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ABSTRACT

The 48 h evolution of an observed cold front is simulated by a three-dimensional mesoscale-numeric_al
mode! for a typical springtime synoptic situation over the southeastern United States. The mgdcl !Jsed in
this study employs anelastic equations of motion on a limited-area domain with locally determined inflow/
outflow side boundaries.

Both the observed and simulated characteristics of the weather system indicate a mature front which
intensifies and then weakens over the 48 h period. Moist convection occurs in the form of intermittent squall
lines in the observed case; in the numerical simulation, convection develops above and somewhat ahead of
the surface front after 24 h as an ensemble of convective cells.

An investigation is made of the mesoscale and subsynoptic-scale features of this solution to determine
their sensitivity to the inclusion of moisture and to the magnitude of the eddy viscosity used in the numerical
simulation. The primary effect of increased eddy viscosity is to reduce somewhat the propagation speed of
the front. The major changes due to moisture inclusion occur when convection develops along the cold front;
these convective effects, which are apparent in the subsynoptic as well as the mesoscale features of the
solution, include increased low-level convergence, reduced surface pressure due to diabatic heating, and the
deflection of winds due to upper-level divergence. In addition, small temperature changes occur in the middle
troposphere between the jet stream and the surface front when either viscosity or moisture is varied; these
disturbances are a clear manifestation of the effect which changes in the cross-stream circulation intensity
have upon the frontal system.

A fundamental feature of the mesoscale structure of the front in all cases is the tendency of the line of
maximum horizontal convergence at the surface to move ahead of the line of maximum vertical vorticity.
This phase shift appears to be related to the propagation characteristics of the frontal system. Also, the
mesoscale moist convection develops a cellular structure throughout the convective zone in the low-viscosity
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solution; the use of higher viscosity tends to suppress these cells, particularly near the surface.

1. Introduction

Since the early 1970’s, major advances have been
made in our understanding of frontogenetic processes
in baroclinic waves, largely through the work of
Hoskins (1971), Williams (1967), and others. At the
same time, however, only limited progress has been
achieved in describing the dynamic balances. which
characterize mature fronts. The fundamental ques-
tion to be considered regarding the dynamics of such
fronts is, what changes in the developing cold front
inhibit further frontogenesis and produce a balanced,
steady-state condition?

Simplified dynamic models with idealized initial
conditions indicate that dissipation and surface fric-
tion are required to offset frontogenetic terms such
as the vertical stretching of vorticity near the surface
and thereby to produce a balanced state. In partic-
ular, Hoskins and West (1979) rely upon dissipative
effects to limit frontal development in their three-
dimensional simulations of cold and warm fronts
using a semi-geostrophic system of equations. As the
work of McWilliams and Gent (1980) and Blumen

(1980) suggests, these semi-geostrophic equations
may fail to simulate certain ageostrophic effects in
the frontal dynamics. These effects may be as im-
portant as dissipation in balancing frontogenetic pro-
cesses during the later stages of cold-frontal devel-
opment. For example, Orlanski and Ross (1977) have
shown in a two-dimensional numerical solution that
the cross-stream circulation within the frontal system
may also retard further frontal intensification when
this circulation reaches a finite amplitude. It there-
fore seems appropriate to use a primitive-equation,
three-dimensional numerical model to simulate an
observed cold front case in order to determine
whether other ageostrophic mechanisms besides dis-
sipation act to balance frontogenetic effects.

Proper representation of the ageostrophic circu-
lation is important not only because of its signifi-
cance to the dynamic balance of the mature front
but also because of its relevance to the development
of prefrontal moist convection (Ross and Orlanski,
1978, referred to hereafter as RO). In particular,
this circulation may imply when and where frontal
rainbands occur within the frontal system. Recent
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observations of mesoscale convection, particularly of
rainbands and squall lines (Zipser, 1977; Hobbs and
Biswas, 1979; James and Browning, 1979; Ogura and
Liou, 1980), have revealed many interesting features,
including the spatial distribution of convective cells
within rainbands and the role of mid-tropospheric
convergence in the maintenance of deep convection.
Numerical simulations with sufficient spatial reso-
lution may provide us with the means to improve our
understanding of both the associated synoptic-scale
processes and the mesoscale convection itself.

In this article and a companion paper, we will at-
tempt to simulate an observed case of frontal evo-
lution and squall-line development. Qur goal in this
effort is to better understand the role which ageo-
strophic, subsynoptic effects play in maintaining the
frontal cross-stream circulation and to determine the
influence which this cross-stream circulation has in
initiating and sustaining a line of deep convection.
Furthermore, the structure of this convection will be
analyzed in detail and will be compared to the ob-
served structure of other extratropical squall-lines.

. In the present paper, the open-boundary, three-
dimensional numerical model is described in detail
(Section 2). Then the synoptic situation to be sim-
ulated is described, and a comparison is made be-
tween observations and the numerical simulation
(Section 3). Finally, an analysis is presented of the
sensitivity of the simulation to the presence of mois-
ture and to the magnitude of the parameterized eddy
viscosity (Sections 4 and 5). In this analysis, a dis-
tinction is made between the effects of these param-
cters on subsynoptic or meso-« features and on me-
soscale or meso-{3 features.

The second paper (Orlanski and Ross, 1982) will
present a more detailed analysis of the vorticity and
divergence fields in both the dry and moist frontal
cases. Also, the development and structure of the
convection within the frontal system will be inves-
tigated in more detail, and the different transport
terms within the convective zone will be compared
to each other. '

Readers who are not interested in the details of
the numerical model may proceed immediately to
Section 3.

2. The numerical model

The three-dimensional numerical model used in
this study employs a finite-difference representation
of the equations of motion, as defined on a limited-
area domain. Major features of interest in the model
are: (a) open boundary conditions which determine
momentum and thermodynamic variables according
to local inflow/outflow conditions, (b) explicit rep-
resentation of moist convection so as to better portray
the interaction of convection with large-scale dynam-
ics, (c) the use of the anelastic formulation of Ogura
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and Phillips (1962) for the equations of motion in
order to permit both hydrostatic and non-hydrostatic
solutions, and (d) the capability to run the model in
a one-way nesting mode. The model uses a stereo-
graphic projection to map the limited area domain
onto a Cartesian grid with physical height z as the
vertical coordinate. The vertical coordinate grid
spacing is determined by a prescribed mapping func-
tion G(¢) according to the approach of Orlanski et
al. (1974). Neither map factors nor topography are
included in this initial version of the model.

Initial conditions and time-dependent boundary
data for a given model run are obtained either from
observational data or from a coarser nested solution.
A hierarchy of models may be defined with different
horizontal spatial resolutions which are progressively
finer. In the present case, we employ a sequence of
runs in which the coarser model with 246-km grid
size [ to match the local *“N40 grid” of Miyakoda
(1973)] uses observations to determine boundary and
initial data. This model then generates a data set
which is used to prescribe boundary and initial data
for the finer model with a 61.5-km grid size. The
equations and boundary condition treatment are the
same in the fine and coarse models. The parameters
used in each model are identical with the exception -
of those which depend upon grid size or geography
(e.g., surface-boundary conditions which reflect land-
sea differences).

a. Basic equations

The anelastic equations describe perturbations of
the atmosphere from an isentropic base state at rest,
as postulated by Ogura and Phillips (1962). The base
state is defined by a uniform potential temperatutre
8 with the reference density p, and the Exner pres-
sure my (defined as (Py/Po)™ with P = 1000
mb) only dependent upon the vertical coordinate, z.

The equation for horizontal momentum is given
in vector form as

i) 0
8_ (poV) = =V - (poVV) - G — (PoWV)
t do

0
- cp00V(poT) - fk X poV +V.r 4 Gg; k'T,
2.1)

where the vector V is the horizontal wind velocity
with components # and v in the x- and y-directions
respectively and w is the wind component in the z-
direction, that is, in the direction of the unit vector
k. The operator V will be assumed to be horizontal,
ie.,

4, 9,

ax ' + ay ¥

The vertical component of the Coriolis parameter,
f, varies in x and y. The vertical stretching coordi-

V=
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nate, o, is related to the physical coordinate z by the
transformation G(o) = do/dz where G in the present
case will be equal to the constant 1/H with H the
height of the rigid lid."! The last two terms of (2.1)
represent the divergence of the stress tensor = which
. is expressed in subscript notation as

26u,
3 9x

P| du,

Toa = v
ra = Po (ax,, C9x,

ou,

) ,  (2.2)

: 3
where du,/dx, is equivalent to > (0u,/3x,), 6,‘,,, is the

r=1

Kronecker delta, and »* denotes the eddy viscosity
components which will be discussed later. Note that
expression (2.2) reduces to the Navier-Stokes stress
tensor if »* becomes the molecular viscosity. The
parameterization of subgrid turbulence does not re-
quire 7 to be in this form. This form was chosen
because the model does not contain any fundamental
assumptions which preclude its use for basic labo-
ratory-scale fluid experiments; the form of (2.2)
therefore permits the viscosity formulation to be ex-
tended to the molecular limit in order to model small-
scale hydrodynamic flows.

The form of the continuity equation under the
_ anelastic approximation is -

G 5= (oow) = =V - (aaV), (2.3)
2 .

which provides a diagnostic equation for w in the
hydrostatic case treated here.

The prognostic equations for the thermodynamic
variables 6, g, and ¢ are given as

% __v. VB—wG—+—£—<Q£>
ot do Cp‘)‘ro ot cond

Avrlelwm, e
Po po o
aq dq <6c>
Ao V.Vg-wG2-|=
AR A vy
_lv.«Fq___lG_a_(k.Fq), (2.5)
Pa po 0o
and
-d¢ dc ac
g _ _ V - g
31 V.-Ve~wG +(6’>cond'
1 1 d '
~—V.FF——G—(k-F), (26)
Po _po Odo

! Because vertical stretching of z is not employed in the present
case, we use z ;rather than o as the vertical coordinate in expressions
to be presented in the model description which follows.
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where g and ¢ are mixing ratios of water vapor and
cloud water respectively. The eddy fluxes are of the
form

F® = —pokBV ¢ — pox’G 92 k, 2.7
do

where ¢ denotes 6, ¢, or ¢, and «” and «” are re-
spectively the horizontal and vertical eddy diffusiv-
ities.

The effects of water phase changes are denoted

in (2.4)-(2.6).

cond .
The phase change amount for each time step is
determined by a modified and more accurate ver-
sion of the moisture adjustment procedure de-
scribed by RO.

In this method, the values of ¢g"*' and ¢™*' which
are predicted for time (7 + 1)At using advection and °
diffusion alone are altered so that the water vapor
mixing ratio does not exceed Kq,"*'. The factor K,
assumed here to be 0.95, is the effective relative hu-
midity at which condensation is assumed to occur
within each grid box (Smagorinsky, 1960; RO). The
saturation mixing ratio ¢,*' depends upon potential
temperature 67! as

schematically by the quantity (%%>

T+l — & L7 T+ i ]
qs g, exp[R 7 @' -0\, (2.8)
where L is the heat of condensation, R, is the gas
constant for water vapor, and quantities with tildes
refer to the reference base state obtained by aver-
aging the model initial condition fields in the hori-
zontal.?

However, because (9c/d¢)cona depends upon 67!
through (2.8), Eq. (2.4) becomes a nonlinear equa-
tion in 6"*'. Ross and Orlanski solved this equation
by expressing (2.8) with a centered time derivative.
The drawback of this approach is that the prog-
nostically predicted g,”*' differs from the value de-
termined by (2.8) for 6"*' because of time truncation
errors. In the present technique, we avoid this dis-
parity by computing §°*' from the full nonlinear
equation using Newton-Raphson methods.

Finally, the perturbation Exner pressure = which
appears in the momentum equation (2.1) is computed
from the hydrostatic equation

or ]

cplo = = —+0608q—c>

29
9z 00 ( )

In Section 2c, we will present the methods used to
compute the pressure at the rigid model lid, which

. is needed along with this equation to determine the

complete pressure field.

2 This base state is believed to give more accurate moisture re-
sults than the isentropic base state used by Ross and Orlanski.
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b. Eddy parameterization

Our intention here is to employ a single parame-
terization of subgrid-scale turbulence for the entire
range of phenomena to be simulated by the various
nested models. The primary quantity used to deter-
mine the eddy viscosity and diffusivity is the local
Richardson number Ri, defined as

._ & 6,
Ri 00 (uzz + vzz) )

In theoretical studies whenever a local value of Ri
is defined, the physical length scale which is appro-
priate for the fluid-dynamical phenomenon of inter-
est is used. In a numerical model, on the other hand,
the local Richardson number is limited by the grid
size of the model, which may be much larger than
the scale of the turbulence which is to be parame-
terized. Thus, the value of Ri will serve as a bulk
Richardson number which indicates the sensitivity
of the mean flow to an integrated effect of the tur-
bulence to be parameterized. This bulk Richardson
number must have the same limiting characteristics
as the local value of Ri, namely, that the flow be very
stable with low eddy viscosity when bulk Ri > 0 and
that it be very unstable with high eddy viscosity when
bulk Ri < 0. The obvious difficulty comes in choosing
the critical Richardson number, Ri,, below which the
atmosphere becomes turbulent. In the laboratory, the
value of Ri, is found to be around 0.25, but the value
for bulk Richardson number in an atmospheric nu-
merical model is closer to unity, reflecting the fact
that it represents the average conditions over some
vertical layer which may contain both stable and
unstable regions. Then if one chooses the values of
maximum and minimum eddy viscosity expected to
occur in a grid box of the model for extreme con-
ditions (negative and large positive Ri respectively),
a straight-forward approach would be to represent
the eddy viscosity as a hyperbolic tangent function
~ of Ri centered at the critical Richardson number Ri..
This approach has the advantage that a range A Ri
can be prescribed which defines the transition inter-
val from low to high turbulent intensity. This gives
less importance to the choice of Ri,, which will be
somewhat arbitrary. Accordingly, the expression for
the vertical viscosity »° is

VW= Vov + (va - Vov)l:l - tanh(%)] .

In practice, it is more convenient to use an exponen-
tial form of this expression, namely:
Ri - Ri,

»= exp[A tanh( AR

> + B:| In10, (2.10)

where 4 and B are determined such that
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w—ory® as Ri— o
and

v’ — v’ as Ri— —oo.

A turbulent Prandtl number of unity is assumed so
that «* = »°. The horizontal values »* and «” are
equal to the local values of »* and «” increased by a
constant factor which is assumed to be roughly pro-
portional to (Ax/Az)%

In the moist atmosphere which we will be treating,
the appropriate variable to indicate instability should
be equivalent potential temperature 6, rather than
6 alone in the expression for Ri. In the present study,
however, we have chosen instead to produce the ef-
fect of moist convection upon the eddy viscosity by
increasing the value of the critical Richardson num-
ber in regions of the domain which are presumed to
be more turbulent.

As a first attempt at this, the value of Ri, was
increased from its normal value of one in unsaturated
air to a value of 100 where saturation occurred (g
> 0.95¢,). This procedure, which effectively in-
creased v° to v/’ in cloud areas, was obviously effec-
tive in controlling moist convection intensity in the
model. Nevertheless, it had several drawbacks. First
of all, it made cloud zones very viscous, an effect
which was especially unfortunate when the moist air
was convectively stable and would not produce in-
tense turbulence in the real atmosphere. Also, when
active convection occurred, downdraft regions in the
vicinity of the convection would be too inviscid where
the air was unsaturated and stable but the vertical
motion was intense.

An alternate approach to the above procedure and
the approach used in the present study utilizes ver-
tical motion as the indicator of turbulent intensity
for the critical Richardson number through the

expression w
Ri, = (1 i)Rim :

W*
where the parameter w* is the critical vertical ve-
locity, which should be dependent upon the horizon-
tal resolution of the numerical model, and Ri,, is the
basic critical Richardson number, which will be as-
sumed to be equal to 1. This approach has been
shown to be quite successful in the model because
it not only parameterizes turbulence in areas of deep
convection® but - also gives a reasonable nonlinear

? As noted earlier in this section, the horizontal viscosity »* is
proportional to the vertical viscosity » according to the ratio of
the squares of the horizontal to vertical grid sizes. If convection
were explicitly resolved without the need for an eddy parameter-
ization, the horizontal and vertical heat fluxes would be similar
in magnitude. Therefore, when an eddy parameterization is used,
the ratio of the horizontal to vertical eddy viscosity coefficients
should be proportional to the square of the ratio Ax/Az to achieve
the same effect. Results also indicate that this eddy parameteri-
zation effectively controls the tendency of convection in a hydro-
static system to excite the smallest resolvable scales.
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F1G. 1. Schematic diagram showing staggered grid used
in the model.

dissipation for stratospheric internal gravity waves
which otherwise would remain undamped because
of the very stable lapse rate. A value of 2.5 cm s7!
is used for w* in the 61.5 km grid solutions presented
in this paper.

¢. Numerical formulation

Egs. (2.1)-(2.7) are expressed in a finite-differ-
ence form similar to that used by Wllhams (1969)
and others. The momentum vanables Pold, poV, and
pow, are staggered in a three-dimensional lattice
about the potential temperature point, which is the
spatial location of all the thermodynamic and mois-
ture variables as well. This grid staggering (see Fig.
1), which corresponds to the “C Grid” in Arakawa’s
terminology (Meisinger and Arakawa, 1976), is use-
ful in minimizing the truncation errors for the con-
tinuity equation (2.3), although it produces higher
truncation error in the Coriolis terms of the mo-
" mentum equations (2.1). Since the primary use for
this model is for scales of meso-« size or smaller, we
believe that greater accuracy is required for the con-
tinuity equation, which would affect gravity waves
and convective phenomena, than is needed for the
larger-scale Coriolis effects.

Because of the rigid lid which is assumed for the
top boundary of the model (see Section 2d for a more
. detailed description of boundary conditions), it is
convenient to separate the horizontal wind field in
the model into barotropic and baroclinic parts. This
follows because the upper boundary condition that

= 0 at z = H implies that the integral of the
horizontal divcrgence over the depth of the air col-
umn should vanish, i.e.,

H
f V. ponZ = O, ’
o

or simply that .
V'p0V=0, (2.11)

. if the barotropic momentum poV is defined as
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poV = (2.12a)

1 H
E J; pOVdZ ]

while the baroclinic momentum (poVY is defined as

(poVY = poV — poV. (2.12b)

[Note that these definitions include density p, be-
cause of the anelastic deep convection form of the
continuity equation, (2.3)]. Since (2.11) applies only
to the barotropic part of the momentum, it is useful
to deal with the barotropic and baroclinic parts sep-
arately; thus, the finite difference form of the mo-
mentum equation (2.1) will be separated into the
barotropic equation '

PVt = bVl + 281G — c,0Vpor}  (2.13)
and the baroclinic equation
(poV™1Y = (V™'Y
= 2At{G' + ¢c,0,V(pom)'}, (2.14)

where the time derivative has been written in the
“leapfrog” finite-difference form used in the model.
Superscripts “r + 17 and “r — 17 refer to times
(7 + 1)At and (= — 1)At respectively in the normal
way (superscripts have been dropped from variables
for the time 7At). The vector G represents the terms
for advection, Coriolis force, and stress. Bar and
prime quantities use the definitions of (2.12).

Egs. (2.13) and (2.14) represent prognostic equa-
tions for poV™*! and (poV™*'Y in which all of the quan-
tities on the right-hand side are known except for the
Exner pressure. This pressure is determined as '

(2.15)

'

.

T =Wy + wH,

where 74 is the pressure on the rigid lid at height
z = H and wy is the hydrostatic pressure calculated
from (2.9) as the integral

g (*(8

The pressure m;,y may be viewed as that pressure
needed on the lid of the model so that the vertical
velocity of the fluid at z = H remains zero. In order
to derive an expression for the quantity g, we mul-
tiply (2.15) by po and take the barotropic part so
that

PoT = poTiia + pomry .

Then, solving for 74, we obtain

PoT — PoTH
g = ’
Po

(217)

where we now must determine the variations of
por in x and y such that the barotropic momentum
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field poV remains non-divergent as required by
(2.11). If we take the divergence of (2.13), then the
condition that the barotropic divergence be steady
is sufficient to produce the required two-dimensional
Poisson equation for pom:

V-G

Cp00

Vpor =

(2.18)

Boundary conditions for this elliptic equation will be
discussed in Section 2d.

The solution pyr from (2.18) then provides the
needed information to solve for 7 using Egs. (2.15)-
(2.17).* The prognostic momentum equations (2.13)-
(2.14) may then be solved for poV™*' and (poV™*').
In the present version of the model, however, we will
employ a different method from the direct use of
(2.13) to obtain pV™"'. In particular, rather than
trying to maintain the zero barotropic divergence of
the initial fields through use of (2.13) and (2.18), we
will require nondivergence in p,V by defining it in
terms of a streamfunction ¢ such that

T+1 o 0 T+1
a¢ ’ vaT+l = ‘p .
dy dx
Taking the curl of (2.13) then gives a prognostic

equation for the barotropic vorticity

pou'r+\ _

(2.19)

pod™ = pof T+ 281V X Gl (2.20)

We may then determine ¢"*' by solving the two-di-
mensional Poisson equation

V2¢1+1 = _p0§-1+1’ (221)
using the observed (or coarse model) non-divergent
boundary velocities normal to the boundaries to-
gether with boundary vorticity values described in
Section 2d. ’ :

Finally we may summarize the equations used by
the model to advance the solution from time 7Af to
time (v + 1)At. The procedures described are con-
strained by the practical requirement that only four
consecutive x-z slabs from the full three-dimensional
arrays be present in the computer primary storage
(central memory) when the three-dimensional equa-
tions are being evaluated (steps 1 and 3 below). The
computational procedure is carried out as follows:

1) Knowing all variables at times 7Af and (7
— 1)At, one computes (poV'*'Y, 6%, g™, and ¢!
using (2.14), (2.4), (2.5), and (2.6) respectively. The
continuity equation {2.3) is used to determine (pow)™*!
from (poV7*'Y.

*In fact, because of practical constraints imposed by program-
ming procedures, p7"~! will be used to determine m;y at time
rAt. This approximation produces no significant inaccuracy since
myq varies slowly in time and the time step Az is only 180 s.
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2) The barotropic quantities ¢"*' and por” are
determined by solving the two-dimensional Poisson
equations, (2.21) and (2.18), respectively.

3) The barotropic momentum implied by ¢"*! in
step 2 is added to (poV™*') from step 1 to produce
the complete momentum pgV' . Also, por” from step
2 is used along with the hydrostatic pressure 75"
as implied by 67!, g%, and ¢*! (2.16) to give the
lid pressure m;"*! (2.17) and thereby the complete
Exner pressure 7"t

In the solutions presented here, a time step At of
180 s was used. A weak time filter (Robert, 1966)
was applied in step 3 to suppress the splitting of
modes which is associated with the leapfrog time-
difference method being employed.

d. Boundary conditions
1) SIDE BOUNDARIES

One of the most critical aspects of any limited-
area model is the boundary conditions used to de-
termine variables on the “open” side boundaries of
the model. The basic procedure used here, which is
described in more detail in Appendix A, is: (1) to
use “radiative” (extrapolated) conditions where out-
flow occurs and (2) to prescribe boundary data from
observations or from a coarser model where inflow
occurs. Our current approach reflects the same phi-
losophy as that of Orlanski (1976) in that inflow/
outflow conditions are determined at each boundary
point from local conditions. On the other hand, we

‘now employ only the local advection speed normal

to the boundary (specifically, an average between the
local interior value and the value from observed or
coarse model data) as a determinant of the propa-
gation or phase speed rather than the more sophis-
ticated quantity which was proposed by Orlanski.
Our choice of this advection speed alone was moti-
vated primarily by its simplicity of application; more-
over, the effects of the propagation of faster gravity-
wave modes, which are neglected by this approach,
will normally be of only secondary importance for
the model resolution used in this case.

The unique feature of the boundary procedure
used here is that the higher-order quantities of ver-
tical vorticity { and horizontal divergence D are used
to determine the wind components u and v at the
boundaries. This approach, which is also utilized in
the model initialization (Section 2¢), reduces distor-
tions at the boundary because derivatives of u and
v, rather than u and v themselves, are extrapolated
or prescribed at the boundary points.

Although it provides a more accurate represen-
tation of flow conditions at the boundary, the local-
ized determination of inflow/outflow has the draw-
back that it tends to produce large wind shears at

‘those singular points where flow conditions change
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from inflow to outflow. To eliminate this effect with-
out resorting to a layer of large viscosity along the
boundary, we apply a one-dimensional Shapiro (1970)
smoothing operator to the closed loops of u, v, and
6, which make up the boundary points for the limited-
area model. This operator, which is best suited to the
periodic functions associated with these boundary
loops, has been shown in the 61.5 km grid solution
to eliminate waves of wavelength less than 3Ax along
the boundaries, while leaving wavelengths greater
than 7Ax unaltered.

Finally, as described in Section 2c, the rigid-lid
condition in the model implies that the wind com-
ponents # and v should be separated into baroclinic
and barotropic parts. The effect of this upon the cal-
culation procedure is that the baroclinic momentum
components (pou™') and (pov™*') are determined by
the prognostic equation (2.14), and the barotropic
momentum components pou”"' and pov™*! are found
by solving the Poisson equation (2.21) for the stream-
function ¢7*!. The barotropic boundary velocity com-
ponents are found by the above open boundary pro-
cedure. The observed (or coarse model) barotropic
momentum normal to the boundary is used to de-
termine the Dirichlet boundary condition ¢! for
(2.21). Because of the staggered grid used in the
model, however, the expression (2.20) is unable to
determine the barotropic vorticity po{ ™" for the out-
ermost interior points in the forcing function of the
Poisson equation. But these outer vorticity points are
actually the boundary vorticity values which have
been determined by the inflow/outflow procedure
described above and in Appendix A. Therefore the
barotropic part of this boundary value is used to com-
plete the forcing function po{™! for (2.21).

2) SURFACE BOUNDARY

‘Since the present version of the model does not use
stretching of the vertical grid, no detailed boundary-
layer treatment of the surface boundary conditions
is used here.’ In particular, the surface boundary
conditions for # and g are posed in a simple heuristic
way with no attempt made at this time to develop
a surface heat and moisture budget procedure. Spe-

cifically, the surface condition for potential temper- -

ature only requires a constant lapse rate at the sur-
face of 4°C (1000 m)~', with no diurnal effects
included in the present model. The condition for
mixing ratio g for solutions involving moisture fixes

5In the low viscosity cases ML and DL presented below, the
background viscosity «o’ is increased from the free-atmosphere
value of 5 m?s™! to a surface value of 20 m? s™ in the surface
layer, z < 2 km. This serves to crudely represent the increased
viscosity in the planetary boundary layer.
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the relative humidity at the surface at a prescribed
value which depends upon whether the point is lo-
cated over land or ocean. In the solution presented
here, the surface relative humidity is fixed at 60%
over land and 85% over water with a smoothly vary-
ing transition zone of SAx width at the land/sea in-
terface. This moisture boundary condition is included
in the model as a way to approximately simulate the
important effect of moist air over the Gulf of Mexico
as a primary source of moisture for convective ac-
tivity over the southeastern United States.

Regarding the surface boundary conditions for the
wind components, a bulk drag formulation may be
used in the model to determine the vertical shear of
horizontal wind components at the surface using dif-
ferent drag coefficients over land and ocean. A free
slip condition is used, however, in the current solu-
tions. The vertical wind component w is set to zero
at the surface with the lower boundary assumed to
be flat. '

3) ToP BOUNDARY

Since the upper boundary of the model is located
at a height H of 16 km, which is well above most
mesoscale activity in the solution, the main purpose
of boundary conditions at this level is to provide a
means to bound the vertical extent of the model with-
out reflecting gravity waves back to the lower levels
to any great extent. To accomplish this, .observed
(or coarser model) data are used as boundary con-
ditions for pou, pov, and 6§ at the upper boundary.
These data are obtained, as are the side boundary
values, from a linear time interpolation between ob-
served data at specific time intervals (Section 2e).
As a mechanism for reducing wave reflection, New-
tonian damping is applied to these three fields at the
first level (z = H — Az) below the lid using a damping
time constant of 2 h so as to drive these variables
towards their observed values.

As discussed in Section 2c, the vertical momen-
tum, pow, is zero at the upper boundary because this
boundary is assumed to be rigid. Finally, zero-flux
boundary conditions, namely

oq
0z

are assumed for the moisture variables.

%

_0’
y 0z

H

e. Initialization

The techniques used to provide initial and bound-
ary data for the nested models have been developed
in order to produce fields which are consistent with
the anelastic hydrostatic model and which are inter-
polated to the finer grid in such a way as to minimize
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the effects of the coarseness of the coarser grid. No
major effort was made to balance the observed data
for use in the coarsest model (with Ax = 246 km)$
because the rotational part of the wind was already
balanced on the hemispheric N40 grid using the
streamfunction Poisson equation described by Mi-
yakoda (1973). Also, since the present model uses
open boundaries, we believe that any imbalances in
the initial fields will be adjusted dynamically with
the resulting disturbances propagating out of the
domain as gravity waves through the open bound-
aries.

In the discussion which follows, we will make no
distinction between the preparation of initial and
boundary data since the procedures used to prepare
both data-sets are identical. In the procedure, a com-
plete set of variables is obtained on the chosen model
grid at prescribed evenly-spaced times throughout
the time period to be modeled. Data at any one of
these times may then be used either to initialize the
model or to provide boundary data for a model run
which was started at an earlier time.

Two different initialization procedures will be de-
scribed although many of the techniques used in each
are identical. In the first method, which we refer to
as the coarse-model initialization, data in the N40
format (designated here as ‘““observed”™) is converted
to a form which is appropriate for the coarsest grid
in the nested model hierarchy. In the second method,
which is called the nested-model initialization, the
data from a coarser resolution solution in the nesting
hierarchy is mapped to the finer grid, for example
from the 246-km grid to the 61.5-km grid in the
present case. As one might expect, the initialization
from observed data will be more elaborate since it
involves the conversion of different types of variables,
as well as horizontal and vertical interpolation, while
initialization for the nested model primarily consists
of horizontal interpolation alone.

One feature common to both initialization pro-
cedures is the approach that, wherever possible, in-
terpolation from coarse to fine grids is performed on
higher-order quantities such as vorticity and diver-
gence rather than on the basic variables such as u
and v. The original ¥ and v may then be recon-
structed on the finer grid by solving Poisson equations
to obtain streamfunction ¢ and velocity potential
®, both of which then determine the fine-grid flow.
This technique, the details of which will be described
in a later paper, has the effect of reducing the effects
of the interpolation procedure on the raw variables
u and v. Note that v and v will have to be interpolated

¢ The exception to this is that the barotropic wind field is geo-
strophically balanced with the barotropic pressure as will be dis-
cussed below and in Appendix B.
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to the fine grid in order to provide boundary con-
ditions for the Poisson equation. Any roughness in
the resulting Y and & fields is minimized for the final
fine-grid variables by solving the appropriate Poisson
equations on grid domains larger than the domain
which will ultimately be used by the finer mesoscale
model.

The coarse-model initialization procedure uses
gridded data which were initialized for the GFDL
N40 model and which were originally taken from
NMC data sets for 0000 and 1200 GMT of each
day. The data consists of stream function ¢, tem-
perature 7, geopotential height ¢, and relative hu-

.midity R for 13 standard-pressure levels ranging

from 30 mb to 1150 mb. The coarse mesoscale model
uses the same grid spacing and orientation as the
stereographic N40 grid, although variables in the
mesoscale model are staggered in a C-grid configu-
ration rather than the 4-Grid form used in the N40
data; therefore the horizontal interpolation required
is minimal for this case. On the other hand, the ob-
served variables must be interpdlated from constant-
pressure to constant-height levels in the vertical using
the geopotential heights. After interpolation, the
pressure is made compatible with the.potential tem-
perature. Finally, the barotropic wind field is put in
geostrophic balance with the barotropic pressure
field as a balancing procedure. (This balancing pro-
cedure has been found in more recent model runs to
be unnecessary).

The nested-model initialization is basically an in-
terpolation procedure since the data types of the
coarser-and finer models are identical. In the present
case, the same vertical-grid distribution is used for
all models, so only horizontal interpolation is re-
quired. As in the coarse-model case, the interpolation
of higher-order derivatives is used, but in this case,
the original field is divergent, so that velocity poten-
tial and divergence must be used in addition to
streamfunction and vorticity in order to describe the
horizontal wind fields. Also, divergence as well as
vorticity is interpolated, and a second Poisson equa-
tion is solved for the velocity potential on the finer
grid before the divergent horizontal wind field can
be reconstructed.

The potential temperature field is transferred to
the finer grid using the Laplacian V24 as the variable
to be interpolated in addition to 4. The final inter-
polated field of # is then obtained from a Poisson
equation in which the interpolated form of the La-
placian is used as the forcing function. As in the
coarse-model initialization, only a smaller interior
portion of this domain is used for the final mesoscale -
field.

An additional task for this initialization procedure
in the present case is to incorporate the observed
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TaBLE 1. Conditions for the four solutions to be compared.

Moisture .
Case condition Eddy viscosity treatment
ML Observed v’ = 5 m? s~ in free
(control) moisture atmosphere increasing to
20 m? s™! at ground
within surface layer (z
< 2 km)
DL Dry, v” = 10 000 m? s™*
MH Observed ve° = 20 m? s~! over entire
moisture atmosphere
DH Dry .7 = 40 000 m? s™!

moisture field into the fine-grid initial data. This is
required since the coarse (246 km) model was run
without moisture included. Therefore, the observed
relative humidity field is included in the coarse model
data set prior to interpolation to 61.5 km grid.

A summary of the initialization procedures for
both the coarse and nested-model data is presented
in Appendix B. - '

3. Description and comparison of solutions

The synoptic situation studied here was chosen as
a typical baroclinic system with moderate fronto-
genetic activity, as often occurs during the spring
over the southeastern United States. This particular
case was selected because the frontal dynamics in-
volved seem to have been unaffected by complicating
orographic effects. In addition, an intense secondary
convective system was observed to develop during
this period in the form of a squall line in the warm
sector ahead of the front. This case thus provides us
with an opportunity to simulate the frontogenetic
dynamics of a frontal system over relatively flat ter-
rain as well as the propagation and interaction of a
cold front with associated moist convection.

The synoptic situation occurred during the period
1200 GMT 1 May to 1200 GMT 3 May 1967 and
was characterized at 500 mb by a nearly stationary
low-pressure system over the north-central United
States which intensified during the first 24 h of the
period. The associated trough moved from the south-
west to the southeastern United States during this
time. The surface low, initially located over South
Dakota, moved northeastward into Quebec during
the first 24 h. The associated cold front, extending
from the Great Lakes to south Texas at the initial
time, was part of an occluded system reaching into
southern Canada. In the warm sector east of this
front, skies were overcast, with squall /lines devel-
oping intermittently parallel to and ahead of the
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front over the southeastern United States. During
this ‘period, the frontal system traveled southeast-
ward to a position off the east coast after 48 h, at
1200 GMT 3 May.

Gridded NMC data were used to provide initial
and boundary conditions for a coarse (246 km grid)

. dry numerical solution over the 48 h period beginning

1200 GMT 1 May 1967. This solution was then used
to produce initial and boundary data (in the manner
described in Section 2e¢) for four different fine-grid
solutions which are identical to each other except for
differences in eddy-viscosity magnitudes and moist/
dry initial conditions as described below and sum-
marized in Table I. .

The four model configurations will each be des-
ignated by a two-letter symbol. The moisture con-
ditions will be denoted by the first letter where D
and M will be used to indicate dry and moist con-
ditions respectively. In the moist cases, the observed
moisture field used in the initial and boundary con-
ditions was taken from the NMC data set. The water
vapor mixing ratio at the surface in these cases is
determined by prescribing a relative humidity of 60%
over land and 85% over water (as described in Sec-
tion 2d). Clearly the use of this simplified surface-
moisture condition will affect the timing and inten-
sity of the convection in the solution. However, our
purpose here is to study the interaction of this con-
vection with the frontal circulation rather than to
produce a detailed prediction of convection events.

The eddy-viscosity treatment is indicated by the
second letter in the symbol designation. Specifically,
the letter H will denote the high-viscosity case in
which the minimum or background vertical eddy
viscosity, v,’, is 20 m? s™! over the entire depth of the
atmosphere. The letter L will designate the low-vis-
cosity case where vy’ is only 5 m? s™! in the free
atmosphere above a surface layer 2 km thick, in
which o’ increases to 20 m? s™' for z < 1 km. The
ratio of horizontal to vertical eddy viscosities is con-
stant with height in both cases with a value of 2000.
The minimum horizontal eddy viscosity »,” thus as-
sumes values of 10 000 and 40 000 m* s~' for the low.
(L) and high (H) viscosity cases respectively.

Table 1 summarizes the differences among the
four ‘cases studied here. Special attention will be
given to the more realistic low-viscosity, moist so-
lution ML, which will be used as a control solution
when comparisons are to be made between cases.

Finally, before proceeding to a comparison of so-
lutions, we first introduce the horizontal smoothing
operator to be used. This operator is used extensively
in the analysis presented in Sections 3b and 3c as a
method for filtering finer scale features so that we
may separate meso-a effects (with horizontal scales
L ~ 250-2500 km) from meso-3 effects (with L
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~ 25-250km). The basic solutions were all produced
on a fine mesh 38 X 30 horizontal grid with Ax
= Ay = 61.5 km. To obtain a smoothed version of
each solution, which we refer to as the “meso-o”
version, we average each field from the fine-grid so-
lution back to the coarse-grid mesh where Ax
= Ay = 246 km, thereby producing a four-fold re-
duction in horizontal grid resolution. This smoothing
is done by a straightforward area-weighted averaging
procedure. In this method, the value of a variable
located at a grid point (x; y,) on the fine grid is
viewed as representing the magnitude of that quan-
tity over the rectangular area defined by the bound-
aries x = x,* Ax;/2, y = y,+ Ayy/2. Therefore, the
smoothed value of the quantity defined on the coarse
grid at the point (x,, y.) is found by taking the area-
weighted average of the values of all fine grid points
which lie within the coarse-grid box, the boundaries
of which are x = x. + Ax./2,y = y. £ Ay./2.

The resulting meso-a variables, as well as the
smoothed solutions taken as a whole, will be denoted
by angular brackets; therefore, for example, the
smoothed form of the potential temperature, 6, from
case ML will be referred to as (§) while the smoothed
version of solution ML taken as a whole will be de-
noted as (ML). The smoothed fields on the coarse
246 km grid will also be linearly interpolated back
to the fine 61.5 km grid in Section 3c. This is required
so that meso-g features may be displayed directly as
the difference between the original and the smoothed
fields.

Comparison with observations

The constant pressure charts for gridded NMC
observations will be compared with the fine control
solution, ML, and its coarse smoothed version,
(ML), which has the same resolution as the gridded
observational data (Ax = 246 km). Four standard
pressure levels, 1000, 850, 500 and 300 mb, are pres-
ented in Figs. 2-5, respectively. A time sequence at
12 h intervals is shown in each figure for geopo-
tential height, temperature, and wind, with conven-
tional wind flags used to indicate wind direction and
speed (in knots). The observational fields shown in
the top row of each figure correspond to the coarse-
model domain with the region encompassing the fine
model domain designated by the interior boxes in
these upper charts. Although ML was run to 48 h
(1200 GMT 3 May 1967), only the first 36 h are
shown in Figs. 2-5 because of space limitations. So-
lutions at 48 h will be shown in later sections,

The 1000-mb fields shown in Fig. 2 also contain
the position of the surface front and the areas of
precipitation as it occurred in the observations and
in the model over the previous 6 h. In the observa-
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tions, the frontal positions and the precipitation areas
were obtained from surface analyses rather than
from the gridded data set. The position of the front
in the numerical results was determined as the line
of maximum vertical vorticity (referred to below as
the vorticity band) in the frontal region.

The model shows good success in correctly follow-
ing the motion of the observed front and low pressure
system over the duration of the integration. Although
the low occurs along the northern boundary (with
the center of the depression outside of the domain),
its behavior is only partially controlled by the pre-
scribed boundary conditions. (Specifically the bound-
ary region to the east of the pressure trough is out-
flow; baroclinic variables on this boundary will thus
be extrapolated from the interior rather than be de-
termined by external boundary values.) As the low-
pressure system moves eastward, a high pressure sys-
tem moves into the northwest portion of the model
domain; however, the southerly flow near the western
boundary in the observations at 1200 GMT 2 May
and 0000 GMT 3 May becomes an easterly flow in
the simulation. The southerly flow in the observations
is apparently caused by the mountains to the west;
therefore, because the model does not contain orog-
raphy, the flow about the high located in the north-
west moves directly westward without this oro-
graphic impediment.

The wind intensity along the front in Fig. 2 is
somewhat stronger than that in the observations; the
wind direction is quite similar ahead of the front but
is more normal to the front than observations indicate
on the cold air side at 12 h and 24 h. The overall
temperature gradients are well simulated in the
eastern part of the model, whereas mountain effects
in the west produce distortions similar to those in the
geopotential field.

The circulation at 850 mb (Fig. 3) shows similar
features to that at 1000 mb with the mountain effect
in the west causing the major disparity in wind and’
temperature. The winds in the southeast are very
close to the observations in both direction and speed.
The low-pressure system in the north is reasonably
simulated in its position and intensity, but the north-
south.gradient of geopotential height is weaker than
observations show.” This bias can even be seen in the
initial field.

The diurnal effect is only included in the model
insofar as it influences the boundary data. If this

7 The persistent bias in the geopotential height of 100 m at 1000

mb between the observations and the model results is attributable
to two effects, viz., our choice of the reference value 6, to be 328
K, and a small constant disparity which exists in the barotropic
pressure boundary values for (2.18). This constant bias has no
dynamical significance in the solution because it does not alter the
horizontal pressure gradient.
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Oh 12h

0000 GMT 2 MAY 1967
4

OBS

ML

ML

F1G. 2. Charts on the 1000 mb constant pressure surface at 12 h intervals for (i) observed fields on the coarse model grid (top row),
(ii) solution (ML) which is smoothed to coarse grid points (middle row), and (iii) unsmoothed fine grid solution ML (bottom row).
Solid lines indicate geopotential heights labeled in tens of meters. Dashed lines denote temperature in °C. Wind barbs indicate wind
direction and speed in knots according to standard meteorological convention. The border of the fine model domain is marked by a
box in the upper frames. The positions of the surface fronts are indicated. Also regions in which precipitation was measured at the
surface during the preceeding 6 hours are indicated by stippling.
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F1G. 2. (Continued)

diurnal variation is important in the present case, it these changes would be largely absent from the
should appear as changes in low-level observed fields model, thereby producing discrepancies between the
such as the 1000- and 850-mb winds over the Plains; solution and observations. The fact that the differ-
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FIG. 3. As in Fig. 2 except for the 850 mb surface.

ences found in the low-level winds of Figs. 2 and 3 This small-scale disturbance is clearly due to the
are quite independent of the day-night cycle suggests  deep convection occurring in the solution at this time
that diurnal influences upon the solution are small. above the surface front. Note that neither the ob-
A mesoscale circulation is apparent in the south- servations nor (ML) indicate this detailed feature.
east corner of ML in Fig. 3 at 0000 GMT 3 May. For the upper level fields at 500 and 300 mb (Figs.
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FiG. 3. (Continued)

4 and 5), the large discrepancies found in the low
levels are absent® and the observed features are mod-

® However, as Section 4 will show, derivative quantities such as
divergence may differ at these levels due to effects such as a change
in the intensity or location of the outflow above a convective zone.

eled quite well. Note, however, that the jet intensity
in the solution at both 500 and 300 mb is consistently
high by 10 knots (5 m s™') compared to the observed
values. At 500 mb, the observations for 1200 GMT
2 May show a maximum wind of 70 knots (36 m
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FIG. 4. As in Fig. 2 except for the 500 mb surface.

s7') whereas the model solution indicates 80 knots
(41 m s™'). Similarly, at 300 mb, the wind maximum

of 90 knots in the observed field is increased to 100
knots in the model.

4. Meso-« features

The dependence of .the four solutions shown in
Table 1 on eddy viscosity and humidity will be in-



FEBRUARY 1982 BRUCE B. ROSS AND ISIDORO ORLANSKI 311

36h

24h

1200 GMT 2 MAY 1967
O

OBS

S v\ Ny /,- N
I~ \ \ / & y "
S NQe==

7

/,§ oS,
%
/
i K /
14 B
i Fi
' ,
& 1
\
ii ‘\
\
o W
'-‘1—- Bl
VO
\ \,

f
s
(ML) s o
e i 5 g (-t G
u =S "‘—-' —<¥‘w‘/
m;m* Y
o i | e 4
5(](]|'!'\bJl 100 95 " S0 - 85

ML

F1G. 4. (Continued)

vestigated in this and the following section using the cases MH, DL, and DH and the more realistic con-
smoothing operator to distinguish “meso-a” and trol solution ML by comparing the coarse-grid dif-
“meso-B” features. In the present section, we will ferences (MH) — (ML), (DL} — (ML), and (DH)
look at the meso-« differences between the three — (ML) for different times and heights. Then, in

N
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F1G. 5. ‘As in Fig. "2"except for the 300 mb surface.

the next section, we will try to isolate the smaller
- meso-g features by comparing the fine-grid solutions
including temperature difference fields for ML
~ (ML), MH —~ (MH), and DL — (DL). In the

figures which follow, plots will be presented for con-
stant height levels which roughly correspond to the
standard pressure levels treated in the previous sec-
tion. In particular, model levels will be displayed for
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heights of 0, 1500, 5500, and 9500 m (which roughly Fig. 6 shows composite plots of the lower three
correspond to 1000, 850, 500 and 300 mb, respec- levels for the control case (ML) at 24 and 48 h. The
averaged fields for pressure (solid contours), poten-

tively).
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F1G. 6. Contour plots of smoothed control solution (ML) at 24 h and 48 h for constant height levels z = 0, 1500, and 5500 m.
Pressure (in mb) and potential temperature (in °C) are denoted by solid and dashed contours, respectively. Vectors indicate horizontal
winds with the magnitude scaled relative to the length for 10 m s™' as shown below the southwest corner of ‘each frame.

tial temperature (dashed), and horizontal winds (vec-
tors)® are shown in this figure as a reference for their

® Vectors will be used throughout this paper to denote wind
direction and speed except in Section 3a where wind flags are used

in the constant pressure plots.

corresponding difference fields in Figs. 7-9. The
cloud zones (indicated by stippling) are determined
by the complete, unsmoothed cloud fields of ML in
order to indicate regions of moist convection in the

solution.
The cloud patterns in Fig. 6 demonstrate that con-
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<{MH>-<MLD

{DL>< ML

{DH><ML>

——e 10m/s

— 10mfs

FiG. 7. Plots of pressure difference in hlb (solid contours), potential temperature difference in °C (dashed contours), and horizontal
velocity difference (vectors, scaled by 10 m s™* vector at lower left of each frame) for height level z = 0 m at 24 and 48 h. All differences
are computed between the smoothed solutions (MH}, (DL}, and (DH) and the smoothed control solution (ML).

vection is only beginning to develop at 24 h with a
shallow line of convection occurring at z = 1500 m
along the frontal zone. On the other hand, the cloud
patterns at the end of the calculation (48 h) indicate
deep convective penetration, shown in Fig. 10 to ex-
tend above 9500 m. It is therefore convenient in this
section to discuss the meso-a differences at 24 and
48 h as indicative of the larger-scale features of the

solutions during two separate phases. The fields at
24 h do not involve significant diabatic heating ef-
fects but rather are dominated by synoptic-scale dy-
namics. The moist air parcels above the front have
still not been lifted sufficiently to achieve free con-
vection. During the ensuing 24 h, however, the un-
stable convection which develops becomes suffi-
ciently intense within this area that it not only
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<MH>-<{ML>

© <DL>=<<ML>

<DH>-<ML>

FIG. 8. As in Fig. 7 except for level z = 1500 m.

dominates the meso-8 dynamics but also alters many
features of the larger meso-a scales, as indicated in
the following discussion.

In the surface difference fields shown in Fig. 7,
two effects predominate at 24 h. (A third feature,
namely the disturbance in the northeast corner of the
domain, is apparently numerical in its origin and is
discussed below.) First, the increased diffusion coef-

ficients used in cases MH and DH (see Table 1) are

_shown to slow the southeastward movement of the

frontal system when compared with the low-viscosity
control case, ML (and the associated dry case, DL).
As a result of this effect, a large region of positive
temperature difference develops in the fields for
(MH) — (ML) and (DH) — (ML) by 24 h, with
maximum anomalies of 3.1-3.3°C occurring near the
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F1G. 9. As in Fig. 7 except for level z = 5500 m.

center of the domain in the area of largest horizontal
temperature gradient. This anomaly implies a south-
ward displacement of the frontal system in ML of
roughly 100 km as compared with MH and DH.

The pattern of negative pressure difference, Ap,
in (MH) — (ML) is seen to correspond closely with
the above Af pattern; the minimum Ap of —1.7 mb
occurs at the same point as the A6 maximum. The
vector differences, AV, which have developed by 24
h seem to be adjusting geostrophically to the pressure
difference field.'®

The second important effect which is evident at
24 h is the pressure difference which occurs in the
dry cases, DL and DH, due to the absence of water

10 As the reference vector in the lower left corner of each map
indicates, vector lengths in Figs. 7-10 for a given differenced wind
magnitude are four times as large as they are in Fig. 6 for an
equivalent undifferenced wind.

vapor. In particular, the hydrostatic pressure at any
point in the moist cases, ML and MH, will be re-
duced compared to their dry counterparts in pro-
portion to the total water vapor content of the air
column above that point. This effect largely explains
the pressure difference pattern for (DL) — (ML)
at 24 h where Ap is as large as 2.6 mb in the moist
air ahead of the front but decreases across the frontal
zone to a value of <1 mb behind the front. The in-
creased pressure gradient which occurs in (ML) as
compared to (DL leads to an increase in the surface
winds along the front by as much as 3 m s7; this
velocity increase is therefore attributable to the pres-
ence of water vapor and its effect upon the pressure.

In view of the above discussion, the differences for
(DH) — (ML) represent the combined effects of
increased diffusion and the absence of water vapor
in DH at 24 h. Thus a broad positive temperature
region is evident over much of the domain because
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F1G. 10. Composite for level z = 9500 m at 48 h showing smoothed, undifferenced fields of ML
in upper left frame (as in Fig. 6) and difference fields for (MH), (DL), and (DH) relative to

—10m/

{DH)-{ML)

ML

in other three frames (as in Figs. 7-9). Vector lengths in the difference plots are four times as large as
they are in the undifferenced plot in the upper left frame.

of viscous retardation of the frontal movement, while
the accompanying negative pressure field has been
weakened and shifted relative to (MH) — (ML) as
a result of the influence of water vapor on pressure.

Finally, a localized disturbance may be seen in the
northeast corner of the domain as a positive tem-
perature difference in the low-viscosity case (DL)
— (ML) and to a lesser extent in the two high-vis-
cosity cases where it appears as part of the frontal
shift. This feature is only evident around 24 h and
appears to be due to the interaction of the surface
front with the boundary treatment as the front passes
the northeast corner.

At 48 h, the effects of water vapor and viscosity
are still evident but now are modified by the con-
vection which occurs above the leading edge of the
surface front (see Fig. 6). The influence of convection
on the difference fields is most apparent in the dry
cases and particularly for (DL) — (ML), which is

not dominated by the frontal retardation evident in.

(DH) — (ML). The positive potential-temperature
anomaly in the south-central part of (DL) — (ML}

is of particular interest since it largely occurs beneath
the cloud zone (the averaging operator will tend to
spread anomalies relative to the unaveraged cloud
zone shown in Fig. 6).

Two possible causes are apparent as mechanisms
to produce this decrease in # in the moist case ML
relative to DL: First, the strong low-level conver-
gence which is produced by the convective zone could
modify the horizontal temperature advection beneath
the cloud zone so as to produce increased cold ad-
vection to the south relative to the dry case DL. The
difference vectors in (DL — (ML), in fact, indicate
increased southward flow in (ML) and therefore sup-
port such a differential advection hypothesis at 48
h (increased southward flow in (ML) compared to
(DL) appears as a north-pointing vector in the fig-
ure). Such an effect is basically equivalent to an in-
creased packing of the isentropes along the front due
to the enhanced convergence in the moist case ML.

A further indication of this is the negative Af
anomaly of ~0.9°C which appears in (DLY — (ML)
in the southeast corner of the domain. As the vector

\ ,
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differences AV show, this results from the increased
northward advection of warm air occurring in ML
due to the more intense convergence.

A second and related mechanism that also con-
tributes to the decrease of 4 beneath the cloud is the
adiabatic cooling which results from the upward
motion induced by the convection. This surface tem-
perature decrease, which reflects the temperature
decrease at 500 m because of the lower boundary
condition of constant lapse rate (Section 2d), is
shown by Orlanski and Ross (1982) to be correlated
with regions of strong convergence. For the lapse rate
in this region, a sustained upward motion of 1 cm
s~! occurring over a period of 24 h would be sufficient
to produce the 2.9°C anomaly shown. Since local
vertical velocities at 1000 m in this region are on the
order of 10 cm s7/, this adiabatic lifting mechanism
seems very plausible. :

A second feature at 48 h is the decrease in surface
pressure within the convective zone of the moist case
ML as compared to the dry cases, DL and DH. This
apparent “meso-low” appears in the southeast corner
of the difference fields (DL) — (ML) and (DH)
— (ML) as local regions of positive AP with maxima
of 3.9 and 3.2 mb respectively. The decrease in P in
case ML is the result of higher temperatures within
the cloud zone above 1000 meters which appear to
be due to diabatic heating (see the negative temper-
ature anomaly in this region at 1500 m for (DL)
— (ML)} in Fig. 8).

Turning our attention now to the difference fields
at 1500 m (Fig. 8), we see similar positive temper-
ature anomalies at 24 h in both (MH) — (ML} and
(DH) — (ML) due to the retarding effect of viscosity
upon the front. The axis of this anomaly is now
shifted to the north, reflecting the northwestward
slope of the front itself. Similarly the two dry cases
show an increase of pressure due to the absence of
water vapor, although the magnitude of this increase
is weaker at 1500 m. Finally the temperature anom-
aly in the northeast corner, which was quite evident
at the surface, is still apparent in (DL) — (ML).

At 48 h, the fields for (DL) — (ML) exhibit sev-
eral interesting features in the vicinity of the con-
vective zone. Within the cloud region, the differences
indicate the potential temperature in (ML) to be as
much as 1.7°C warmer than for case (DL), appar-
ently due to the latent heat release which is occurring
within the cloud. Then, to the rear of the cloud, where
the air is colder and drier, the temperature in (ML
is colder than in (DL}, an effect attributable largely
to evaporation of the rear wall of the cloud as shown
by an analysis of the heat balance terms (Orlanski
and Ross, 1982). The diabatic heating within the
cloud seems to be responsible for the lower pressure
occurring within the cloud and at the surface; but,
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the lower pressure in this meso-a field may also be
due to the larger amount of g within the air columns
in the cloud region as compared to air columns in
the surrounding unsaturated air. The above fea-
tures, which are quite apparent in (DL) — (ML),
are largely obscured by the frontal shift in (DH)
— (ML).

The 5500 m difference fields in Fig. 9 show a re-
duction in the intensity of potential temperature
anomalies and a near absence of significant pressure
differences. In fact, the lower levels are dominated
by rather strong direct effects of moisture and vis-
cosity changes in the form of frontal retardation,
hydrostatic pressure differences due to moisture ef-
fects, and diabatic effects of condensation and evap-
oration. On the other hand, the upper levels, specif-
ically the heights of 5500 m and 9500 m, are
influenced by weaker, more indirect effects of vis-
cosity and moisture changes. These changes alter the
middle atmosphere through their influence upon the
vertical circulation associated with the frontal system
and through the effect of moisture inclusion in pro-
ducing deep convection which alters the upper tro-
pospheric flow field in the vicinity of the convective
zone. Of course, this is not surprising since the pri-
mary moisture effects are confined to the lower levels
where the large gradients associated with the surface
front should produce the largest alteration of the
solution due to changes in viscosity.

The most notable feature in Fig. 9 is the temper-
ature anomaly which appears in both viscous differ-
ence cases, (MH) ~ (ML) and (DH) — (ML),’as
a tongue of negative difference, the axis of which
maintains a nearly constant position and orientation
relative to the surface front between 24 h and 48 h.
Reference to vertical cross-sections aligned perpen-
dicular to the surface front.and the jet stream sug-
gests that the increased temperature at this level in
ML as compared to DH, MH, and DL results from
the more intense adiabatic warming due to down-
ward motion in ML beneath the jet stream. Com-
parison of temperature anomalies in Fig. 9 would
then imply that the vertical frontal circulation is
strongest in the moist, low-viscosity case, ML, and
least intense in the dry, high-viscosity case, DH; in
addition, the temperature for this region in DL is
shown by a comparison of differences to be warmer
than in MH, thus suggesting that the enhancing ef-
fect of the convection upon the vertical circulation
in MH is more than offset by the retarding influence
of the higher viscosity. -

A second- aspect of the difference fields in Fig. 9
is the pattern of vector differences apparent at 48
h. The anticyclonic difference circulations in the
west-central portion of the domain in both viscous
cases, (MH) — (ML) and (DH) — (ML), seems
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to be a geostrophic response to the pressure differ-
ence maximum shown (although the vortex center
is displaced to the east). Also, the two dry cases, and
particularly (DL) — (ML), show the meso-« effect
of the convection in ML on the horizontal winds in
deflecting the westerly winds in this region to the
north.

The meso-a difference fields for 9500 m are gen-
erally quite weak with the temperature and pressure
anomalies weaker than those shown for 5500 m and
with no coherent structure at 24 h. The vector dif-
ferences are also very weak at this time. As the con-
vective zone penetrates to this level at 48 h, however,
these vector differences become quite large in this
region, even with the meso-a averaging. As the un-
differenced fields for %ML) in Fig. 10 show, the un-
smoothed cloud zone
eastern boundary at 48 h. The two dry-case differ-
ence fields indicate the strong outflow on the western
edge of this convective zone which causes the flow
in (ML) to be deflected toward the northwest. This
deflection extends to the next averaged grid point to
the west in (DL) — (ML}, with downward motion
in this region (in the full solution ML), indicating
subsidence in the clear air upwind of the cloud. Note
that the vector differences in the cloud region at this
level are much larger than those occurring at 5500
m in the vicinity of the cloud (Fig. 9). It is thus
apparent for this solution that the “barrier” effect
of the convective zone on the meso-a scale is much
more effective at the level of outflow than it is at the
mid-levels, where deflection effects were shown to be
present but much weaker.

Also, there seems to be an indication of increased
negative pressure anomaly in the region north of the
cloud in ML, implying an increase in pressure on the
order of 0.5-1.0 mb in (ML) north of the convective
zone. This pressure anomaly is shown in all three dif-
ference cases in Fig. 10 to be consistent geostrophi-
cally with the weak cyclonic difference circulation
which occurs north of the convective zone and
which implies a northward deflection of the wind in
(ML). : '

Finally, the anticyclonic .difference circulation
which occurs along the southern boundary south of
the cloud zone of ML in both viscous cases seems

to be an effect which depends on changes in diffu-.

sivity rather than the presence or absence of the con-
vection itself. This conclusion follows from the fact
that the difference vector pattern appears to be al-
most identical for both viscous cases but is absent
in (DL) — (ML).

5. Meso-3 features

In the previous section, we used a smoothing op--

erator to create fields in which the smallest scale
features of the:solutions were eliminated and the
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effect of moisture and viscosity on the meso-a struc-
ture of the solutions could be displayed. In the pres-
ent section, we will describe surface features with
different moisture and viscosity conditions in the un-
smoothed solutions in order to indicate how these
parameters affect the smallest scales of the solution
which we will refer to as “meso-8"’ features. A more
detailed discussion of this meso-8 structure will be
given by Orlanski and Ross (1982). Here we will
confine our presentation to an intercomparison of
solutions so as to complete the discussion of the in-
fluence of moisture and viscosity.

Because the most intense frontal circulation occurs
close to the surface, the present comparison will be
done for surface conditions alone; also we will only
consider solutions at 36 h, when convection is de-
veloping in the moist solutions. The meso-g8 distur-
bances are weakened considerably by the higher vis-
cosity in cases MH and DH; therefore, only MH will
be shown along with the two low-viscosity cases, ML
and DL. Surface fields of the horizontal wind V and
vertical vorticity ¢ will be used to indicate the struc-
ture of the momentum field. Meso-8 temperature
features will be displayed in the field 8 — (8, which
shows differences between potential temperatures in
the actual solution and in the meso-a averaged so-
lution which was described in the previous section.
Such a difference field permits one to separate the
meso-8 anomalies from the background temperature
structure. .

Fig. 11 shows surface fields of V, {, and 8 — (6)
for the low-viscosity dry case DL at 36 h. A straight
dashed line is drawn at the same position in each
frame so as to provide a reference line which roughly
corresponds to the axis of maximum vorticity along
the front. The wind vector field shows that this axis
approximately coincides with the axis of dilatation.
Anticyclonic centers are evident in the vector field
in the northwest and southeast with the front serving
as a boundary between these two regions. This latter
point will be discussed further by Orlanski and Ross
(1982).

Reference to the plot of surface vorticity indicates
that { is quite two-dimensional in the vicinity of the
maximum value of 1.1 X 107* s™.. On the other
hand, the vector field itself indicates considerable
variation in the winds along the front, particularly
away from this vorticity maximum.

The potential temperature difference patterns ap-
pear to reflect the net effect of vertical motion
through the upward and downward displacement of
isentropes within the front. It is important to note
that the smoothing operator used to generate the
meso-a averaged field tends to reduce the packing
of isentropes which occurs in the unsmoothed solu-
tion. Hence the temperature anomaly produced in
the original solution due to vertical circulation will
appear as a positive anomaly in regions of upward
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motion and as a negative anomaly where the net
motion is downward.

There is clearly a phase shift between the positive
temperature anomaly and the axis of maximum vor-
ticity (which is approximated by the heavy dashed
line in DL). Similarly the line of maximum surface
convergence is shown to also be ahead of this vorticity
line at this time. As a consequence, vortex stretching,
which intensified the vertical vorticity during the
earlier frontogenetic stage in the life cycle of the
front, now is relatively inactive. This effect has im-
portant implications for the state of -equilibrium
. which a frontal system may achieve when full non-
geostrophic effects are included. Orlanski and Ross
(1982) discuss these non-geostrophic effects more
thoroughly.

The inclusion of moisture in the present case can
be expected to have a major effect upon the meso-
8 scales due to the deep convection which develops
by 36 h. The surface-wind vector field in the low-
viscosity, moist case ML in Fig. 12 indicates the
strong convergence which is produced beneath this
convective zone along a line ahead of the maximum
vorticity line. The maximum intensity of the surface
vorticity increases by 70% to 1.9 X 107* s™! at this
time compared to the maximum in the dry case, DL.
Similarly the maximum potential temperature anom-
aly is more than double its value in DL. More im-
portantly, both the temperature difference and vor-

ticity patterns show cells developing along the front -

as a manifestation of the cellular structure of the
upward motion in the convection above the surface
front.

The primary effect of moisture is to enhance the
vertical frontal circulation as free convection devel-
ops. This convection then determines the small-scale
horizontal structure which is evident in § — (§) and
¢ in Fig. 12. In both the dry and moist cases with
low viscosity, the convergence zone is ahead of and
out of phase with the vorticity zone in the frontal
region at 36 h. The separation of the axes of these
zones is half the width of the vorticity band, or ~100
km, at this time.

The effect of large viscosity upon meso-8 features
of the moist solution is shown by the case MH in
Fig. 13. As expected, high wave-number features are
smoothed considerably by the increase of background
viscosity from 5 to 20 m*s™'. In particular, the max-
imum frontal vorticity in this moist case has been
reduced to 1.3 X 107*s™!, a value close to the max-
imum in the dry case, DL. Also, the structure of ¢
and § — {6 is similar to that of DL with no cellular
structure evident at this level. Cells occur in this
moist case at higher levels within the convective zone.
These mid-level cells, which exhibit a somewhat
larger scale than those occurring in ML, are appar-
ently suppressed at low levels due to the increased
viscosity. Finally, the plot of horizontal wind vectors
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shows a similar although weaker convergence zone
compared to that of ML. This zone occurs on the
warm air side of the axis of maximum vorticity in
close correspondence to its position in the two low-
viscosity cases.
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6. Summary

A three-dimensional numerical model has been
developed as a research tool to investigate mesoscale
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phenomena over a range of scales. The model uses
anelastic equations of motion in order to facilitate
the solution of both hydrostatic and non-hydrostatic
problems. One-way nesting techniques are used to
achieve higher resolution in regions of interesting
mesoscale activity. Open boundary conditions are
prescribed for the sides of the model with each
boundary variable determined according to whether
the local flow is into or out of the domain. Moist
convection is treated explicitly by the model, per-
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mitting direct interaction between convective pro-
cesses and larger-scale dynamics.

The mesoscale model is used to simulate the 48
h evolution of an observed cold front moving across
the southeastern United States in a typical spring-
time synoptic situation. The observed system prop-
agates as a mature front which intensifies somewhat
during the early stages of the period and then weak-
ens during the last 12 h. Moist convection occurs
intermittently within the region throughout this time,
mainly in the form of prefrontal squall lines.

The numerical simulation of the front’s movement
and intensity exhibits behavior similar to the ob-
served evolution after an early period in which the
front intensifies from its initial smooth representation
on a coarse 246 km grid as prescribed from NMC
data. Moist convection develops along the front after
the first 24 h and then persists as an ensemble of
convective cells above and somewhat ahead of the
surface front for the last 24 h.

Four different simulations of the observed synoptic
case have been run in order to compare the sensitivity

- of the frontal solution to the presence of moisture in
the simulation as well as to the magnitude of the
eddy viscosity used to parameterize subgrid-scale
turbulence. The effects of these parameters on sub-
synoptic and mesoscale features of the solutions are
treated separately through use of a smoothing op-
erator which filters out scales < 250 km.

A study of the subsynoptic (or meso-a) features
indicates that the largest influences of moisture and
viscosity are confined to the lower levels of the at-
mosphere within the vicinity of the surface front. An
increase in the background eddy viscosity from 5 to
20 m? s™! is shown to retard the southeastward prop-
agation of the front by some 100 km over the first
24 h of the solution. During this early period prior
to the development of active convection, the primary
effect of moisture is to reduce the hydrostatic pres-
sure in the moist region ahead of the front; this pro-
duces a change in the pressure contrast across the
front of nearly 2 mb, thereby causing an increase in
the surface winds along the front by as much as 3
m s~} through geostrophic effects.

During the last 24 h of the solution, the low-level
convergence and latent heat release associated with
moist convection along the front are the dominant
subsynoptic features. Enhanced upward motion near
the surface produces adiabatic cooling beneath the
convective zone. At the same time, the diabatic heat-
ing within the cloud region creates a lower surface
pressure which appears as a meso-low in the fields
of pressure difference between moist and dry solu-
tions.

The effects of moisture and viscosity on the middle
and upper troposphere are weaker and more indirect
than those near the surface. In particular, the region
between the surface front and the jet stream is in-
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fluenced by the cross-stream frontal circulation. As
one might expect, this circulation is most intense in
the moist, low-viscosity case and weakest when the
solution contains a high viscosity and lacks moisture
and the associated moist frontal convection. These
differences lead to increased downward motion be-
neath the jet stream in the moist, low-viscosity case,
thereby producing increased adiabatic warming in
this region.

In addition, the deep convection occurring above
the surface front penetrates to the tropopause in the
later stages of the solution. The barrier effect of this
cloud zone on the subsynopti¢ wind field seems to be
largest at the level of strong convectively-driven di-
vergence near the tropopause with only weak de-
flection of the wind occurring at mid-tropospheric
levels. .

The smaller mesoscale effects in the solutions re-
flect the influence of moist convection on the frontal
region with viscosity differences only acting to mod-
ify this influence. Convection intensifies the vertical
circulation in the front and produces a substantial
increase in convérgence and vertical vorticity be-
neath the front. The temperature and vorticity pat-
terns in the low-viscosity solution indicate that the
upward motion within the convective region has a
cellular structure. Higher background viscosity, how-
ever, seems to suppress these cells, particularly near
the surface. ‘

A comparison of temperature anomalies (which
are correlated with convergence as was discussed in
Section 3) and vorticity at the surface within the
frontal region shows a phase shift between vorticity
and divergence within the mature front. The advance
of the line of maximum surface convergence ahead
of the corresponding vorticity line appears to be quite
insensitive to viscosity differences. Orlanski and Ross
(1982) will deal in more detail with the implications
of this phase shift for the growth and decay of fronts
and will also present an analysis of the structure and
dynamics of the frontal convective system simulated
by the model.

In conclusion, an investigation has been carried
out on the sensitivity to viscosity and moisture effects
of the mesoscale and subsynoptic scale features of
a cold front system. This study suggests that the
mesoscale numerical prediction of frontal character-
istics such as intensity and position is feasible for
time periods of up to 2 days. A major conclusion
from the comparisons presented here is that the
cross-stream circulation must be well resolved by the
predictive model if the numerical simulation of a
frontal system is to be accurate. This conclusion fol-
lows from the dynamical importance of the frontal
circulation in determining many features of the front,
such as position, intensity, and rainband develop-
ment. In particular, the inclusion of moisture and the
explicit treatment of convection have been shown to
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improve the mesoscale structure of the front by in-
tensifying this circulation. Thus, it would appear
from our results that numerical models will need to
resolve meso-8 scales if they are to predict the de-
tailed behavior of frontal systems in a realistic man-
ner for periods up to 48 h.
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APPENDIX A
Details of Open Boundary Conditions
a. Evaluation of inflow/outflow conditions

A normalized phase velocity 8, which is propor-
tional to the mean of the local observed and model
velocity-components normal to the boundary, is used
to determine whether a given boundary point is in-
flow or outflow for purposes of the open boundary
algorithm. For example, 6 is computed as follows for
the position y = (J — 1)Ay along the western
boundary:"! _

At u}_/ + uobsf
b= =

A 2 (A1)
where the quantity u,,” refers to the boundary wind
component u in the model solution at time rAf and
‘position x = (2 — 1)Ax, y = (J — 1)Ay. The quantity
Uqss 1 the observed (or coarse-model) value of u at
position y = (J — 1)Ay along the west boundary.
Note that, in the case of a nested model, this phase
speed §; can be viewed as representing a spatial av-
erage between the normal velocity located just inside
the fine model domain and the normal velocity lo-
cated in the coarser modei domain just out51de of the
boundary interface.’

The inflow/outflow decision is then made for the
western boundary point J according to whether d;
< 0 (inflow) or 6; > 0 (outflow).

" For the sake of clarity of presentation, the vertical index K
will be dropped from all finite difference variables in this appendix
unless stated otherwise. Each expression presented hereis assumed
to apply to the vertical level z = (K — 14)Az.
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1) TREATMENT OF VELOCITY FIELD

As described in Section 2d, the vertical vorticity
{ and the horizontal divergence D are used together
to determine the boundary values for u and v. For
the sake of exposition, we will continue with the dis-
cussion of treatment of the western boundary point
located at array location (1, J). The reader is directed
to Fig. 14 for a display of the horizontal grid spacing
along the western boundary where boundary points
for u and v are circled while boundary points for D
and ¢ are enclosed in boxes.

The following two possibilities exist for the cal-
culation of vertical vorticity {,,”*! at the west bound-
ary:

1) For outflow points where §, > 0, vorticity is
“advected” using one-sided differencing as

7 = Sy 5. (A2)

T = 5J(§'ZJT -
. 2) For inflow points where 8, < 0, we use the ob-

served vorticity

27 = fabs s (A.3)
The vorticity determined by either (A.2) or (A.3) at
each point is then separated into a barotropic part
005! and a baroclinic part (poé;,7*!). The baro-
clinic part is used directly to obtain the boundary
condition for the baroclinic tangential velocity com-
ponent from the definition of vorticity. Thus for the
western boundary example:

(pov2 1Y

Ax
- A—y [(oot2sei™) - (Pouzf)’] - Ax(ﬂo.(zf“)’; (A.4)

= (povs, Y

where the interior value (povs,” ') was obtained from
the baroclinic prognostic equation (2.14). The lag-
ging in time of the y-derivative of variable pou in this
expression was found empirically to be necessary in
order to maintain both the stability of the scheme
and its explicit computational character.

The barotropic part po$,,” "' is used as part of the
forcing function for the Poisson equation (2.21) at .
the points adjacent to the boundaries (In fact, this
may be viewed as a condition which partially deter-
mines the barotropic velocity component tangential
to the model boundaries. ).

In calculating the interim value D¥5*! for the hor-
izontal divergence at the boundary, we identify two
possible conditions:

1) For outflow points (6, > 0), a simple radiation
condition is used, viz: .
D5 = Dy/, (A.5)

which implies a outward phase speed Ax/At.
2) .For inflow points (§; < 0), the baroclinic ob-
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served normal velocity at the boundary is used along
with adjacent baroclinic velocity components from
the interior solution to compute an “observed” di-
vergence as:

D*T+l —

[(Pouzj 1y - (Pouobsfﬂ)']

1
Ay [(oov2s) — (pov2s~17)],  (A.6)
¥4 .
where the time-advanced quantity (pou,,/™') is ob-
tained from the prognostic equation (2.14). Also as
in (A.4), the lagging of the y-momentum p,v to time
7At was found to be needed to maintain stability.

The resulting divergence over the vertical column
at boundary point J now consists of the interim di-
vergence D* as determined at each vertical level K
from (A.5) or (A.6). The divergence in this column
must then be made baroclinic so that

1 =

H Z Dy jxAz = poWiop = PoWsurface = 0,
where K is shown explicitly here. Hence we require
that the final boundary divergence be

-r+1 _ (D*1+1) (A?)

Finally, this divergence is used to obtain the baro-
clinic normal velocity around the boundary using the
finite-difference expression for divergence. For the
western boundary example, the normal velocity com-
ponent

Ax
(oY = (pou, ™) + Z}‘) [(povas7)

— (poV2s-1")]1 — AxD,; . (AB)
Egs. (A.4) and (A.8) thus provide boundary con-

ditions for the baroclinic velocity components. These:

components, together with their first interior rows,
are then smoothed using a smoothing procedure
(described in subsection b below) in order to elimi-
nate large horizontal gradients which may develop
at transition zones of inflow/outflow along the
boundary.

The vertical momentum component pow™*! is de-
termined at the boundary using outward extrapola-
tion with maximum propagation speed Ax/Atz. Thus
for the western boundary example, we have the con-
dition

(A9)

This boundary condition is employed instead of a
direct computation from the boundary divergence
because the latter method has been shown to produce
excessively large values of pow™*' at inflow points
when a large difference develops between the ob-

+1 o
poWas T = poWss
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FIG. 14. Horizontal grid configuration along the western bound-
ary for velocity components u and v, horizontal divergence D, and
vertical vorticity {. Boundary velocity points are circled, while
boundary divergence and vorticity points are enclosed in boxes.
The subscript notation is defined in the text.

served and interior normal velocity. Condition (A.9)
is intended to simulate the rapid propagation of grav-
ity waves out of the domain and is consistent with
the divergence condition (A.5) above when the entire
boundary column is outflow.

2) TREATMENT OF THE THERMODYNAMIC VARI-
ABLES

The boundary procedure for the thermodynamic
variables 6, q, and ¢ uses a radiative condition for
outflow and a prescribed observed value for inflow.
As before, inflow/outflow conditions are determined
by the phase speed 6, directed normal to the bound-
ary as in (A.1). When boundary conditions indicate
outflow, however, tangential as well as normal ad-
vection is used in the radiation condition since the
model solutions have been shown to be very sensitive
locally to the structure of 6 at the boundary.

The boundary procedure for any of the three vari-
ables 0, g, or ¢ at the boundary point (2, J) is given
below for the case of potential temperature 6 on the
western boundary:

1) For inflow points (8, < 0), use the observed

potential temperature as

T+l T+1
0 obs J

(A.10)

2) For outflow points (6, > 0), assume a radiation
condition with upwind differencing in the normal and
tangential directions using the normalized tangential
phase speed

(L BV + Uy

N 2 (A.11)
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Then two possible boundary expressions are used,
depending upon the sign of §,:

—0,-17)

02JT+] = 02.; - 6](02]1 - 03]1) - 61’(02 .17
if
8,>0 (A.12a)
or
0,77 =0, — 60:,7 — 0:57) + 8,0, — 62,017)
if
5]’ < O‘ (A.lzb)

The resulting potential temperatures on the bound-
ary are then smoothed using the procedure described
in the following subsection. No smoothing is done
when the above procedure is applied to g or c.

b. Boundary smoothing

In order to minimize the singular behavior at the
boundary where inflow changes to outflow or vice
versa (and the phase velocity relevant to the bound-
ary procedure is tangential to the boundary), we per-
form a horizontal smoothing of the boundary data
around the limited area domain. This smoothing con-
sists of the low-pass filter proposed by Shapiro
(1970), which consists of the following four-step op-
erator which only differs in the value of the coeffi-
cient S,:

02 J(n+l) = 02 J(") + Sn(02 J—‘l(n) + 02 J+1(n) - 202 J(n))9

n=1,2,3,4, (A.13)

where
S, =%, 8, =~%8,=%V-1,S, = % V—1.

The initial 8, is the value of potential temperature
(here on the western boundary) at the beginning of
each smoothing iteration.

This four-step operation is applied iteratively each
time step to the boundary fields of u, v, and 6, with
the number of iterations varying according to the
desired amount of damping of the high wave num-
bers, to the type of variable, and to the model res-
olution involved. In the present case, 100 iterations
are used for u and v-in the 61.5 km grid solutions
while only three are used in the 246 km grid case.
In both cases, potential temperature is smoothed with
three iterations. Note also that the horizontal row
of variables to be smoothed is periodic since it forms
a closed line of points extending around the circum-
ference of the domain. As a result, even higher-order
smoothing operators (Shapiro, 1970) may be easily
applied to the boundary data to be even more selec-
tive in damping only 2Ax waves.
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APPENDIX B
Summary of Initialization Procedures

In this appendix we will present a description of
the steps involved in the initialization procedures
summarized in Section 2e. The subscripts 1, 2, and
3 will be used here to denote respectively: 1) observed
data on the N40 grid on constant pressure surfaces,
2) coarse mesoscale data on the meso-a (246-km)
grid, and 3) finer mesoscale data on the meso-8(61.5
km) grid. Square brackets will be used around a vari-
able to designate that the variable has been inter-
polated to the finer grid indicated by the subscript
on the brackets. For example, the quantity “[{],”
refers to the vorticity data which is defined on the
mesogrid after having been interpolated from the
vorticity {; on the N40 grid.

The step-by-step procedures which were used for
the coarse model initialization are as follows:

1) Compute vorticity ¢; from streamfunction ¥,
in the observed data. Convert temperature T, to po-
tential temperature 6,.

2) Interpolate variables ¢,, ¢, ¢;,, R, and ¢, in

" constant pressure’ surfaces from the N40 to the

coarse mesoscale grid using the 12-point interpola-
tion scheme developed by Shapiro (1972).

3) Use cubic splines (Ahlberg et al., 1967) to ver-
tically interpolate all variables from constant-pres-
sure to constant-height levels using geopotential
height [, ]..

4) Reconstruct the interim streamfunction ¥ in
constant-height surfaces from the interpolated vor-
ticity [ {, ], by solving a Poisson equation with stream- .
function boundary conditions derived from the in-
terpolated velocity components [«,], and {v,],. The
domain of interest for the mesoscale model will con-
sist of a smaller interior region from this full field.

5) Maintain the observed barotropic pressure but
modify the baroclinic pressure such that it is consis-
tent in its hydrostatic dependence upon the inter-
polated potential temperature [6,],.

6) Compute the barotropic geostrophic stream-
function ¥, from the observed barotropic pres-
sure w, by solving the Poisson equation V%,
= —c,0,V*(m,/f). Replace the observed barotropic
value ¥¥ with this value in the streamfunction field
¥ to obtain the final streamfunction y,. Compute
the horizontal wind components u, and v, from ;.

The final model variables are then u,, v,, [6,],,
[R:],, and =, with the relative humidity [R,], con-
verted to water vapor mixing ratio ¢, in the model.
The vertical velocity w, is zero since the initial con-
ditions are non-divergent. Cloud water mixing ratio
¢, is also zero. :
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The step-by-step procedure for nested-data ini-
tialization is performed as follows:

1) Compute higher-order quantities {,, V- V,, and
V26, on the coarse grid.

2) Incorporate observed relative humidity [R,],
into the coarse data set, if necessary.

3) Interpolate all variables in the horizontal using
the 12-point Shapiro interpolation procedure.

4) If necessary, interpolate in the vertical using
splines.

5) In order to reconstruct the horizontal wind at
each z level on the fine grid, the streamfunction
¥ on the domain boundaries is first determined by
integrating the velocity components normal to the
domain boundary around the domain. Because the
field is divergent, a constant normal velocity is sub-
tracted from each boundary velocity so that this
boundary streamfunction can be obtained. The Pois-

son equation
Vi = —[5s, (B1)

is then solved using the boundary streamfunction
obtained above.

In order to obtain the divergent field, one then
determines the normal derivative for the velocity
potential ®;, namely:

0%, 2]

on =[Valsen+—= a5’
where the unit vector n is directed into the domain
and the tangential coordinate s increases in a coun-
terclockwise direction about the domain. The velocity
[V.]s = [u,]si + [v,]4i is the wind field interpolated
to the fine grid. The Poisson equation

Vzég = [V‘V2]3 )

(B2)

(B3)

is then solved using the above Neumann condition
(B2). Finally the new velocity components are con-
structed as

0P; 9
uy = 2224 s
dx oy (B4)
L S
’ dy 0x

6) The potential temperature 8, is reconstructed
by solving the Poisson equation

Vi = [V,

using interpolated boundary data [6,]s.
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