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SOME EXPERIMENTS WITH A FINE-MESH 500-MILLIBAR
BAROTROPIC MODEL

Robert J., Bermowitz

ABSTRACT. The quality and accuracy of 500-mb barotropic
predictions that use a fine grid (one-half that used in
hemispheric models at the National Meteorological Center,
or coarse mesh) in the analysis and forecast are compared
to predictions which use the coarse mesh. 1In addition,
fine-mesh, 500-mb predicted heights are used in the Sub-
synoptic Advection Model (SAM), and the accuracy of the
resulting categorical precipitation forecasts compared to
those from the operational SAM which uses 500-mb forecasts
from the Primitive Equation Model,

Statistical verification of 14 cases shows: (1) a
slight decrease in accuracy of predicted 500-mb heights
when the fine mesh is used in either the 500-mb forecast,
or in both the 500-mb analysis and forecast, and (2)
improvement of categorical forecasts of precipitation in
the summer season but not in the winter season when fine-
mesh, 500-mb heights, predicted from an initial state
analyzed on the fine grid, are used in SAM.

INTRODUCTION

Recent efforts to improve the accuracy of numerical forecasts have
concentrated on the prediction of events on the subsynoptic scale for periods
up to 24 hr. The Subsynoptic Advection Model (SAM) developed within the
Techniques Development Laboratory (TDL) and described by Glahn et al. (1969b)
is an example of such an effort.

SAM is currently run operationally twice per day at the National
Meteorological Center (NMC) on a spatial grid one-fourth that used in hemi-
spheric models at NMC, This model appears to produce forecasts which are
superior in sea-level pressure and of about equal quality in categorical
precipitation when compared to other machine~produced forecasts. At least
part of the success of this model is due to higher resolution initial
moisture and sea-level pressure fields (Glahn et al. 1969a) and the relative
maintenance of this resolution over the forecast time interval of 17 hr.

It should be noted that SAM is not truly subsynoptic, The gridpoint
data needed at the upper level of this model (500-mb heights) are obtained
from the synoptic scale NMC Primitive Equation (PE) model (Shuman and
Hovermale 1968) and interpolated to the finer SAM grid. Furthermore, the
500-mb heights are time-smoothed (Glahn 1970) to filter gravity waves. As
one phase of the continuing developmental effort on SAM, a program was



undertaken to determine if finer mesh, 500-mb height input to SAM would
produce more accuracy in the precipitation portion of the forecast. of
course, this assumes that use of the finer spatial grid produces better 500-mb
height forecasts for periods up to 24 hr.

There are several possible advantages in reducing the mesh length on the
500-mb ‘analysis and forecast grids. For one, more detailed analysis of
observational data may be obtained if the density of the upper air network
permits. This seems to have been demonstrated by Glahn and Hollenbaugh (1969)
in their analysis of 500-mb heights over a portion of the relatively data-
dense North American Continent. They employed a gridlength one-half that
used in the NMC operational 500-mb analysis., Additionally, smaller scale
features in the analyses are more likely to be retained over the forecast
interval with the finer spatial grid. However, as Gerrity and McPherson (1969)
have indicated, greater resolution of the important physical processes is also
a factor in retention of smaller scale features.,

Another possible advantage is reduction of the error which results from
approximating derivatives by finite differences. This truncation error,
which is especially severe in the shorter wave components, results in fore-
cast phase speeds lower than those actually observed. Although truncation
error can be reduced by using higher order approximations of the derivative,
it seems that, in theory, tolerable error for waves of wavelength less than
2,000 km is possible only by reducing the spatial scale of the grid (Bermowitz
1969).

The studies of Howcroft (1966), Hill (1968), Gerrity and McPherson (1969),
Wang and Halpern (1970), and Benwell and Timpson (1968) have demonstrated the
advantages of using smaller grids. However, the number of cases investigated
was generally small and the comparison between coarse-and fine-mesh models
was, for the most part, subjective.

To better determine the practical advantages of using finer spatial grids
in both 500-mb height analyses and forecasts, an experiment was performed in
which combinations of a coarse mesh (381 km at 60°N) and a fine mesh (one-
half coarse gridlength) were used in both analyses and barotropic forecasts.
This paper describes the results of these experiments. In addition, it
reports on the comparative verification between the categorical precipitation
forecasts resulting from the operational SAM, and an experimental SAM which
used predicted fine-mesh, 500-mb heights as initial upper level information.



EXPERIMENTAL DESIGN
Precipitation Forecasts

Perhaps the most important aspect of SAM is the precipitation forecast
generated by the model. The predicted moisture variable is the saturation

deficit Sd defined as

where he is the 1000-to 500-mb thickness and S._ is the saturation thickness.
If S¢ is defined as that 1000-to 500-mb thickness for which precipitation
occurs for a given amount of moisture between these levels, then negative
values of Sd imply a forecast of precipitation. Conversely, positive values
of S4 imply no precipitation,

Since the 500-mb heights used in SAM are, out of necessity, quite
smooth, it is possible that increased resolution and accuracy in the pre-
dicted heights at this level could improve the forecasts of h5, and conse-
quently, Sq. (500-mb heights are also used in SAM to forecast the 1000-mb
height field,) To test this hypothesis, an experiment was performed in
which categorical forecasts of precipitation (yes or no) from the operational
SAM (0SAM) were objectively compared to those obtained from an experimental
SAM (ESAM). The latter used 500-mb height forecasts obtained from a fine-mesh
barotropic prediction model rather than the PE forecasts of 500-mb heights
used in OSAM, This was the only difference between ESAM and OSAM,

500-Mb Model

With the possibility of future incorporation of a fine-mesh 500-mb
prediction model in OSAM, it was decided that any upper level model to be:
used in ESAM would have to be relatively simple, yet have the ability to
give good forecasts over a 24-hr period. A barotropic model appeared to
fit these requirements,

The one that was actually used in the experimental program is ‘a diver-
gent, barotropic model containing a tropopause. A description has been
given by Cressman (1958). The prognostic vorticity equation applied at the
500-mb level is

> > 1
(vz-—‘%l_—ﬁ)—g“t’—+J(w,n)+fv-v=o, (1)

where the symbols have their customary meteorological or mathematical mean-
ings. Following Cressman (1958), the value of u was chosen to be 4, In
addition, the coefficient of the divergence term was taken to be the Coriolis
parameter instead of the absolute vorticity, This was based on the exper-
ience with barotropic models reported by Gustafson (1964).



Mountain and friction effects were included in the manner described by
Cressman (1960). The divergence at 500-mb, VY.V in (1), is given by

> Wy + @f
VeV=--"T_—"

P - 200 ,
g

where w_ and wg are the vertical motions due to mountain and friction
effects respectively, and P_ is the height of the terrain in mb. 0o is
expressed as &

>
where the surface wind Gé is approximated from the 500-mb wind V in the

following manner:
P = 500\ |
v o=|1-o0.8\——])|V.
8 500

wg is related to the components of the surface stress'rx and Ty by the
equation
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The surface stress T is given by

T=0c, |V |

a' g g
where C4q is the drag coefficient. The utilized terrain and drag coefficient
fields were the same as those used in the current NMC PE model, interpolated
biquadratically to the fine grid.

Equation (1) was solved in the standard manner on the fine spatial
grid within the octagon shown in figure 1, To satisfy the stability criteria,
a time step of 20 min was used with the familiar, first forward then cen-
tered time difference scheme,

It is probably uneconomical to solve eq (1) over the whole octagon, since
the only 500-mb forecast height data that are required as input to SAM are
contained in the rectangle bounded by solid lines shown in figure 1. (The
rectangle shown by dashed lines indicates the area in which forecasts are
produced by SAM.) However, with use of simple boundary conditions (¥ constant
with time) in the solution of eq (1), the whole octagon was used, for experi-
mental purposes, to minimize the effect of any boundary error in the area of
interest (solid rectangle).



Figure 1.-- Boundaries of the three geographical areas used in the
experiments, Hemispheric forecasts of 500-mb heights are
made within the octagon. The solid rectangle denotes the
area in which fine-mesh, 500-mb height analyses are per=
formed, and the dashed rectangle encloses the SAM grid,



Space derivatives were computed by means of the simple three-point
centered difference approximation., The exception to this was the calculation
of derivatives that appeared in the Jacobian operator. In this case, a fourth
order, five=point approximation was utilized in an attempt to reduce trunca-
tion error in excess of thatobtainable by using the fine mesh, The finite
difference approximation for the x-derivative can be represented schematically
as

1
= {1 8 0 8 -1:|,

where d is the distance between neighboring points,

The stream function ¥in eq (1) was obtained from the 500-mb height by
solving a linearized version of the balance equation which can be written as

2 2 1 > > '
v w=-—%——[v z -T(vf'vz):l‘ (2)
Ellsaesser (1968), with use of a barotropic model similar to the one described
here, has indicated the suitability of utilizing this particular wind law.

The boundary conditions for solution of eq (2) were, very simply, taken to be

Y = £ z
fo

where fo is the Coriolis parameter at 45°N latitude.

The initial data for the forecasts were the NMC operational 500-mb analyses
for the Northern Hemisphere, interpolated biquadratically to the smaller grid.
However, a fine-mesh, 500-mb analysis was inserted over the solid rectangular
window region in figure 1. A program described by Glahn and Hollenbaugh (1969)
was used for this purpose., The two analyses were then merged along their
common boundary by means of a nine-point operator described by Shuman (1957).
The equation is

— 1
= + - - -
"%,y “xyy | 2 ol = m) (zx-l,y * “x,y+1 " “x+l,y " “x,y-1 4Zx,y)
+La2(z' + z + z + z -4z )
4 x-1,y+1 x+1l,y+1 x+1,y-1 x-1,y-1 %,y °
where 7z, is the smoothed 500-mb height at the central point, andao is a

smoothing’ index which was taken to be 0,5, First, the common boundary was
smoothed; then these values were used to smooth the rows and columns one
gridlength on both sides of the common boundary.,



Predicted 500-mb heights are required by SAM on an hourly basis from
hours 7 to 24 after upper air observation time. At these times, the fore-
casted height field from the fine-mesh model was filtered of possible high
frequency noise. The smoothed field was not used in subsequent time steps
during the solution of eq (1). The smoothing was accomplished at all possible
points with a 49-point operator (Gerrity and McPherson 1969) which can be
written schematically as

1 0 -9 -16 -9 0 1

0 0 0 0 0 0 0

g -9 0 81 144 81 0 -9
=1§ 0 144 256 144 0 =16

1024 -9 0 81 144 81 0 <9
0 0 0 0 0 0 0

1 0 =3 -16 -9 0 1

Point values that were not smoothed were close enough to the octagonal
boundary so that it is unlikely that this would have any adverse effect on
the experimental results.

500-Mb Height Forecasts

From a practical point of view, it is not immediately obvious that
the fine computational grid introduced in the analysis and barotropic pre-
diction model at 500-mb would be instrumental in producing better forecasts
of 500-mb heights for projections up to 24 hr. TFor example, it is not clear
that even the relatively dense upper air observational network over a portion
of the North American Continent can justify fine-mesh analyses as initial
conditions for a 500-mb barotropic prediction model. That is, do coarse- and
fine-mesh analyses differ enough to result in predictions that are signifi-
cantly different, when each is used as initial conditions in the same fore-
cast model? Also, it is not clear, from a practical viewpoint, that use of
the fine computational grid will significantly add to the reduction of trun-
cation error that is obtainable by using a higher order finite difference
approximation of the derivative.

In an attempt to gain some information about these problems, another set
of experiments was conducted in which the coarse and fine grids were used in
various combinations in 500-mb analyses and barotropic forecasts. In all
cases, the same 500-mb forecast model, as previously described, was employed.,
The only difference was the time step, which varied with the gridlength.

One combination has already been discussed in connection with the pre-
cipitation forecasts, It is denoted by FMFM for fine-mesh analysis (in the
window region) and fine-mesh forecast, Another one combined the NMC opera-
tional coarse-mesh analysis interpolated biquadratically to the fine mesh,
with a prediction made on the fine grid (CMFM). The only difference between
FMFM and CMFM is the insertion of a fine-mesh analysis in the window region,



Thus, a comparison of these forecasts in the window region should shed some
light on the utility of fine-mesh analyses as initial conditions for baro-
tropic forecasts,

A third combination used the NMC coarse-mesh analysis with a coarse-
mesh forecast (CMCM). Here a time step of 1 hr was used. For subjective
comparison only, CMCM predictions were interpolated biquadratically to the
fine grid. The only difference between CMFM and CMCM is the gridlength and
time step used in the forecast model. Therefore, a comparison of these
predictions should provide some practical information about additional re=-
duction of truncation error over that obtainable by using a higher order
approximation of the derivative.

RESULTS
500-Mb Height Forecasts

The experiments described above were performed on 14 cases during the
period May 1969 to March 1970. The cases were usually selected such that
0000 GMT upper air data and 0700 GMT surface data for Friday were used. In
this way, some of the subjectivity was removed from the selection, in addi-
tion to which this choice of day coincided with the verification of the
operational SAM. For a variety of reasons, it was not always possible to use
Friday cases; nevertheless, most of those in the experiment did fall on that
day.

Figure 2 shows the coarse-mesh analysis interpolated to the fine grid
(dashed) and fine-mesh analysis (solid) for 0000 GMT May 14, 1969. This case
is fairly typical of others in the experiment. Note that there is not much
difference between the two analyses. In all the cases studied, the largest
differences, about 30 m, generally occurred in closed lows. As expected,
the shorter waves generally have more definition in the fine-mesh analysis.
This is particularly evident west of Washington State, and over northeast
British Columbia, the central Rocky Mountain and central Plains States.

Figure 3 illustrates the 24-hr forecasts made from the analyses shown
in figure 2. The FMFM forecast is shown in solid, the CMFM in dashed, and
the CMQM in dotted lines. It is obvious that the forecasts are not much
different, which is not surprising in view of the similarity of the analyses,
As expected, detail is retained more by the FMFM and CMFM than by the CMCM.

In order to objectively compare the 500-mb predictions of the several
barotropic models, the root mean square error (RMSE) and a gradient skill
score (S1) (Teweles and Wobus 1954) were computed for 12- and 24-hr fore-
casts in the area bounded by the solid rectangle in figure 1. This area
contains 1,225 fine-mesh gridpoints. The Sl score is given by

2IE, |
s1 = 100 —

2% |
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Figure 2.-- Coarse-mesh and fine-mesh 500-mb height analyses for

0000 GMT May 14, 1969.
meters,

Contours are labeled in deca-
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Figure 3.-- 24-hr, 500-mb heights predicted by the barotropic model
in which the coarse and fine grids were used in the
following three combinations in the analyses and forecasts:
fine-mesh analysis/fine-mesh forecast (FMFM), coarse-mesh
analysis/fine-mesh forecast (CMFM), coarse-mesh analysis/

coarse-mesh forecast (CMCM)., Valid time is 0000 GMT
May 15, 1969,

&




11

where E_ is the error in the forecast height difference between gridpoints,
and O, is the larger of either the observed or forecast height difference
between gridpoints, Both the RMSE and S1 score were computed with values

at coarse-mesh gridpoints, since it was desirable to avoid interpolated CMCM
values in the verification. Although the 14 cases for which the objective
comparison was performed is not a large sample, it should be indicative of
the relative accuracy of the forecasts.

Table 1 summarizes the RMSE and S1 score for the FMFM, CMFM, CMCM,
and PE 12~ and 24-hr 500-mb forecasts. The PE forecasts are included for
later discussion in connection with the verification of the precipitation
forecasts., All forecasts were verified against the NMC operational 500-mb
analyses, '

Table 1 shows that there is not much difference in the scores of the
three barotropic forecasts., It appears that no improvement measurable by
these statistical quantities is obtained when the fine mesh is used either
in the 500-mb forecast (CMFM) or the 500-mb analysis and forecast (FMFM),

Table 1.~ Root mean square error (RMSE) in meters and Sl score of the
three barotropic and the PE 12- and 24-hr forecasts, Statistics
represent averages of 14 cases,

RMSE Sl
12-HR 24 -HR 12-HR 24 -HR
FMFM 26.9 43.2 30.5 39.4
CMFM 26.7 44,0 28.2 38.4
cMeM 26.4 43.0 27.8 37.7
PE 23.0 31.4 28.1 35.3

The largest statistical difference among the barotropic forecasts,
especially between the FMFM and the others, occurs in the Sl score. Table
1 indicates that the S1 score is related to the detail contained in the baro-
tropic forecasts; the more detailed forecast has the worse Sl score. There-
fore, it would seem that either the detail has not been accurately predicted
or that the verifying coarse-mesh analysis may be biasing the results in
favor of the smoother forecast.

To test the latter, eight cases were also verified against the fine-
mesh analysis. Figure 4 shows that when the forecasts are verified against
the fine-mesh analysis all the Sl scores worsen, but the difference between
these scores for the various models decreases about 45 percent. Thus, while
part of the difference among the Sl scores may be due to verification against
the coarse-mesh analysis, it appears that the smaller features cannot be
predicted with much accuracy by this simple barotropic model,
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Figure 4,~- The Sl scores of the barotropic forecasts
for eight cases as a function of the verifying
coarse-and fine-mesh analyses. FMFM, CMFM, and
CMCM have the same meanings as in figure 3.
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The use of the fine mesh in the forecast added to the reduction of
truncation error obtained by utilization of a fourth-order approximation of
the derivative. This is illustrated in figure 5, which shows a portion of
the 24-hr QMFM and CMCM forecasts valid at 0000 GMT August 10, 1969 and the
verifying coarse-mesh analysis. A short wave extending from lower Lake
Michigan to north central Missouri (solid) has been predicted closer to this
observed position by the QMFM model (dashed) than by the CMCM model (dotted),

Precipitation Forecasts

A comparative verification of categorical precipitation forecasts from
0SAM and ESAM, for the 12-hr period 1200 GMT to 2400 GMT, was performed
for 21 stations over the eastern half of the United States. An observed
occurrence of precipitation was .0l in., during the 12-hr period. A negative
value of S, any time during the period was considered to be a forecast of
precipitation. Two observations were missing; thus, the total sample size
was 292,

The statistics that were computed for this verification were the same as
those which are routinely used in the evaluation of the operational product
(Glahn et al, 1969b). They include the threat score of precipitation (T ),
threat score of no precipitation (TSn ), post agreement (PA) and preflgurance
(PF) which are considered together in a single score by adding them and dividing
the sum by 2, and the common (Heidke) skill score (SS). A higher score is
desirable for all statistics,

Of the 292 observations, there were 69 observed precipitation cases,
OSAM forecast 57 occurrences, thus underforecasting precipitation by approxi-
mately 17 percent, while ESAM overforecast by about 25 percent, calling for
86 occurrences, Table 2 indicates that ESAM was approximately 15 percent
better than OSAM in T, , about 12 percent better in (PA + PF)/2, and approxi-
mately 18 percent better in SS, while OSAM was about 4 percent better than
ESAM in Tsnp' Considering all the statistics, there was about a 10-percent
increase in accuracy in categorical precipitation forecasting by ESAM,

Table 2.-- Threat score of precipitation (T, ), threat score of no
precipitation (Tg,p),Heidke skill score (SS), post agreement
(PA) and prefigurance (PF) for 292 categorical precipitation
forecasts from the operational (0OSAM) and experimental SAM
(ESAM) for the 12-hr period, 1200 GMT to 2400 GMT.

- Tenp | SS |(PA + PF)/2

0SAM .33 « 7D .34 .50

ESAM .38 .72 .40 .56
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Figure 5,-- Coarse-mesh 500-mb height analysis for 0000 GMT
August 10, 1969 and verifying 24-hr coarse-(CMQY)
and fine-mesh (CMFM) forecasts. Both forecasts
were produced from an initial state analyzed on
the coarse mesh.



15

This improvement is rather contradictory in view of the results pre-
sented in table 1, which indicate the superiority of the PE 500-mb fore-
casts over those from the FMFM. However, analyses of individual cases of
improved categorical precipitation forecasts by ESAM indicate that although
the overall PE 500-mb forecasts are statistically better in RMSE and Sl
score than those from the FMFM, individual 500-mb troughs associated with
precipitation can, at times, be more accurately predicted by the FMFM.

An example of this is the case of 14 May, where precipitation was
observed at Tallahassee and Jacksonville, Fla. This precipitation was correctly
predicted by ESAM but not by OSAM. A comparison of verifying coarse-mesh
analyses (solid) with the PE (dotted) and FMFM (dashed) 12- and 24-hr fore-
casts (figs, 6 and 7), shows that the trough associated with the precipitation,
initially extending from western Arkansas southward into the Gulf of Mexico
(fig. 2), is more accurately predicted with respect to position and amplitude
by the FMFM model than by the PE model.

It is somewhat difficult to ascertain the differences in the precipita-
tion forecasts that would have resulted if the 500-mb heights from the CMQM
or CMFM models had been used in SAM instead of those from the FMFM model,

No experiments were performed to determine this.

Of some interest, however, is the precipitation at Jacksonville that
was correctly predicted by ESAM, As can be seen in figure 3, there is some
difference between the predicted heights from the various barotropic fore-
casts over northern Florida., This difference reaches about 8 m between
the FMFM and CMFM models, and about 15 m between the FMFM and CMCM models,
Furthermore, an approximate 60-m difference between PE and FMFM 500-mb
heights, and an S4 forecast at Jacksonville of 117 m from OSAM and -1 m
from ESAM indicate that both CMFM and CMCM 500-mb heights may be too high
to result in a forecast of precipitation for Jacksonville. Of course, this
is only one example, but it demonstrates the general impression, obtained
by analyzing other cases, that the fine mesh introduced into 500-mb height
analyses and forecasts can, at times, add useful detail for SAM categorical
precipitation prediction.,

A seasonal breakdown of the comparative verification of precipitation
forecasts produced by ESAM and OSAM is of interest, By definition, the
summer season extends from 1 April to 30 September, and the winter season
from 1 October to 31 March., Table 3 shows that the overall improvement of
ESAM when compared to OSAM is due to the improvement that occurs in the
summer season. One possible reason is that relatively weak 500-mb systems,
associated with convective type precipitation .in the summer season, have
less of a tendency to be smoothed with use of the fine mesh than with use of
the coarse mesh of the PE model.
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Figure 6.-- Coarse-mesh 500-mb height analysis for 1200 GMT May 14, 1969
and verifying 12-hr Primitive Equation (PE) and fine-mesh
(FMFM) forecasts, The fine-mesh forecast was produced from
an initial state analyzed on the fine mesh.
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Figure 7.-- Coarse-mesh 500-mb height analysis for 0000 GMT May 15, 1969,

and verifying 24-hr Primitive Equation (PE) and fine=-mesh
(FMFM) forecasts. The fine-mesh forecast was produced from
an initial state analyzed on the fine mesh.
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Table 3,-- Same verification statistics as in table 2 for
168 summer season (S) and 124 winter season (W)

forecasts.
Tsp T Ss (PA + PF)/2
S W S W S W S W
0SAM .21 47 .74 .78 .21 .51 .38 .64
ESAM .37 .40 .75 .69 40 40 .54 .60

CONCLUSIONS

The conclusions from this study can be summarized as follows:
(1) Two statistics from a comparative verification show a slight decrease
in accuracy in 500-mb height prediction with a barotropic model in which the
fine mesh has been introduced in either the forecast, or in both the analysis
and forecast. (2) The fine mesh used in the 500-mb forecast model helps
to retain smaller scale features over the forecast interval at this level,
and adds to the reduction of truncation error obtained through use of a
fourth order approximation of the derivative. (3) SAM categorical forecasts
of precipitation are improved in the summer season, but not in the winter
season, with use of 500-mb heights predicted from a fine-mesh barotropic
model from an initial state analyzed on the fine grid. (4) Fine-mesh analyses
and forecasts of 500-mb heights can sometimes provide useful detail for SAM
categorical precipitation prediction.

The relatively poor performance of ESAM during the winter season pre-
cludes replacement of 500-mb heights from the PE model in SAM with those
from a fine-mesh barotropic model. However, in the future, it may be
advantageous to use 500-mb heights from a fine-mesh PE model (Howcroft
1971), where the positive gains to be made from a reduced spatial scale may
be best achieved.
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