air at the entrainment

level, in contrast to the assumptions underlying the di-

agnostic approach (3). The diagnostic approach is even

less likely to work in the case of stratocumulus, where

steep gradients of environmental profiles in the vicinity

of boundary layer inversion make the validity of (3)

questionable. We refer to the extended approach as the

l–b model.

As far as the representation of entrainment and

mixing is concerned, it would be desirable to compare

FIG. 8. Examples of the 3D cloud field perspective in the low (100 m 3 40 m) and high (25 m 3 25 m) resolution

simulations with the l–b model. Darker regions correspond to higher cloud water content. Entire horizontal domain

is shown in the high-resolution simulation, whereas only a fraction of the domain (1/16) is selected for the low

resolution. [Imagery produced by the Visualization and Analysis Platform for Ocean, Atmosphere, and Solar Re-

searchers (VAPOR; www.vapor.ucar.edu), a product of NCAR.]
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predictions of the l–b model with very-high-resolution

numerical simulations and/or with cloud observations.

For the modeling, the rate of decrease of the filament

scale can be deduced from DNS of the cloud–clear air

interfacial mixing of the type discussed in Andrejczuk

et al. (2004, 2006, 2009). Although results of DNS sim-

ulations qualitatively agree with the Broadwell and

Breidenthal model, the dynamic range of these simu-

lations (i.e., the ratio between the scale at which

energy is introduced to the system and the scale at which

it is dissipated) is insufficient for a quantitative com-

parison between predictions of (2) and the DNS. Ap-

plying the linear eddy model (LEM; Kerstein 1988,

1991) as in Krueger (1993) might be more practical.

Although the parameter g in (2) was selected based

on LEM, a detailed comparison between the prediction

of the filament scale evolution given by (2) and the re-

sults of LEM, involving idealized mixing events,

would still be useful. For the observations, one

may attempt to compare statistical characteristics of l

and b predicted by the model with very-high-spatial-

resolution aircraft observations, for instance such as

reported in Gerber et al. (2008). If successful, such

comparisons would provide strong support for the l–b

model.

Application of the l–b model to the same BOMEX

case as in G07 shows that predicting b in addition to l,

rather than diagnosing it, results in small changes of

mean cloud properties, such as profiles of the cloud

water content and cloud fraction, profiles of the water

vapor and cloud water fluxes, liquid water path, cloud

cover, etc. In other words, bulk properties of simulated

clouds seem unaffected whether b is predicted or

diagnosed. However, an important motivation to ac-

curately predict b—not obvious in the current

study—is that b will play an important role when the l–

b model is combined with the double-moment bulk mi-

crophysics scheme of Morrison and Grabowski (2007,

2008). The overall strategy for predicting spectral

changes of cloud droplets is to locally diagnose the ho-

mogeneity of mixing and to decrease only the number of

droplets for the extremely inhomogeneous mixing, only

their sizes in the case of homogeneous mixing, or both

the number and the sizes for the intermediate mixing.

We have recently developed an approach to relate

the homogeneity of mixing to the local intensity of

turbulence, the humidity of the entrained air, and

the size of cloud droplets (Andrejczuk et al. 2009).

Combining all these developments is the subject of

ongoing research.
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impact of mixing processes in boundary layer clouds. Proc.

Int. Conf. on Clouds and Precipitation, Bologna, Italy, ICCP,

371–374.

——, ——, and L. Schüller, 2007: Entrainment-mixing and radia-

tive transfer simulation in boundary layer clouds. J. Atmos.

Sci., 64, 2670–2682.

Gerber, H. E., G. M. Frick, J. B. Jensen, and J. G. Hudson, 2008:

Entrainment, mixing, and microphysics in trade-wind cumu-

lus. J. Meteor. Soc. Japan, 86A, 87–106.

Grabowski, W. W., 2006: Indirect impact of atmospheric aerosols

in idealized simulations of convective–radiative quasi equi-

librium. J. Climate, 19, 4664–4682.

——, 2007: Representation of turbulent mixing and buoyancy

reversal in bulk cloud models. J. Atmos. Sci., 64, 3666–

3680.

——, and P. K. Smolarkiewicz, 1996: Two-time-level semi-

Lagrangian modeling of precipitating clouds. Mon. Wea. Rev.,

124, 487–497.

Heus, T., and H. J. J. Jonker, 2008: Subsiding shells around shallow

cumulus clouds. J. Atmos. Sci., 65, 1003–1018.

——, C. F. J. Pols, H. J. J. Jonker, H. E. A. Van den Akken, and

D. H. Lenschow, 2009: Observational validation of the com-

pensating mass flux through the shell around cumulus clouds.

Quart. J. Roy. Meteor. Soc., 135, 101–112.

Holland, J. Z., and E. M. Rasmusson, 1973: Measurements of the

atmospheric mass, energy, and momentum budgets over a

500-kilometer square of tropical ocean. Mon. Wea. Rev., 101,

44–55.

Jensen, J. B., and M. B. Baker, 1989: A simple model for droplet

spectral evolution during turbulent mixing. J. Atmos. Sci., 46,

2812–2829.

Jonker, H. J. J., T. Heus, and P. P. Sullivan, 2008: A refined view of

vertical mass transport by cumulus convection. Geophys. Res.

Lett., 35, L07810, doi:10.1029/2007GL032606.

Kerstein, A. R., 1988: A linear-eddy model of turbulent scalar

transport and mixing. Combust. Sci. Technol., 60, 391–

421.

——, 1991: Linear-eddy modelling of turbulent transport. Part 6:

Microstructure of diffusive scalar mixing fields. J. Fluid Mech.,

231, 361–394.

2132 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 66



Krueger, S. K., 1993: Linear eddy modeling of entrainment and

mixing in stratus clouds. J. Atmos. Sci., 50, 3078–3090.

Margolin, L. G., P. K. Smolarkiewicz, and Z. Sorbjan, 1999: Large-

eddy simulations of convective boundary layers using non-

oscillatory differencing. Physica D, 133, 390–397.

Morrison, H., and W. W. Grabowski, 2007: Comparison of bulk

and bin warm-rain microphysics models using a kinematic

framework. J. Atmos. Sci., 64, 2839–2861.

——, and ——, 2008: Modeling supersaturation and subgrid-scale

mixing with two-moment bulk warm microphysics. J. Atmos.

Sci., 65, 792–812.

Siebesma, A. P., and Coauthors, 2003: A large eddy simulation in-

tercomparison study of shallow cumulus convection. J. Atmos.

Sci., 60, 1201–1219.

Slawinska, J., W. W. Grabowski, H. Pawlowska, and A. A.

Wyszogrodzki, 2008: Optical properties of shallow con-

vective clouds diagnosed from a bulk-microphysics large-eddy

simulation. J. Climate, 21, 1639–1647.

Smolarkiewicz, P. K., and L. G. Margolin, 1997: On forward-in-

time differencing for fluids: An Eulerian/semi-Lagrangian

nonhydrostatic model for stratified flows. Atmos.–Ocean, 35,

127–152.

JULY 2009 N O T E S A N D C O R R E S P O N D E N C E 2133


