NUMERICAL TECHNIQUES FOR THE REPRESENTATION OF MOUNTRINS

Fedor Mesinger and Zavisal. Jan jic*
Department of Physics and Meteorology, University of Belgrade

Summary: Problems of the representation of mountains in terrain-following coordinate systems are
reviewed, in particular the pressure gradient force error problem. Our ECMWF Seminar 1983 paper
on the pressure gradient force and the hydrostatic equation schemes is taken as the starting point.
Error. calculations are presented for three additional sigma system schemes, and one additional
temperature profile. One of these schemes is the Arakawa ( 1972) scheme, in combination with the
Brown-Phillips definition of layer pressures. Another is a scheme obtained by a straightforward
correction of the convergence problem of that scheme. The third is a recently proposed
"B-conserving" scheme of Arakawa and Suarez, expanded to include horizontal differenéing.

Following-up on our Seminar 1983 review of the properties of the alternative step-mountain system,
results of subseguent analyses of the properties of the wall boundary condition and the
(two-dimensional) scheme for calculation of the potential to kinetic energy conversion are presented.
Finally, real data experiments performed to test the performance of the step-mountain system are
reviewed. They include cases of Alpine lee cyclogenesis, done both using the step-mountain as well
using &s the sigma system, and a case of redevelopment apparently iriggered by the southern tip of the
Appalachian Mountains.

* |ecture presented by F. Mesinger
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1. [MTEODUCTION

Murmerical techninues dealing with the representation of mountains in
atmospheric models depend on the choice of the vertical coordinate. After
being propoased by Phillips (1937, the sigma coordinate has quickly become
widely used in atmospheric moadels {e.q., WHMO-1CSU, 19741 In its original
form, or modified so as to 510 keep the main idea of the terrain-following
Towest coordinate surface, it perhaps seemed to of fer the only way of avoiding

yncomfortable problems with the lawest boundary condition.

4 problem that has received attention rather early in the development of sigma
zysterm models is that of the non-cancellation of errors in the two terms of the
pressure gradient force (Smagorinsky et al, 19671 A number of analyszes of
and many techniques aimed at reducing the error have been put forth; they are
summarized at some length in our mentioned review paper | Mesinger and Janii
1984 In particular, it has been pointed out that currently used pressure
gradient force schemes can be derived as a result of a three-step procedure
consisting of (i) caloulation of geopotential at terrain following coordinate
surfaces, (i) linear extrapolationdinterpolation to constant pressure E:l.u'fanzes:,
and (1117 evatyation of the pressure gradient force an the cons tant pressure
surfaces. The importance of 8 "coherency”, or "hydrostatic consistency” of the

techniques corresponding to steps (i) and (11} has been stressed by Rousseau and

Pharn (19713 and Janjic¢ (19771 Otherwise, the slope of the sigma (or other

terrain-following coordinate) surface iz calculated using one difference
forrula, and the correction needed to arrive at the slope of the constant

pressure surface using another. If the slope of the sigma surface iz large, &

Targe error then should come as no surprise.

Howewver, as also pointed aut by Janjic, even the hydrostatically consistent
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schemes do hot guarantes that the error will always be small, since their
hydrostatic consistency is Tost for steep slopes of sigma surfaces andfor thin
sigma lagers. As g result, in situations in which substantial errors may be
expected (e.q., sharp changes in lapse rate), an increase in vertical resalution,

in spite of an associated increased formal sccuracy, should be expected to lead

ta an increase in the error (Mesinger, 1982} Ziu:rrz’r_rarg to some publizhed
optimistic views (Makamura, 1978; Sundgvist, 1979), these errors can be large

even for carefully designed schemes: say, in terms of geostrophic wind, of the
order of 10 m s™! for realistic mountain slopes and grid distances of about
150 km (Mesinger, 1982; Mesinger and Janjig, 1984). Wwhile perhaps no direct
gvidence exists of the detrimental effects of errors of this kind in real data
ntegrations, it appears prudent to avoid even occasional occurrence of such

errors, if possible.

From the point of view of this problem with steep slopes and/or thin sigma
layers, probably the best sigma system technigue is that of explicit vertical
interpotation to the dezired constant pressure surface, as recently proposed by
Mahrer (19843 This, in Tact, is the very first method suggested to handle the

7

rjifﬁ'l::ultg {Smagorinsky et al, 1967; Kurihara, 1968, Miyakoda, 1973), which

has been used at the Geophys=ical Fluid Dynamics Laboratory ever since.
Recantly, the explicit interpolation method has been addressed also by Toming

and Abe {1982}, and by Mikailovi¢ and Janiic (1986); in the latter paper a
scheme conserying energy in conversion between the potential and kinetic
pnargy is presented. In addition to the inherent complexity of calculations,
which can make vectorization difficult, the problem of this technigue is that it
cannot be applied near the ground, where extrapolation to obtain subterransan
qeopotentials is needed (Mesinger and Janjic, 19840 The possibility of
eyaluyating the pressure gradient force with reduced horizontal grid-step only

along the model constant pressure surface which is above the ground hardly
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seems atiractive in wiew of the severe linear stability penaliy that this might

impose (Mahrer, 1984),

& related, still more recent proposal is that of Zheng and Liou § 1988). They
aplit the pressure gradient force into its initial value and a departure from the
initial value, and calculate only the initial value on pressure surfaces. In this
way Zheng and Liou avoid perhaps time-cons urming vertical interpotations
following the initial time. However, at the initial time the method obyiously
shares with the straightforward vertical interpolation technigue the mentioned
problem of extrapolation near the ground. An additional weskness of the
method is the lack of an effort to reduce errors in the part of the pressure
gradient force which represents the change fram the inftisl state. The method

thus, in fact, deals with the analysis and not with the forecasting prablem. 1t
is equivalent to the earlier "reference atmosphere” technigue of Phillips £1973)
and Gary {1973), with the initial state chosen to represent the referance

atmosphere.

It iz possible that the noise generation due to the sigrma system is having a
systematic effect on nonlinear interactions and therefore on the spectral
distribution of enargy, which could be linked to the widespread eddy vs. Fangl

kinetic energy problem of numerical models (Sadourny, 1985).

with potential temperature used as the vertical coordinate, simulation of the
resting atmosphere is possible, since the coordinate surfaces of the resting
atrnosphere are then horizontal irrespective of the slope of the ground surface.
in addition, with the pressure gradient Torce being a potential vector, its

difference formulation can hardly be chosen in a hydrostatically inconsistent

atmosphers in motion, still remains liit‘*ie:z:mg&r and Janjic, 1984). Thus, with

32



straightforward schemes, hydrostatic consistency may again be lost for steep
slopes of isentropic surfaces and/or thin isentropic layers. For an analysis of
various situations as well as possible techniques of maintaining consistency
the reader is referred to the Appendix of the recent paper by Mattocks and Bleck
(1986). The isentropic coordinate, of course, owes itz appeal to features other

than the representation of mountains {e.g., Sadourny, 1984).

The use of pressure as the vertical coordinate, or of the geometric height, do
not offer advantages comparable to those of isentropic coordinates. The
technical difficulties, on the other hand, remain about the same. Thus, one
would not expect these choices to gain in popularity. Indeed, a major
operational forecasting model that had the pressure vertical coordinate, that of
the United Kingdom Meteorological Office, has several years ago been replaced

by a model formulated in terms of the sigma coordinate {e.g., Cullen, 1985).

in continuation of this lecture, we shall first return to the analgsisinf the
problems of terrain-following systems. Subsequently, we shall deal with some
aspects of the step-mountain system which have not been covered by our 1983
lecture. Finally, we shall present and discuss real data tests of the
step-mountain system. They will include two experiments done by performing
integrations differing only in the choice of the vertical coordinate, comparing

the perfarmance of the step-mountain against that of the sigma system.

2. THE SIGMA SYSTEM PRESSURE GRADIENT FORCE ERRORS

The mentioned results on the possibility of large values of sigma system
pressure gradient force errors have been obtained for two schemes using
temperature as time dependent variable. Schemes using potential temperature,
such as those of Arakawa (1972) and Arakawa and Suarez {1983), or some of

their variants, may perhaps be found more appealing on formal or ather grounds.
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They are apparently used in several major forecasting centers. A report on
error calculations done for three schemes of this type should therefore be of
interest. At the same time, it will serve as another illustration of the problem
at hand.

The Arakawa {1972) vertical differencing scheme has been constructed so as to
maintain discrete analogs of four integral constraints satisfied by the
continuous equations. These are, as formulated by Arakawa and Suarez {1983),

the following.

{I} That the pressure gradient force generates no circulation of
vertically integrated momentum along a contour of the surface topography.

{II} That the finite-difference analogues of the energy conversion term
have the same form in the kinetic energy and the thermodynamic equations.

(III} That the global mass integral of the potential temperature © be
conserved under adiabatic processes.

{I¥} That the global mass integral of a function of €, such as 82, or 1ng,

be conserved under adiabatic processes.

Brown {1974) has extended the Arakawa scheme by deriving an equation layer
pressures have to satisfy for the temperatures at these pressures to be equal
to the layer pressure-averaged temperatures in case potential temperatures
are constant in each lager. Phillips (1974) has shown that errors of
temperature when it is calculated using the Arakawa scheme from given values
of genpotential can be intolerably large unless an equation of this type is
observed. Tokioks (1978) has further analyzed these matters and has shown,
inter alia, that use of the Brown equation gives exact values of potential
termperature fror given values of geopotential when the atmosphere is

isentropic.
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There are, however, two problems with the Arakawa (19720 scheme. As pointed
out by Janjic (1977), it is & hydroststically inconsistent scheme. 1t contains
ane difference analogue of the hydrostatic equation within the gecpotential
gradient ("first") term of the preszure gradient force, and another in the
pressure gradient ("second”) term.

The second problem of the scheme is with its hydrostatic equation. Because of
the feature of having the geopotential of the lowest layer depend on all the
potential temperatures of the vertical column, the scheme, as shown by
Arakaws and Suarez {1983), does not represent & convergent analag of the

continuous aquations.

Mevertheless, the Arakawa (197 2) scheme, along with the Brown definition of
layer pressures, is used in the LS. National r**Ietenrn:ﬂc:gic:al Center's (NMC)

spectral model (Sela, 1982), For thet reason, as well as for comparison against
errors of other schemes, we shall show some results of recent calculations of
arrors of that scheme (Mesinger, 1967). Previously (Mesinger, 1982; note,
however, corrections of some of the Burridge-Haseler scheme values in
Mesinger and Janji¢, 1984}, error calculations have been performed for two
éa::i‘aerne::-_ and for two temperature profiles. These were the two profiles (the
“no inversion case” and the "inversion case”) shawn in Fig. 1. As in several
garlier calculations, two neighboring surface pressure points were considered
lncated along the direction of the x-axis at pressures of 1000 and 300 mb,

respectively. Errors were caloculated for g wind point located in between the

u:|

two surface pressure points, and within the layer centered at o=0
Calculations were performed for AJ=1/3, covering the layer extending from
OO fo 1000 mb, and for Ag=1/(3=5), Ad=1/(3=5), efc., and in the limit as
Ag=0, Pressure gradient force errors have been expressed in fictitious

differences in geopotential betw

'T.'

en the neighboring (temperature} grid
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points. In calowlating the errors, values of geopotential have been considered

exactly known at levels where they are cart ried by the scheme, simulating in

this way an exact analysis of geopotential.
640
P
(mb) 800
1000

T{K)

Fig. 1. The temperature profiles and the Jocation of the arid peint at which pressure gradient force
errors were calculated by Mesinger (1982).

Errors of the &rakawa-Brown scheme have been caloulated for the same two
temperature profiles, and, in addition, for an isentropic atmosphers. The

igantropic atmosphere was defined to have the thermodynamic termperature

equal to 273 K at 500 mb, the same as the that of the two profiles shown in

Fig. 1. Also the same vertical setup was used, with sigma layers of equal

layers. Thus, errors have been caloulated for 3, 15, 25, ... sigma layers Trom

the top (p=07 to the ground surface of the model atrmosphere.

Rather large errors have been oblained for the inversion and also for the no
inversion case: of the order of 20-30 m in height differences he‘f'-*--'rapn the
neighboring temperature points. Yalues over 40 m were not uncormman, and at
one point even & value of over 80 mowas obtained (the inversion case, 5 layers).
Far illustration, results for 25 layers, and Tor the three profiles, are shown in
Fig. 2. Mot surprizingly, little tendency, i any, could De noticed for errors 1o
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decrease with increasing resolution. For example, errors of 45 lager resolution

were for both the no inversion as well as for the inversion case clearly greater

than those shown in the figure

No inversion case inpersion case Isentropic case
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Fig. 2. Errors of the Arakawa (1972)-Brown {1974} pressurs gradien’r force scheme, for the "no
inversion case” (left hand panel}, ¥, “inwversioncase” {middle panel) andan iz Pntr'n;m
atmosphere (right hand panel ), for a vertical ~1‘rur’rurr of 25 sigma Yayers of equal thickness
Yalues are given inincrements of geopotential (m< s "% betwean two neighboring grid poi nt‘x,
glong the direction of the incressing terrsin elevations,

The obtained errors are generally much greater than those reported earlier for

the Corby et al. (1972} and for the Burridge and Haseler £1977) schemes. One
might suspect that these rather large walues at the relatively high vertical
resolutions considered are primarily a result of the feature of the scheme of
not representing a convergent analog of the continuous pressure gradient force
expression. Therefore, a comparison against errors of a scheme in which this
feature is removed may be of interest. Such is the scheme usad in the NMC

"Nested Grid Model” (NGHM; Hoke et a1, 1985), and apparently also in the Japan

|_|__|

Meteorclogical Agency hemispheric spectral model {dMa, 1986, p. 231 In this

scheme, which we shall call the NGM scheme, the Arakawa (1972) equation far
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the lowest layer geopotential has been replaced by 8 simple uncentered scheme

|_u

resulting from an assumption that the potential termperature is constant froam
the surface to the lowest temperature ("Tull"} Tevel, and equal to the potential

ternperature of that layer.

Errors obtained for the NGM scheme, Tor the same two profiles and resalutions,
have indesd been generally smaller than those of the original Arakawa-Brown
scheme. This may not be not quite so evident from the 25 layer values which
are shown in Fig. 3. This is due to the Arakewsa-Brown 25 lager errors, 5 J1rrwn
in Fig. 2, fortuitousty being smaller than have generally been the errors of the
scheme for both the lower as well as the higher vertical resolutions. In Fig. 3
the isentropic atmosphere values are not shown, since in case of the isentrﬁnp'ir:
atrmosphere there is no difference between the two schemes. what iz evident

from Fig. 3 is that the amplitude of the NGM scheme errors for the two prtufjles
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Fig. 3. Errors of the Mested Grid Model {zee text for details) pressure gradient force scheme, for the
“no ifversion caze” {1eft hand panely, and the “inweraion caze” {right hand panel}, for a
vertical strocture of 25 sigros Tayers of equal Thickness. Yalues are given inincrements of
genpotential {572}, between two neighboring grid points, alang the direction of the
incressing eerain elevations.
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considered 15, just as that of the original Arskaws-Brown scheme errors,very
rmuch dominatad by a falze vertical two grid interval wave, Apparently neither
the Brown equation for layer pressures nor the removal of the convergence
problem are fully effective in eliminating the fictitious vertical oscillation

problem of the scheme-pointed out by Phillips (1974,

The remaining vertical diff erern::ing problem of the scheme, that of the
hydrostatic inconsistency, can of course also be removed. Indeed, the Arakawa
ahd Suarez (1983} "Tocal” hydrostatic equation and pressure gradient force
schemes are free of the hydrostatic consistency problem. Within the Tamily of
schernes they have considered, of most interest perhaps is the so-celled
&-conserving scheme. This is a scheme which, while abandoning just as the
MGM schetne the feature (1Y) of the Arakawa (1972) scheme of the.
conservation of the integral of a function of 8, in return achieves a number of
other appealing properties (Arakawa and Suarez, 1983, p. 44). 11 is used at the
U5, Maval Environmental Prediction Research Facility (Rosmond, persona)
communicationd, as well as the NASA/Goddard Space Flight Center Laboratory

for atmasphere {Kalnay, personal communication).

Following the setup used for the pre:_edmg twn schemes, Mesinger has
calculated the Ef"r'ﬂr~ also Tar the Argkawa-Suarez 8-conserying scheme. Far
grror caloulations, the scheme had to be expanded to include horizontal
differencing; a momenturn conserving horizontal differencing was used {along

the lines of, for example, Eg. (2910 of Arakaws and Lamb, 1977).

F_{

o

duction of errors due to to the rermoval of the hydrostatic inconsistency in
vertical differencing, 17 any, was not impressive. For comparison against errors
of the two preceding schemes, the 25 layer values are shown in Fig. 4. Once

more, the izentropic atmosphers values are not showrn, since in case of the



the isentropic atmosphers the scheme again reduces to the Arakawa-Brown
scheme. As with the two preceding schemes, there was little evidence of the

errors being reduced with an incresse in vertical reselution.

No inversion case Inpersion case
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Fig. 4. Errors of the Arakawa-Suarez 8-conserving pressure gradient force scheme, expanded to
include horizontal differencing, for the "no inversion caze” (left hand panel}, and the
“inversion case” (right hand panel}, for a vertical structure m 25 sigrma layers of equal
thickness. ¥alues are giveninine erPnh: of geopotertial {m 372}, between two neighboring
qrid points, along the direction of the incresasing terrain eh:watmn::.

A puzzling feature of these calculations is the very large errar at the top layer.
The tap layer errar was found to increase with increasing resolution; for
example, the top layer errors of the 43 lager Arakawa-Suarez calculationg.
armounted to about 500 m< 572 far bath the no inversion as well as for the

inversion case.

Errars of the Arakawa-Suarez scherme of the maghitude of the errors displayed
in Fig. 4 may perhaps be found surprising in view of the scheme nat suffering

from either of the two mentioned undesirable featuras of the vertical
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differencing of the Arakawa-Brown scheme. Possibly these large values are a
result of the scheme being optimized for the isentropic atmosphere case, &
profile rather different from the two profiles which in calculations reportied on

here have resulted in large errors.

In comparison with the situation as reviewed in our 1983 lecture, the results
for schemes carrying potential temperature as time dependent variable
summarized in this section offer little additional encouragement for the use of
conventional sigma system schemes above steep mountains. They do seem to
encourage further studies of the problem, including exploration of alternative

approaches.

3. OTHER SIGMA SYSTEM PROBLEMS

Several other problems are associated with terrain following coordinates.
Dynamical processes may be distorted by the irregularities inherent to a
sigma-type grid (Sadourny et al., 1961). Technical problems are that of the
need for vertical interpolations of pressure surface data or analyses, and that

of the lateral/horizontal diffusion {e.g., Simmons and Burridge, 1981).

Experiments using the ECMWF maodel have revealed a tendenég for excessive
precipitation to occur over some mountainous areas, as a result of diffusion
calculated on sigma surfaces. A reduction of the excessive rainfall was
achieved by applying the harizantal diffusion not to the temperature alone, but
to the tempera’ture modified by the addition of & correction term
approximating the diffusion of temperature on pressure surfaces (Simmons and
Jarraud, 1984). However, beneficial effects of some of the excessive rainfall
in terms of an improved simulation of the tropical general circulation have
been noted by Tibaldi {1986). |
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Sensitivity of unexpected amplitude to the formulation of lateral diffusion on
pressure vs. on sigma surfaces has recently been hoted by Michaud and Sadourny
{1986). Compared to the control sample of five January sigma diffusion
simulations, in another ensemble of four pressure diffusion simulations many
large-scale structures have been better simulated in both midlatitudes and

tropics; variability has been equally improved.

4, THE STEP-MOUNTAIN SYSTEM

Definition. One of the alternative approaches is the step-mountain
system, representing, in fact, a simple modification of the sigma system. The
vertical coordinate of the system, Mesinger {1984), can be written as

P-Pr

= {1
n Ps'PTnS :

with
) Pretzs) - Py

Mg = m . (2)

Here p is pressure, the subscripts T and S stand for the top and the ground
surface values of the model atmosphere, respectively; z is geometric height,

and p,{z) is a suitably defined reference pressure as a function of z.
Furthermore, the ground surface heights z; are permitted to take only a

discrete set of values, chosen so that mountains are constructed from the
three-dimensional grid boxes in the model. If this is felt to be advantageous,

say to reduce the occurrence of steps within the planetary boundary layer,
Pp¢{0} in (2) can be replaced by p,((z,), with 2, representing a base elevation
defined so as to include gentle slopes of the surface topography. For example,

elevations less than a given value could be represented by z,, while those higher
could be represented by steps.

A schematic picture of the representation of mountains using this
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“step-mountain” coordinate 15 showh in Fig. 30 Irothis Tigure, o, 7, and pe

—rr

~epresent the u welocity component, temperature, and surface pressure grid

[ £x]

points, respectively. The circled u grid points are the points with zerc values of

g‘Lr
o

,..‘_

e velooity components normal to sides of the mountain shown in fhE' figure.
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Fig. 5. & schematic picture of the representation of mountaing using the coordinate {13-{2}.

an attractive feature of (13is that, once a model code using {13 has I:rF-en

written, an option of having at all grid points 1.

=

= 1 can fnoeasily be inc HUE!EI

Thus, the same code can be run s & step-mountain (referred to as "eta”) and as

igma system model. This, obwiously, enables a comparison of the

|‘||

perfarmance of the twa systems, without the ever prezent danger of having
differences in results produced by & code error. Two experiments of this kind

have bean performed and will be discussed in the following section.

In our 1983 lecture, generalization of schemes maintaining conservation of

momentum and energy, =0 a5 to cover the possibility of the step-mountain

coordinate, has been presented. However, considerations have been restricted .

to the one-dimensional case. Extension to two horizontal dimensions, for

horizontal grid and schermes that have been used for mentioned experiments,
¢i11 be done in the confinuation of this section.
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interns] boundaries. The step-like mountains introduce the probiem of

internal boundaries between the free stmosphere and the mountain blocks, This
probiem is related only to horizontal differencing. Therefore, it is sufficient
to consider a barotropic fluid In addition, for simplicity it is convenient to

use the plane geametry.

As the first step, the horizontal grid and Jocations of the mountain blocks
should be specified. We have chosen the Arakawa B grid, with mountain biocks
as in Fig. 3 located at height points. On the Arakawas E grid displayed if Fig. B,
an example of grid hoxes filled with mountaing is shown, with the mountains
indicated by shading. A=z usual, the symbal b in the figure denotes the height of
the free surface, ¥ is the velocity vector, and d is the distance between the
two nearest grid paints carrying the same variable. In the mountain
discretization prc:cedure, as @ simple way of avoiding the creation of
temperature points with no neighboring velocity points, groups of four
neighboring points were defined to have the same elevation. Thus, the mountain
shown in the figure is our "minimum” model mountain. 1t should be noted,
howewer, that this choice has been made for reasons ather than the internal
boundary scheme formulation, and that the analysis of this subzection will in
fact be applicable to mountains formed of an arbitrary number of neighboring

height points, including single ones.
At the velocity points Tocated along the internal boundaries we choose the
no-slip boundary condition, ie,

v=0. | (3}
1967,

In this subsection, following Janjié and Mickovic {Mesinger et al,

properties will first be exatnined of horizontal advection schemes oabtained
when fictitious velocity points are introduced inside the mountaing at places
#here velocity points would be located were the mountaing sbeent. &t these
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noints, Jdanjic and Nickowic sssume that

Yoround=". ()

Fig. &. Grid E with "minimum-extension” four - point step- mountain indicated by shading.

In arder to check whether, and i7 50 to what extent, the internal boundaries
affect the conservation properiies of the advection schemes used in the model,
it is convenient to start with a review of several properties of the E grid.
Fallowing Janjic £1984), the velocity field on the E grid can be represented in
terms of the stream function ¢ and velocity potential ¥, as shown in Fig 7.
Mote, furthermaore, that an Arakaws staggered C grid can be introduced with the
P points coinciding with those of the E grid; this in fact has been dong to arrive
gt the advection scheme which will be considered here. Two coordinate

systerns, ¥4 and »°,4°, rotated by 45% with respect to each other, are also

fin)

introduced in the figure. The rotational velocity components on the

sermi-staggered grid E, and on the staggered grid C, can be defined applying the
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Fig. 7. Grid £ with stream function and velocity potential grid points used to define the welocity
components slong the coordingte sxes < yand x4 The mountain blocks are indicated by
shading. The constant stream function ares is bounded by the dotted line.

11 shouwld be noted that in the case o

satisfied if the stred

mountain, and at the row of 4 points in the free a

mauntain, Jdanjic and Nitkovic have assumed this

if nondivergent T1ow,

{33 and {43 will be

e function is constant at the fictitious points inside the

tmosphers next to the

0 fbe the case. The area of

constant stream function is indicated in Fig. 7 by the dotted line,

Az can be seen Trom Fig. 7, rotational velocity ¢
the © grid are located midway betwesn the
form

lncity o

Cn the £ grid the rotational veld amponents
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Mote that within the constant f area the rotational welocity components as

well as the ©and E grid finite-difference analogs of vorticity are egual to Zero.

The conservation properties of the horizontal finite-difference scheme

l_[‘l

; are
achieved through mutual cancellation of the fluxes between the neighboring
points. With the step-moauntain approach, this cancellation cannot be
accomplished in the entire integration domain because some of the grid
points do not have all of the neighboring points required for the
cancellations. In this situation, conservation will nevertheless be achieved
if the uhcompensated flukes are equal ta zera. Thiz will be the caze if either

of the following two conditions is satisfied:

(i) The veloo Hu compaonent entering the fuy definition iz equal to zero; or

(i1} The quadratic quantity appearing in the flux definition is defined as a
product of the values at twao neighboring grid points, and vanishes
because the value at the fictitious grid point ingide the mountain, or at
the points along the side of the mountain, iz equal to zero.

The Janji¢ (1954) E grid horizontal advection scheme conserves the mean
anstrophy, vorticity and rotational energy as defined on the staggered qrid C.
tt the cage of nondivergent flow, using the E grid rotational velocity

components U and v for the definition of the fluxes, these quantities are
governed by the equations

3L/ 2/ 8t=-(1/28, lu T ez]+n [v T 9/21k

.
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Li.‘ !:‘.'
-2/ 336, [ 2/ 23U +'a,-.‘"* TR L]+ﬁ A2/ 20Uy ) ur’ur"!J F2l.

;fj(:...sr '.'"n.if_—rhEJ{E, [ur_ Wy 7o ”",“"}+c. [

i fc.'—v—rg,e-u]

I"
& —_&

-(2/3M8, /22 W T 28 2R T OO T

Here, &’ is the vorticity as defined on the C grid, and the expressions of the
farm A&° represent the products of the values of & at two neighboring grid

points along the akis 5.

Direct ingpection of the above equations reveals that at the internal
boundaries, the C grid enstraphy is congerved because both conditions (i} and
(i} are satisfied; voriticity and therefore C grid rotational momenturn is
congerved because condition (i) is satisfied; and, finally, the C qrid rotational

ghergy is conserved because candition (ii) is satisfied

If the divergent part of the flow iz included, the continuity equation, the
equations governing the evalution of the kinetic energy as defined on the E grid
under the advective processzes, and the E grid momentum equations have the

form {Janjic, 1984)

Bh/Bt=—{(1/38, U8

._\g*.,,*j;;+;;j;3,.#3;){,5,;{..1_r+.§.u,x;*';] .

AR ®u2/ 23/ 8t=-{(1/3)]5,,(U%0u *‘*x,:'1+--:|(‘_¢':’4ﬁ?43'2}]

Frnf - oY g laT== Y
2/ E0 5, (U s F2 18, (VT iz,

Ei{ﬁg\,-'z,-"';?},.“'i.’if_ ! wl[,. cllu"k,.l

+H 23 FiA, !,H TR S B T OVl eyt A Y |

L ¥
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Bk ) Bt=- {01 3A, 0T #hes, U Y

llg:l -
Here
Ush Py, w=h Uy, wish 2020200l wesh U2 -,
again, direct inspection reveals that the mass is conserved because the
condition (i) 75 satisfied, and the E grid kinetic energy is conserved because the

condition {11} i satisfied. Howewver, the E grid momentum iz not conserved.
Jdanjic and Nickoyic decided not to look for another definition of boundary
cohditions and therefore did not try to enforce the momentum conservation,
Possible detrimental effects, 1T any, were not noticed in the experimentsl

integrations performed so far

Animportant process which cannot be treated within the frame of the
barotropic model 15 the temperature advection. Howewer, all relevant
information can be obtained by examining the properties of the scheme for the
advection of @ passive quantity T. The scheme for temperature advection which

we use, compined with the continuity eguation, takes the form

ANTY Bt=—{(1/ 38, (UTH 18, (UTHI+(2/ 26, (0T 1+s

:l I}—.L‘ 1]}

L!
Direct inspection reveals that the condition (i) is satisfied and therefore the
rirst moment of the distribution of T 15 congserved. Multiplying this equation
by T, and taking into account the continuity equation, one easily finds that

the second raoment is also conserved, again because the condition (1) is

satisfied,

Thus, with the internal boundary conditions specified as above, except Tor the £
grid momentum, all favorable conservation properties of the Janjié (1984 E

grid advection schemes are preserved.
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Another internal boundary proflern we haye Tooked into 13 that af the mass
conseryvation within the modification of the continuity equation desighed to
sypress the £ {or B grid two-grid-interval noize iMesinger, 1973; Janjic,
1979% As this modification, the term proportional to

- '::?;:;'P‘ - ‘:"r.;.'P:' ':E';’I

iz added to the right hand side of the surface pressure tendency equation. Hers

7, and ¥+ are the divergence operator analogs, and P and P pressure gradient
force analogs, caloulated along the axes v,y and x4, respectively {anjic

197

l._|__x

cgee also Cullen, 19837

In the model used for the experiments, however, (8) is replaced by

1= =l
LI 1t q- .
- oA =T, -

where

Mote that with pressure gradient force a potential vector, as for example in
the simple shallaw water case, thers is no difference between the analogs (6]

and (7).

4 term proportional to (7 at 8 height point consists of contributions
praportional tovalues of T at four neighbaring velocity points. With no
internal boundaries, and inside the integration region, these contributions from
velocity points are added to values of surface pressure at two of the four
surrounding height points. At the remaining two of the surrounding height
points they are subtracted from the values of surface pressure. Thus, no false
change of mass will occur due to the addition of & term proportional to (77 to
the surface pressure tendency equation.

sent, we have set

To maintain mass conservation with internal boundaries pres
valuyes of T equal to zero at all welocity points Tocated at the sides of
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mountains. & similar procedure 13 used To maintain ma

lll

5 conservation at the

tateral boundaries of the integration region. To this end, values of T are set to
zera along the first {o i.iterm astd row of velocity points of the integration
darnain of the model. This is the first row of points following the two rows of
paints which are used for specification of the lateral bo oundary conditions of

the model.

Energy conseryation and the we term. In this subsection, following

Gavriloy (Mesinger gt al., 1987), the procedure will be outlined leading to an
energy conserving scheme for the woe term of the 7 coordinate
thertnodynamic equation. As we shall see, this procedure is analogous to that
used in the o coordinate system.

The zonal and meridional components of the pressure gradient force, denofad
respectively by PGFU and PGFY, are defined at the ¥ points, and at model’s |

layer k have the form

'-:[,'3 ! a7

PGFUL==1/(2h AR {013 [ A, 8T +4_pdTL

.}‘ T '.P 4 l"p’ - e

+(RT/E L JA, L + (RT/F L m_.p,;‘:‘”ﬂ. ]

N P N 3¢

_.,.

H2/INAT AT 8, BT + aFP 8 8T )

7 e 7

+A P_}"’I [RT;E‘—-Tl 3 L"'L:;.L‘-'F‘ N+ A I:I_{P.li:F:T."{E’rl' } "i"‘..-.](]"p—.”' ] :F !
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POFY=-17(2ho ) { (1731 [ (A 8T - A3 Tl )

N P I i
AT da, B - (RTAET A FT ]

H2/30 AP [ (A A, 3T - Lahlp‘fu )

where a is the radius of the Earth, and & and ¥ are longitude and latitude
respectively. The distances betweern two neighbioring mass and wind points
in the directions of the coordinate azes A and § are denoted by A and A,
respectively. The depths of the 7 layers in terms of pressure are denoted by
Ap. The axes X' and  are defined by analogy with the "diagonal” o ardinate
axes ¥* and Y used in the plane geometry in the subsection dealing with the
internal boundaries. The symbol A represents centered differences
calculated along the axes indicated by the subscripts. The subscripts with
negative signs indicate that the differences are calculated in the negative
directions of the axes. Unlezs otherwise stated, as before, the owerbars
denote the simplest two-point averaging in the direction of the coordinate
axis indicated by the accompanying superscript. The other syrmbols used have

their usual meaning.

Dealing with the kinetic energy generation, it is convenient to split both the
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"1/3" and "2/3 terms into their geopotential and pressure gradient parts, and
then to consider separtely the contribution of each of the four terms obtained
in this way., Jumming up the contributions of the geopotential gradient part
of the "1/3" term over the ¥ points, excluding the points inside the

mauntaing, one obtains

‘PJ X
Ey=Ey (1/3) (AA/9) {UATM20 AR [ Ay BT + 48T

-LP . iy
+ uATP2hyA0) [ A BT -A_p BT 1Y,

e,
[
e’

whera Aa=4h hs &0 A and o is gravity. As (&) is to be used to determine an

analog to xTwdp {we term) n:arried at T points, the summation over the v
points should be replaced by the summation over the T points in the free
atmosphere, ssummg ‘the cyclic boundary conditions, or a closed integration

domain, after some algebra, (3} can be rewritten in the form

A4q) & T/ (2hiho ARAYP)

.-'—-»

Ey=27 (1/

[, (UAD B*h»,mP‘H&LPW&_q’h T-¥N)

Here, the fluxes acrass the internal boundaries are set to zero in accordance

with the boundary condition (3.
Ina =similar way, the pressure gradient part of the "1/3" term yields

- BREAR NN
E,:,_ﬁv =LA LAASD)

s

h 4 + t.l,l !

[ uAF™(2n, A% [ RTART Mo (RT/ETL A ]

.}' T ‘3{3 ! ,_P.‘ ::"-. !
+ ";_“LFI \[f' ’h'u_';jl' [ ’F‘:T.ﬂ‘p Tl hl‘m JP Tl - ’RT Fl )a’_";_.'PJ-FI_Tl } }l‘ "
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and, afier rearrangement,

Eg=EZy -(1/ 31 (Al (2hyh adud

g . "

__—_—_—_1}!

JR—LY

[ g APATART/AT 1A F T+ (RT/FT JA_gF™ ]

T 'P ! : "P T

s vy AXATIURT/FT DAy BT - (RT/ET A g ]

The kinetic energy generation by the geopotential gradient part of the 273

terrm is given by

r,},l

E?::V “:21‘?3 ‘.,a_.u'-'wlg_:l [U 1““..2“1;‘1":‘.}\) Lﬂplﬂx,xaﬂ +£1F_l' Fay 4].-@' " :l
e 47

o Lﬁ_xugu “ A F’P’g_q}fi’ﬂ. e

+y f{2ha

.._.,.-

ar, after rearrangement,

:::::

E“‘—L _‘- "z' lLLqu"‘lu.n‘_‘h‘tl 1;4'\;4}]::'

[ *E’-‘"‘- {uhqdPevhy Ak P}z‘:.:a.- +A_\p~l thy &3 ""”hnﬂ'}' m.lpnt- W Jye -

Sl

Wote that this time the summation is not performed over the T points;

instead, the expressions under the summation sign are defined in between

egch pair of nearest T points, However, introducing the notation

e 1N - - - =%,
Ll"lj: I_H’l,_;.zf’a‘,[]*"-.-'f'l-] ﬁl.ﬁ._* 3 vid= Wh 1 ;‘i“;.}".."l_lhﬂu'{_'i"}]' Ty

after some algebra, from (11 one obtains

s

Ez=Zg ~( 243 (i'hﬁs"x!}:‘."'lil:;'f'%‘h o A

— —

L |q:. ‘l. up i ;_;|+¢_4‘l 2Tl AT T Wil -2 i"i:}."."::fiﬁ{:l"‘}!_,("lj:H‘ I;Qr, =Py Wik,
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The first two terms in the curly brackets give zero contribution i the
sumtriation is performed over a closed domain, or a domain with cyclic boundary

conditions. Thus,

Ex=Zy (2/3) (AASD) &TL/(20 b AR AY)
e YR (121
[Ag AATH W g (AT vl ]y
The contribution to the kinetic energy generation of the remaining part of the

"243 term is given by

E4=E, -12/3) (Ad/Q)

3!

Vi "p ¢ ; 4) T
Mﬂm4[pWWWLM+MﬁWﬂM4M]

¥ l‘p“ iy (:"'"
% . —_
¢ a’;-‘"h,—,Ll.p| [up F-IT ."‘p q l.;..‘:." -fj""-l Eq L_F’Tn"p rl ‘l.ll_.l 4); ﬂ ] }iﬁ .

Similarly as before, replacing the summation aver the v points by the

surnimation over the T points, one finally obtaines

Ea=&7 (243 (A T 2hha b AYY

\. -." ! : P.t 'ﬂ" {131
[wd &FM (RT/FTL S pTL + v ATPRT/ETL 1A Ag P D

Now we have reached the point at which the finite-difference approximation to
thie continuity equation has to be specified. Following Janjic (1984}, we choose
AW AT VAR IR0 (147

Here the horizontal divergence operator has the form

Vi A0 = A 2h ha A A
TO130 (A tubgy **mp M+ apl“ f'q“ /] (18]

+{2/3) [ furd AT ) Aypelv'd api’ s
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and W, defined at the interfaces of the 7 layers, is the finite-difference

analogue of Ap/dt+ndp/dm,

Having defined the continuity equation approximation (153, from (93, {121, and

(14)
Ey+E5=Eq -(AA/Q) 3, L AW .

If we define the vertical averages of geopotential by
7=
B =l By, 0t BBz
where the half-level values are carried at the inferfaces of the 7 layers, and
L=t s

after rearrangemment,

Eq+E3=Sr ~(AA/T) Wbyt 2Whke /27 Bk-172Wk-172) e
Lo
-Adyl Wi 2 LW z! -
After summation with respect to the vertical indes, the contribution of the

first term in the square brackets on the right hand side of (16) takes the

form
:paiqaps at
Here the summation is performed aver all pressure points at the ground

surface. This term should remain uncompensated by the we term and

tharefore does not require further attention at this fime.

Inspection of the remaining part of (16} reveals that it represents an
approximation to the integral with respect to mass of the erpression

- o (Bp/ At T A Tl Thus, the scheme
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b lep A W, ot LWy {17

which s a consistent approximation to {n:x:.f’l::pf'(fﬂps"at+“;'1i"‘pf"a"l'}"‘p after being
multiplied by men p&p} Ad/a, and sumrmed up over the T paints in the
free atmosphere, will compensate exactly the considered part of Ey+E=.

Jimilarly, the sum of (10} and (13) represents an approgimation to the
integral with respect to mass of the expression - ¥ Wi In the same way
ag in the case of (17), one finds that the approximation to f_c-:f’c:p) ¥t V) of

the farm

1 !'l{l::pz'h 1 hzﬁ}tﬁ‘pﬁpk}

i
"'s

Jh Ll .'J']} q’]} :h..'

[{1/3) uhp A &E’“[xF\TIp_Tl )&}k"'ﬂ +RTAT JA_pF ™ ]
| | g |
- g 7 W (18)

+(1/3) vhy Al AP p[llRT#'p 1 )a,FT - (RT/ATM Ya_gp Tl ]

I:SJ

—~ 4 P
2/3) [wd AFMRTAN Jasof T + v AFYRT/AT JapFT 1k,

after being multiplied by r:pf_‘arnchﬁpkﬁm'g, and sumrmed up over the T points
in the free atrnosphere, will compensate exactly the contributions of E- and
E4. Thus, (17) and {18} are the energy conserving scheme for the we term
that we have been looking for.

In the pressure advection scheme in (18}, we recognize the four horizontal
fluxzes appearing in the Arakawa type schemes. However, this scheme is not
identical to the other advection schemes used in the model because of
differant averaging operators applied to define the values of (RT/p} in

between the mass points,
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= FESULTS OF THE STEP-MOUNT AN EXPERIMENT S
Genoa cyclogenesis, sigmalets experiments. For initial testing af the
step-mountain approach two out of the four Genoa cyclogenesis cases af

Mesinger and . xmrl er {19823 have been ¢ hnwn These have been the Dwo
cases, from December 1969 and April 1973, for which the mountain/ "1
mountain expariments have shown that mountaing are necessary far
cyclogenesis. Experiments were perfmrmed using the same integration region
and the horizontal grid, consisting of 101=37 points {carrying the same
variablel, located at every other intersection of a 0LV5=0.30 deg

Tongitudexiatitude mesh.

As this iz of an obvious interest, the model code was written so as to have

available ’th option of being rumn as an “eta” and as

[y

3 sigma systern model.
The changes the model Lnnfampd in its sigma "maode” compared to the model
used by Mesinger and Strickler (1982) have been surmmarized in a prey 410US

aper

finite-difference hydrostatic equation, and to the Janjié¢ (1984) horizontal

'T:J
l'[l

{Mesinger, 1935). They include a change to a straight{orward

advection schemes

The previous paper containg also a description of the procedurs which has
been developed to construct mountains used for the experiments. One step ot
that procedure, ag already mentioned in the preceding section as well as in
the paper by Mesinger and Colling in these volumes, was the gr ouping of
terrain points in order to achieve the same elevation values for eac h group of
four neighboring height points. Mountains obtained as a result, far our

"Eyropean” (Genoa cyclogenesis) regi nm are shown in Fig. 8. It may be noted

P

that the terrain height contours shown in the Tigure are obtained using & code

that involves a standard space interpolation scheme resulting in some
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deformation and shifting of lines refative to their actual position. ‘Without
thiz shifting, the three contours printed would have touched at the

southernmost tio of model Alps, where the eta model terrain heights form a
vertical edge rising from sea tevel therough a1l three of the Toewermost model

layers, that is, up to the height of 2433 m,

TOPOG.

Fig. 8. Terrain heights used for the "European region” experiments. Stepsat 290, 1112 and 2433 m
are shown with contours et 150, 950 and 1750 m.

Experiments an both the December as well as the April case have been
performed as well as analyzed from the verification point of view, and also

from that of the differences between the eta and the sigma mode simulations.
For the December case, both of these aspects have been covered by the 1985
papar. {ha 48 hintegration, starting from the same initial condition, the eta
simulation has been in g number of ways more realistic than the previous sigma

systerm simulation of Mesinger and Strickler. OF more interest, however, 15 the

59



comparison of the sigma against the eta simulation done using the same code.
This comparison has revesled & higher Tevel of noize of the sigma simulation.
At all of the output maps ingpected, 300, 300, 700 mb and the ses level, sigma

rade maps were noisier than the eta mode maps. The difference is particularly

|¢_|

striking at the 300 mb level, as can be seen on maps reproduced here as Fig. !
In this figure, geopotential height maps are shown as upper panels, and
temperature maps as lower panels. Both the height and the temperature field
of the sigme mode simulation (left hand panels) are visibly noisier than the

corresponding fields of the ete mode simulation (right hand panels).

& maximum intensity near the tropopause level of the noise generated in the
sigrma system presumably due to the pressure gradient force error is consistent
with the present understanding of this error, as summarized in earlier
sections. Specifically, at the uppermost of the three levels considered, the
lapse rate would be expected, at most places, to change more with height than

at the other two levels, "'umnq in larger pressure gradient force errars.

Published reports on ets simulations of the Buzzi-Tibaldi April 1973

case (Mesinger, 1985; Mesinger and Pierrehumbert, 1986) address the
verification aspect only. Starting the integration with the initial conditions of
the same time as that of the initial analyses published by Buzzi and Tibaldi
§1978), 12 GMT 2 &pril, a rather realistic 36 h simulation was achieved. An
approgimately correct depth of the lee cyclone in this simulation was a visible
improvement over the sarlier 24 h sirnulation of Bleck (1977} verifying at the
same time, shown in his Fig. 11, In view of difficuliies encountered in previous
simulations of Genoa lee

]

£

£

yclogenesis (Bleck, 1977, Mesinger and Strickler,

i}
20

.I'I

- DelVlssn and Radinovic, 1934), the cutaff obtained on the 300 mb

qeopatential height map was parhaps a particularly encouraging feature,
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Subsequentlg, an eta/sigma mode experiment was performed also on the April
1973 case, but, unfortunatelly, no contour maps are available for the sigma
mode run. Therefore, in Figs. 10 and 11, line printer maps are shown, for bath
the sigma and the eta mode run. For more detail in the area of interest, only
sections of the two maps are shown. The experiment has been performed with
‘model parameters same as far the preceding figure, except that the horizontal
diffusion, found to be of no practical consequence with the coefficient chosen,
was absent. InFig. 10 sections of the sea level pressure maps are shown. Faor
these maps, contour interval is 2.5 mb, with the 1000 mb isobar running along
the edge of the area of zeros facing the neighboring area of nines. Continent
outlines can be inferred by comparison of the two isobars which are common
for the line printer eta mode map, right hand panel, and for the contour map
shown as the left hand panel in Fig. 6 of Mesinger (1985). These are the

1000 mb isobar, as well as that of 1020 mb, in the line printer maps running

along the edge of the area of fours, and facing the neighboring area of threes.

An insufficiently deep lee cyclone is seen on the sigma mode map, left hand
panel, by about one contour interval. While there is no difference in ridging
north of the lee cyclone in terms of isobars that are cut off, one can note that
on the side of the advancing cold air all of the isobars of the eta mode map have
generally progressed further to the east than the corresponding isobars on the
sigma mode map. Note, in particular, the 1010 and 1012.5 mb isobars, on the
two sides of the area of twos. Thus, there is evidence of an intensified flow
around the Alpine barrier. Finally, the sigma mode map is noisier that the eta
mode map. The difference is particularly visible in the area of the Alps, in
which the higher temperature noise of the sigma mode run results in very
erratic fictitious sea level pressure values. Recall that model parameters
provide for no horizontal smoothing or lateral diffusion to reduce the noise as

customarily would have been dane.
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In Fig. 11 geopotential height contours of the 850 mb surface are shown.
Contour interval is 20 m, and the "reference” contour, along the side of zeros
and facing the neighboring nines, is 1320 m. The lee cyclone of the sigma mode
map, left hand panel, and that of the eta mode map, right hand panel, are at this
level of about the same depth. As there is no appreciable vertical tilt of the
axis of the low in the considered lager, the eta mode cyclone is seen to be
warmer than the sigma mode cyclone. Ridging of the trough axis north of the
lee cyclone is at this level more intensive in the eta mode run, which
represents an improvement according to observations. Finally, the noisiness of
the sigma mode run compared to the eta mode run is more pronounced than at

the sea level.

There is not much difference, however, in the progress of the cutoff at the
500 mb level {not shown). Thus, the success in simulation of the
mid-tropospheric cutoff did not come as a result of the step-mountain method.
We are of the opinion, therefore, that simulation of the cutoff in this case was
successful simply as a result of the generally high accuracy of the simulation
of the ridging in the lower troposphere north of the Alps, bath in the eta as
well as in the sigma mode run. As in the December 1969 case, the noisiness of
the sigma mode run increases with height, and becomes substantial at the mid

and upper troposphere; about as illustrated by maps of Fig. 9.

The Appalachian redevelopment experiment. Another region used to test

the performance of the step-mountain system was a "North American” region
{Mesinger and Deaven; in Mesinger et al., 1987). The objective of the North
American region experiments was a comparison against the performance of
another model with roughly the same computational effort in terms of the
integration region as well as the space resolution. For convenience, U.S.

National Meteorological Center's Nested Grid Model was chosen for that
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purpose. Therefore, grid parameteres for the North American region were
chosen so as to mimic those of the NGM. This is a triply nested model, with
about one third of the computational effort spent on twa outermost grids. Its
grid length on the innermost grid, defined on stereographic projection, is 91 km
at BO°N. With no nesting, to account for the overhead due to the NGM's outer
grids,Mesinger and Deaven have chosen a region resulting from about the same
grid distance, and the number of grid points roughly 25 percent higher than that
of the NGM's innermost grid. As our code, for efficiency and for a more uniform
grid geometry, is written in terms of rotated spherical coordinates (Undén,
1980; Bates and Mchnald, 1982; for transformation equations, see Mesinger,
1971), we have positioned our grid by choosing the location of its central
{height) point; the coordinates chosen were the longitude of 100°%, and the
latitude of 52.5°N. The model region was defined to span 75%70 deg of
(transformed) longitudexlatitude, with grid points at every other intersection
of the {15/26)={14/26) deg transformed longitudexlatitude mesh. Thus, the
horizantal grid consisted of 8581 height points and 6580 velocity points; about
1.246 times the number of grid points of the NGM's innermost horizontal grid.
The choices made resulted in a grid distance varying from 79.6 km at the
madel's southern and northern boundary, to §7.7 km at its central grid line.
Also, this made for a region along the model's centrat meridian extending from
17.5°N to 87.5°N (actual) latitude.

For initial Morth American region experiments, Mesinger and Deaven have used
the GFDL 9-layer vertical structure, same as that of the European region
simulations of the preceding subsection. For these initial experiments, for
convenience, step-mountaing were derived from the terrain fields used for the
NMC rhomboidal-40 spectral prediction model. Forecasts of this same model

were used to prepare the step-mountain model 1ateral boundary conditions.
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Of the so-called "special cases” {Collins and Tracinn, 1985) which have been
used for cumpariénn of the performance of NGM against that of the NMC
Limited-Area Forecast Model (LFM) as "historical cases of metearological
importance”, Mesinger and Deaven have looked for cases in which dynamics
seemed as primary or at least a possibly important factor in governing the
processes that have attracted interest. In this way, "Case 2", and subsequently
“Case 1" have been chosen. For "Case 2", described by Collins and Tracton as
“dramatic cold air plunge into the deep south”, NGM forecast was subjectively
ranked as “much better” than the LFM forecast. Result of the 24 h
step-mountain model forecast was subjectively judged as similar to the NGM

forecast and will not be shown here.

“Case 1" may perhaps not look like a good candidate for tests of the presently
available {dry) step-mountain model since it was chosen for NGM/LFM
comparison primarily as responsible for severe weather associated with a
series of tornadoes causing many deaths and injuries, followed by spring
snowstorms across the Northeast. The initial time of this case was 00 GMT 26
March 1984. At that time a perturbation-like low is centered in Texas on a
frontal line running further east roughly along the Gulf Coast. As the cyclone
moves eastward it develops a new center to the southeast of the original
center. This double structure is seen on the NMC surface analysis for 00 GMT
29 March, shown in Fig. 12, After 03 GMT the original center, west of the
Appalachians in the figure, disappears while the eastern center deepens setting
some low barometric records and resulting in up to 75 cm of show across
interior sections of Pennsylvania, New York and New England. NGM forecast for
this case was ranked as "better” than LFM. However, same as LFM, it did not -
show the redevelopment in Georgia. Therefare, nine additional forecasts were
made by Collins and Tracton to test the sensitivity of the forecast to various

factors; one of them was a “silhouette terrain” forecast, differing from control
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by using the NGM version of silhouette mountains {(Hoke et al., 1985). None of

the nine sensitivity runs showed indication of the redevelopment.

The same case was studied also by Kocin et al. {1984). In spite of a 47 km grid
distance and a 12 hour 1ater starting time of their integrations, their results

do not show an obvious improvement over those of Colling and Tracton.

The 24 h step-mountain forecast for this case, with model parameters as
~described, was judged to be of about the same quality as that of various NGM
runs. There was no indication of the redevelopment: the low, centered in
narthwestern tip of Georgia, had inner isabars of a circular shape, with hardly

any signs of ridging on its northeastern side.

A sensitivity experiment was performed with model parameters the same as
used for this forecast, except that the vertical resolution and distribution of
model layers was changed to that of the 16-layer NGM structure. A section of
- the sea level pressure and 1000-500 mb thickness map obtained as a result of
this experiment is shown in Fig. 13. In comparison with results of the 9-layer
run, {he ridging seen to the northeast of the center répresents a clear hint of
redevelopment, more so than can be seen in any of the nine NGM sensitivity

experiments.

Since in wiew of the eta-coordinate mountain derivation procedure the change
in vertical resolution has necessarily involved a change in model mountains -
perhaps an increase in the height of Appalachians - the question has in this way
arisen as to whether the increased vertical resolution or the changed
mountains were primarily responsible for the resulting ridging. Therefﬁre,
hoping to discriminate between these two possibilities, an experiment was

perfarmed in which the "spectral” mountains as input for the derivation of the
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step-mountain terrain were replaced by the mentioned NGM “sithouette”
mountains. The result of this experiment is shown in Fig. 14. A& very much
increased intensity of the ridging can be seen, with a clear indication of the

redevelopment over Georgia and South Carolina.

One may still wonder to what extent the success in the simulation of the
{presumably) "trigger” stage of redevelopment east of Appalachian Mountains
came as a result of the numerical technique employed, and to what extent it is
simply a result of higher mountains. In this connection it should be recalled
that in mentioned experiments with the NGM maodel the use of higher mountains
{Run 6, Fig. 11 in Collins and Tracton, 1985) in no way gave a result which was
superior to the general level of the remaining nine {including cantral) runs.
Thus, a substantial difference in the ability of the two models to show
sensitivity to the effect of higher mountains has apparently been identified,
and this difference can only be explained as a result of the difference in

humerical schemes of the two models.

b. CODE EFFICIENCY

An important problem is a possible loss in efficiency of the code allowing for
internal boundaries compared to the code of the standard sigma system model.
In view of the material of the two preceding sections a related question is that
of vectorization when using the horizontal E grid. Namely, if on the E grid the
horizontal indices are defined in a straightforward manner, the indices of the
grid points surrounding the point at which the calculation is performed cannot
be calculated by simply adding or subtracting a constant increment. For the
same pattern of grid points, the increment will depend on whether the indices
of the reference point are even or odd. Thus, code efficiency on vector
machines may be reduced. 4 possible solution pointed out by Janjic and

Mesinger {1984, p. 62} was suitable for hemispheric or global models only.
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In our code, the internal boundary problem is solved by defining masks which
are set to zero underneath the topography and to one otherwise. In this way
exactly the same arithmetic operations are performed at all grid points, no
matter whether they are in the atmosphere or under the ground. The same

method is used to distinguish between land and sea.

As in the case of the internal boundaries, in order to provide different
treatment along the lateral boundaries of the integration domain, the masks

consisting of zeros and ones are used.

To eliminate the indexing problem arising due to the structure of the E grid, a
one-dimensional horizontal indexing was devised, as schematically represented
inFig. 15. As indicated in the example shown in the figure, the
one-dimensional index K increases row-wise from left to right, and, reaching

the right end of a row, jumps to the left end of the next row above. The

.........
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Fig. 15. Schematic representation of efficient one-dimensional indexing on the E grid suitable for both
limited area as well as hemispheric/global ares integrations. See text for additional detsils.
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velocity points equipped with asterisks at the right ends of the rows with odd
values of the two-dimensional latitudinal index J have the same value of the
one-dimensional index K as the height points to the left of them, but are \

actually located at the left end of the next row above.

With this indexing, the horizontal indices of the grid points surrounding the
point at which the calculation is performed are easily calculated adding
constant increments. This makes coding straightforward, and the resulting
code easily readable. An additional advantage of the one-dimensional
horizontal indexing is the large arrays processed in the innermost loops, which

on some vector computers results in faster computations,

in order to ensure easy portability, the vector code was written following with
ohly a single exception the standard ANS| FORTRAN 77. The single exception
was the CYBER 205 half precision extension using 32 bit word internal

representation.

The full-precision vector code was faster than the original scalar code more
than ten times, and with the half-precision extension, this factor was
increased to over fifteen. A comparison with a very carefully designed vector
code used operationally shows that the efficiency standard required in an
operational enviranment has been achieved although no special vector machine

extensions were used.

7. CONCLUDING DISCUSSION

The techniques related to the representation of mountains were in this lecture
considered from the point of view of grid point models. The pressure gradient
force error problem was reexamined, taking our Seminar 1983 lecture as the

starting point. Error calculations have been performed for three additional
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schemes, and for three temperature profiles. Generally rather large values of
errors have been obtained, with no cbvious tendency for errors to reduce with

increasing vertical resolution.

Other problems of the terrain-following coordinates are known; recently,
perhaps unexpected sensitivity to the formulation of the lateral diffusion on
sigma vs. that on pressure surfaces has been identified. Both the pressure
gradient force problem, as well as the diffusion problem, are for the most part
eliminated by using vertical interpolation and simulated vertical interpolation
schemes. This, however, goes against the simplicity of the sigma system. In
addition, the possibility of residual errars of the type mentioned by Sadourny
et al. (1981) cannot be ruled out.

Technical problems of one of the alternative approaches, that of the
step-mountain {eta) system, have been considered in some detail. For an
advection scheme achieving a strict control of the nonlinear energy cascade on
the semi-staggered E grid, it is demonstrated that a straightforward no-slip
yall boundary condition maintains conservation properties of the scheme with
ho vertical walls which control this energy cascade from large to small scales.
However, with that simple boundary condition considered, momentum is not
conserved. The technique for achieving mass conservation in the scheme for
prevention of the two-grid-interval noise, and the scheme for calculation of
the potential to kinetic energy conversion, in the two-dimensional case, are
presented. Thus, very few difficulties are encountered in maintaining the

favorable features of schemes of a carefully designed sigma system model.

Using the code which can be run either as a sigma ar as the step-mountain
model, the effects of the errors inherent to the sigma system have been

demonstrated in real data runs. Namely, in two parallel integrations performed
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_with the same model code and same other model parameters, the sigma system
runs showed increased noisiness, particularly in temperature fields at higher
levels. One may speculate that this noise is related to the sigma system
pressure gradient force error. Namely, the mass field may have been forced to
adjust to the erroneous wind field produced by the false pressure gradient
f_nrce. In any case, this remains a problem which requires further

investigation.

In numerical simulations performed, the eta coordinate model has shown
considerable skill, both in relative and absolute terms. 1t has performed better
than its sigma coordinate version in both parallel runs. The forecasts produced
by the eta model have shown high degree of realism and can be considered
successful from the synoptic point of view. In a situation of a particular
interest, that of thé redevelopment east of Appalachian Mountains, it has
shown ability to forecast the onset stage of the phenomenon. This ability was

lacking in another madel of about the same horizontal and vertical resolution.

In contrast to what perhaps may be expected, it has also been demonstrated
that the eta cooordinate model code can, and has been, easily vectorized in the

most straightforward manner.

We bélieve that the results summarized and/or shown here demonstrate that
the eta coordinate is not only competitive, but has visible advantages compared
to the presently almost exciusively used sigma coordinate. Interest remains
strong in using and developing isentropic coordinate models. While being
technically perhaps more complex than the eta system, this certainly is
another approach which offers a number of benefits over the sigma sgétem,

including one would expect that of the pressure gradient force error.
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