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ABSTRACT

A method for station or grid point reduction of surface pressure to sea level or some other level is presented
that shows improvement over the standard reduction method in the western United States. This method (MAPS
SLP—Mesoscale Analysis and Prediction System sea level pressure) uses the 700 hPa temperature to estimate
an “effective” surface temperature from which the temperature of the hypothetical layer beneath the ground is
estimated. The use of this “‘effective” temperature instead of the observed surface temperature is responsible
for the improved reduction since it varies more smoothly over space and time and is more representative of
the temperature variation found above the boundary layer.

The MAPS SLP reduction was compared with the standard reduction and altimeter setting reduction in
statistical comparisons of geostrophic wind estimates with observed winds and in a case study. A 21-month
comparison between geostrophic and observed winds was made over different geographical regions, times of
day, rotation angles and seasons. The results showed that the MAPS SLP reduction performed better than the
standard reduction in the western United States, but not in other regions with generally low elevation. In general,
the correlation between sea level geostrophic winds and observed winds was found to be dependent on the
Froude number. A statistical comparison using a smaller sample between MAPS SLP and the Sangster geostrophic
wind, which is not a station reduction, showed similar skill over the western United States. The case study also
showed that the pattern over the western United States was more coherent and less anomalous with MAPS SLP
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that with the other reductions.

1. Introduction

The sea level pressure analysis is widely used by
forecasters to estimate the pressure gradient force at
the surface and the strength and direction of surface
flow when wind observations are not available, If sur-
face wind observations are available, the sea level pres-
sure field is commonly used to estimate the ageostrophy
of those winds. These estimates are often made even
over high elevation regions because surface analyses
can be made with greater spatial and temporal reso-
lution than analyses at 850 or 700 hPa.

Over higher terrain, sea level pressure is calculated
by reducing surface pressure to zero elevation. As many
have pointed out, in particular, Sangster (1960, 1987),
the reduction often produces sea level pressure fields
that are misleading in high elevation areas because an
assumption is made in the reduction algorithm con-
cerning the temperature of the fictitious air layer be-
tween the surface and sea level. This assumption, ap-
plied at different locations, may produce fictitious
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baroclinity in the subsurface layer and result in errors
in the estimate of horizontal surface pressure gradient.

An alternative method of reducing surface pressure
to sea level is presented which does not eliminate these
errors but gives smaller errors than those given by the
conventional reduction. The alternative reduction is
tested within a surface analysis package described by
Miller and Benjamin (1988). To validate the alter-
native reduction method, observed surface winds are
statistically compared with sea level geostrophic winds
from different reductions, including the new one, which
allowing for variation in 1) geographical region, 2 ) sea-
son, 3) time of day and 4) cross-isobar angle.

This comparison is made since observed winds are
an independent source of information that are usually
well correlated with the geostrophic wind. The degree
of correlation is limited, or course, by various ageos-
trophic effects including isallobaric and advective in-
fluences on the larger scale and local influences usually
related to the surface. It is also limited by errors induced
by baroclinity beneath the surface when sea level pres-
sure gradient is used to estimate surface winds, as we
have done in this paper. This evaluation of different
pressure reductions is performed over a large data set
rather than just a few case studies. The resulting sta-
tistics support the hypothesis that the alternative re-
duction is an improvement over other reductions; they
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also show that the correlation between observed surface
winds and sea level geostrophic winds decreases for
changes in region/time of day/season that are consis-
tent with a decrease in the Froude number.

2. Sea level reduction methods

All methods of pressure reduction are based on an
equation derived from the hydrostatic and hypsometric
equations:

To + &/ Ry
DsL = psﬂ(’oT—w) (1)
0

where pg; is the pressure reduced to sea level, py. is the
surface pressure, T, is a temperature assumed to be
valid at the surface (but not necessarily the observed
surface temperature), v is a temperature lapse rate
(constant in the horizontal and vertial ), z is the surface
elevation, g is gravity, and R is the gas constant. To
account for moisture effects, virtual temperature should
be used with the gas constant for dry air. The derivation
of an equation very similar to this is shown in Wallace

and Hobbs (1977, p. 60-61).

Here three methods of reduction are compared: the
standard method (standard SLP), the altimeter method
(ALT), and the alternative method, developed as part
of the Mesoscale Analysis and Prediction System
(MAPS) at PROFS, designated as MAPS SLP. All three
methods use the Standard Atmosphere lapse rate (7,
= 6.5 K/ 1000 m) to estimated increase of temperature
from the surface to sea level through the below-ground
column. The primary difference is that the methods
use different estimates of the surface temperature from
which to start the hydrostatic integration downward
toward sea level.

The standard SLP reduction [ Manual of Barometry
1963 (p. 7-5); Saucier 1955 (p. 58)] estimates this
temperature as:

Ty(current) + T, (12 h previous)
2

To= (2)

where T is an observed surface temperature. Use of
the mean surface temperature is an attempt to remove
the influence of the diurnal temperature wave on the
reduction. Standard SLP has an additional “plateau”
correction for stations at elevations higher than 1000
feet, which has the result of minimizing variations of
annual mean SLP values.

The altimeter setting (ALT) uses the Standard At-
mosphere to estimate the fictitious atmospheric mass
between surface and sea level,

(3)

The observed surface pressure thus may be recovered
easily from the reported altimeter setting. A correction
of 0.3 hPa is subtracted to allow for a mean cockpit

To = Tstana am(2).
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height of 3 m above the runway. There is no seasonal
adjustment in the Standard Atmosphere temperature.

The MAPS SLP reduction estimates the surface
temperature used in reduction from the 700 hPa tem-
perature reduced by the standard lapse rate () to the
surface elevation,

Rys/g
To= T7oo(ﬂ) . (4)

700

The 700 hPa level was chosen as the lowest mandatory
level which is usually not strongly influenced by diurnal
effects. In practice, at PROFS, gridded forecast data at
700 hPa from the Nested Grid Model (NGM) are in-
terpolated in space to the station location and in time
to the observation time from 6 h frequency output from
the latest NGM run (run every 12 h). This does make
the MAPS SLP reduction model dependent. The ad-
vantages of MAPS SLP are that it is free from diurnal
influence and local influence (instead using a reference
level temperature that is regionally appropriate but
smoothly varies in time and space), it uses station data
directly and it is easy to calculate. It is based on alti-
meter setting, which can be easily converted into the

-surface “station” pressure p, [using Egs. (1) and (3)]

and is reported at about 25% more stations over the
United States than standard SLP. Moreover, as addi-
tional surface stations (ASOS—Automated Surface
Observation System ) are added over the next few years,
the MAPS SLP reduction may be used with them im-
mediately, whereas use of standard SLP will require
the calculation of a “plateau correction” for each sta-
tion.

In general, use of a surface temperature that is too
high for pressure reduction at a high elevation station
will result in SLP values that are too low and temper-
atures that are too low will produce SLP values that
are too high. Despite the mean temperature and plateau
correction used in the standard SLP reduction, local
effects such as cold air pooling in valleys often distort
standard SLP values reported in the western United
States. The passage of a front at a high elevation station
results in an unrealistic jump in the standard SLP value,
since the temperature used to reduce the surface pres-
sure has suddenly changed. The standard SLP pressure
gradient over elevated but flat terrain such as the west-
ern plains of the United States and Canada is exagger-
ated behind cold fronts for the same reason. Some of
these effects have been documented by Sangster (1960,
1987), Garratt (1984), and Saucier (1955). Saucier
stated (p. 64) that the primary reason for inconsistency
in reduced sea level pressure patterns over elevated ter-
rain is that surface temperatures are unrepresentative
of the horizontal pattern of temperature in the free
atmosphere owing to the irregular character of the
earth’s surface, including orography, exposure, soil
cover, etc. Saucier also stated that “The most suitable
temperature for reduction of pressure to sea level is
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not surface temperature but temperature at some height
beyond the immediate masking effects by the surface.”
This requirement is met by using gridded 700 hPa
temperature data as a basis for reduction.

For regional domains, the reduction problem can
be minimized by reducing to the mean elevation for
that domain rather than to sea level (e.g., Mass and
Dempsey 1985; Danard 1989). A regional surface
analysis centered on Colorado developed at PROFS,
for example, uses the 700 hPa temperature technique
but reduces to an elevation of 1500 m. For domains
such as the contiguous United States, an assumption
must be made about the temperature of the subsurface
layer all the way down to sea level.

Another approach to estimating the surface pressure
gradient has been to estimate the local gradient in a
sigma coordinate system relative to a smoothed to-
pography field, and then to solve a resulting Poisson
equation for a stream function from which the geo-
strophic wind can be calculated. Sangster ( 1960, 1987)
and Pielke and Cram (1987, see also Cram and Pielke
1989) both used techniques based on this idea. The
Sangster surface geostrophic wind has been in use
within the National Weather Service for several years.
Pielke and Cram applied their technique to solving for
a surface geostrophic wind from three-dimensional
data, for example, from model initial fields or forecasts.
Davies-Jones (1988) demonstrated that the Sangster
and Pielke and Cram techniques are essentially the
same,

The alternative method described in this paper is
different from these approaches and similar to the con-
ventional reduction in that a pressure reduction is pro-
duced at individual stations, which may then be directly
analyzed rather than determined as a solution to a
Poisson equation requiring lateral boundary condi-
tions.

3. Collection and treatment of data

Surface wind observations and geostrophic wind
components, bicubically interpolated to the observa-
tion sites, were collected at 0000 and 1200 UTC at
stations within five distinct geographic regions with dif-
ferent terrain characteristics (Fig. 1). These data were
collected during seven seasons between December 1987
and August 1989 (winter: December—February; spring:
March-May; summer: June-August; fall: September—
November). The geostrophic winds were calculated
from analyzed fields of sea level pressure observations
using three reduction schemes. The three sea level
pressures are MAPS SLP, standard SLP, and altimeter
setting (ALT). Nine rotation angles were used to ac-
count for surface friction in the geostrophic winds:
—15°, 0°, 15°, 30°, 45°, 60°, 75°, 90° and 105°. All
observations of wind and reduced pressures were qual-
ity-controlled through a “buddy check” based upon
optimum interpolation (Gandin 1963). The pressures
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FIG. 1. The geographical regions used for statistical calculations
and listed in Table 1. Stations used in each region are shown with
an X,

were analyzed to a 42 X 32 grid at a 111-km spacing
covering the contiguous United States as described by
Miller and Benjamin (1988). In this system, a new
analysis is calculated hourly; the previous hour’s anal-
ysis serves as a background for the current hour’s anal-
ysis and quality control. Geostrophic winds for each
reduction were calculated using the map scale factor
appropriate at each grid point.

Two measures were used to judge the statistical
comparisons between geostrophic winds and observed
surface winds: correlation coefficient and slope of the
regression line. Linear correlation coefficients measure
the goodness of fit of the data to a linear equation. A
perfect correlation of one indicates that a straight line
totally explains the relationship between two variables.
For this comparison, this means that if a scatter dia-
gram were plotted with the (rotated ) geostrophic wind
component on the X coordinate and the observed wind
component on the Y coordinate, then all the points of
the scatter diagram would lie on a line. A perfect cor-
relation does not indicate that the geostrophic wind
components equal the observed wind components; it
just indicates that there is a perfect linear relationship
between the two variables.

For a sample size of 6000 (typical for one region
and one season), the 95% confidence limits for a cor-
relation coefficient of 0.35 calculated from Fisher’s z
transformation are 0.33 and 0.37, or £0.02. This 95%
confidence interval of 0.02 can be applied to all the
regional /seasonal correlation coefficient comparisons
shown in this paper.

To see how close the geostrophic and observed com-
ponents tend to be, the slope of the regression line of
Y (the observed winds) on X (the geostrophic winds)
was also calculated. A slope of one indicates that the
geostrophic wind components are matching the ob-
served wind components, a slope of zero indicates that
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an observed wind component ‘can be associated with
the full range of geostrophic wind components (a most
undesirable situation) and a slope of 0.5 means that
the observed wind components are, on the average,
half those of the geostrophic wind. The slopes were
calculated, as were the correlation coefficients, for four
seasons, five geographic regions, two times of day and
nine rotation angles.

Sangster geostrophic winds derived from MAPS
quality—-controlled surface observations were added to
the data set for a 30-day period in August-September
1989.

4. Results of statistical comparisons between observed
and geostrophic winds at the surface

As this study began, we were aware that surface ob-
servations become increasingly susceptible to local ef-
fects at nighttime and near mountains. This problem
of representativeness in surface observations is well
known and is dealt with at some length by Saucier
(1955, p. 295-301). The variation of correlation be-
tween geostrophic and observed surface winds over
season, time of day, and region appears to be strongly
related to nocturnal inversions and to local topograph-
ical effects. In the following discussion, the Froude
number (e.g., Gill 1982, p. 150) is used as a unifying
concept for explaining these variations. The Froude
number is defined as:

U
Fr NE
where U is the wind speed, N is the Brunt-Vdisili fre-
quency (stability),

_ (g a0\
N"(aaz) ’

6 is the potential temperature, and H is the character-
istic height of the topographical barrier.

The Froude number measures the extent to which
stratification slows down parcels as they ascend the up-
wind side of a mountain (Pierrechumbert 1986).
Blocking and other topographical effects are observed
with Fr < 1. McGinley (1984) used the Froude number
within a constraint for variational analysis of flow
around mountains.

(5)

a. Comparison of reduction methods

First, correlation coefficients between observed and
geostrophic winds are examined for the different re-
ductions tested. In a sense, we are testing different sea
level geostrophic wind estimates as predictors of ob-
served surface wind; using the correlation coefficient
as a goodness-of-fit measure. Figures 2a—c shows cor-
relation coefficients by season for each of the five geo-
graphic regions. Each point in this figure represents the
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maximum correlation coefficient achieved by each re-
duction method over the nine rotation angles listed in
section 3. The rotation angle with highest correlation
coeflicient could (and did) vary among the reduction
methods.

The largest differences between reductions occur in
Region 1 (southwestern United States) and to a lesser
extent in Regions 2 (northwest) and 5 (south central/
southeast). In Region 1, the MAPS SLP reduction has
the highest correlation with the observed wind, es-
pecially at 0000 UTC, for all three variables (#, v, and
wind magnitude). In other regions, the differences in
correlation are smaller, but the ALT reduction often
shows much lower correlations, particularly in summer.
This result is predictable since the use of the Standard
Atmosphere (15°C at 1013.25 hPa and decreasing with
increasing elevation ) in the ALT reduction is least ap-
propriate over the western United States in summer.
The MAPS SLP and standard SLP reductions perform
similarly east of the Rockies by the measure of corre-
lation coefficient, although SLP has a slight edge in
Regions 4 and 5. Since these regions are generally quite
close to sea level (Table 1) and reduction differences
should be very small, this behavior is attributed to the
increased smoothness of the standard SLP analysis,
which uses about 20% fewer observations than the
MAPS SLP or ALT analyses. Thus, observed winds
would correlate better with the large-scale pressure gra-
dient than with the gradient on smaller scales, which
changes more rapidly and is likely to have larger isal-
lobaric effects.

To provide a better visual sense of the difference in
correlation coeflicients and slopes in Region 1 (south-
west), scatter diagrams of observed /geostrophic pairs
are presented in Fig. 3. These pairs, for the u compo-
nent in summer 1988 with zero rotation, show that
the largest and apparently most unrealistic geostrophic
components occur with the ALT reduction (up to 60
m s~ '), followed by the standard SLP reduction. The
range of geostrophic winds matches the range of the
observed winds most closely with the MAPS SLP re-
duction. The correlation coefficients correspondingly
increase from ALT (0.05) to standard SLP (0.16) to
MAPS SLP (0.22) for zero rotation.

In general, larger differences between reductions oc-
cur at 0000 UTC than at 1200 UTC and in the western
regions than in eastern ones. At 1200 UTC, winds are
more likely to be light and variable beneath the noc-
turnal inversion and subject to local effects, in which
case no estimate of surface geostrophic wind can cor-
relate well with observed surface winds. At 0000 UTC,
there should be a greater “potential” for high corre-
lation between geostrophic winds and observed surface
winds because of vertical mixing and lower stability;
this potential is only evident in the statistics in Region
I (Figs. 2a, 2b). The regional effect occurs because
higher terrain magnifies errors in reduction methods.
Where there are differences between reductions, MAPS
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F1G. 2. Correlation coefficients between observed and geostrophic winds in different seasons, for different reduction methods.
Coeflicients are stratified by season. Coefficients plotted are the maximum values over all rotation angles: a) for ¥ component relative
to grid, b) for v component relative to grid, ¢) for wind magnitude.

SLP generally has the highest correlation, followed by
standard SLP, and then by ALT.

The slopes of regression (not shown), representing
the mean ratio between surface observed wind and
geostrophic wind, also indicate that MAPS SLP pro-
vides some improvement in the southwestern United

States but makes little difference elsewhere. The slopes
generally show somewhat less variation with reduction
method than the correlation coefficients. They in-
creased from 0.01 (nearly horizontal line of regression )
for ALT to 0.05 for standard SLP to 0.10 for MAPS
SLP in Fig. 3 (# component with zero rotation for
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FiG. 2. (Continued)

Region 1 in summer). The slopes were very small when
the entire sample was used but increased when only
stronger winds were used (sec. 4.6).

The largest correlations and slopes closer to one
would be expected over flatter terrain. Larger differ-
ences among reduction methods would be expected

over higher terrain. This is, in fact, what occurred. The
mean station elevation ( Table 1) over which reduction
occurs is much smaller east of the Rockies and is
smaller in Region 2 (northwest) than in Region 1
(southwest). The MAPS SLP reduction showed the
greatest improvement in Region | and somewhat less
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in Region 2; little difference between reduction meth-
ods occurred in other regions where the correlations
and slopes were much higher overall.

b. Seasonal variations

On the whole, there is some tendency for higher cor-
relations (less scatter) during spring and fall evident

in Fig. 2, and the lowest correlations tend to occur
during summer. This tendency is found in all regions
and at both 1200 and 0000 UTC.

We have two hypotheses concerning this behavior.
The first is that the low-level Froude number tends to
be at a maximum during the transition seasons and at
a minimum during summer. This seasonal variation
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of the Froude number, we hypothesize, would occur
in middle latitudes because the mean wind speed is
relatively high during transitional seasons while the
low-level stability is frequently weak. Thus, the sensi-
tivity of surface flow to local effects would be maxi-
mized in summer and in winter.

To investigate this Froude number hypothesis,
Froude numbers from NGM analysis gridded data were
calculated by region (at the locations shown in Fig. 1)
and by time of day for the first 12-month period used
for comparisons of geostrophic and observed winds.
The Froude number [ Eq. (5)] was calculated using 850

TABLE 1. Mean station elevation and terrain standard deviation
for five geographical regions.

Mean station

terrain
Mean station standard
elevation deviation
Region Location {m) (m)
1 Southwest 877 278
2 Northwest 799 203
3 North central 285 55
4 Northeast 112 65
5 South central/southeast 151 39

hPa winds as U, 700 hPa and 850 hPa temperatures
for N, and the terrain standard deviation withina 111-
km grid area (Fig. 4) for H. The results of these cal-
culations (Fig. 5) partially confirmed this hypothesis,
showing that Froude numbers were generally at a min-
imum during summer and at a maximum during
spring, although not at a maximum during fall. In
summer at 1200 UTC for individual stations using this
NGM data set, the mean Froude number in Region 1
(southwest) was a relatively low value of about two.
Figure 6 shows that both 850 hPa winds (U) and 700-
850 hPa inverse stability (1/N) were equal or slightly
higher in spring than in fall leading to a maximum in
the Froude number and a minimum in local effects on
surface flow in spring. As might be expected, winds
were strongest in winter but their effect on the Froude
number was more than offset by the increased stability
in winter.

The second hypothesis is that the standard lapse rate
assumption, used in all reduction methods, is more
accurate in transition seasons. Therefore, the geo-
strophic wind estimates will also be more accurate then
and less so in summer when the standard lapse rate is
too stable and in winter when it is too unstable. This
may help to explain the relatively high correlations in
the fall statistics.
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¢. Diurnal variations

Larger correlations and slopes are found at 0000
"UTC than at 1200 UTC in Region 1 and, to a small
extent, in Region 2 (western United States). This diur-
nal variation is difficult to find in Regions 3, 4, and 5
(north central, northeast, and south central /southeast).
A diurnal variation should be expected because of
nighttime decoupling of the boundary layer from the
free atmosphere. We suggest two reasons for the vari-
ation of diurnal influence with region. First, although
conditions are generally more stable over the United
States at 1200 UTC than at 0000 UTC, they are slightly
less so over the eastern United States where synoptic
times do not coincide so well with the times of surface
temperature maxima,/minima. Thus, the sample times
are not positioned to capture diurnal variations in
eastern regions. The NGM data also show a much
stronger diurnal variation of the Froude number in the
western regions than in the east (Fig. 5). Second, since
topographical variations (Fig. 4 and Table 1) are much
more widespread in the western two regions than in
those to the east, the Froude number will be smaller
in the western regions and local topographical effects
will be greater, given equal mean wind speed and sta-
bility. When the Froude number is larger, the maxi-
mum possible correlation between ‘“‘perfect” geo-
strophic and observed surface winds is increased. Thus,
the correlations in Region 1 (southwest, Fig. 2) at 1200
UTC are strongly limited by local effects; at 0000 UTC,
the MAPS SLP is able to show a greater improvement
over the other reductions due to the greater potential
for higher correlations at this time of day.

d. Regional variations

The lowest correlations and slopes occur in regions
1 and 2 (western United States). Region 1, which has
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FI1G. 4. Elevation standard deviation calculated from five-minute
terrain data. The standard deviation was calculated over 111-km
squares; 10 X 10 points were used in each square.
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FIG. 5. Mean Froude number calculated from NGM analyses of
850 hPa winds and temperature and 700 hPa temperature. Solid
lines are for 0000 UTC and dashed lines are for 1200 UTC. The
values are calculated at the station locations shown in Fig. 1. The
period December 1987-December 1988 was used for these calcula-
tions.

the greatest terrain variations, also shows the lowest
correlations (0.3-0.5 for # and v components) and
slopes (0.1-0.25). Region 3 (north central) has the
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FIG. 6. Mean 850 hPa wind magnitude and 700-850 hPa inverse
stability from NGM analyses. Region numbers are shown by each
line; odd region numbers are solid and even region numbers are
dashed. Values were calculated for station locations shown in Fig. 1.
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FIG. 7. Scatter diagrams for v components during summer 1988
at 0000 UTC. a) Region 1—southwestern United States, b)Region
3—north central United States.

highest correlations (0.7-0.85) and slopes (0.3-0.4),
possibly because it is generally flat and contains no
water influence except the Great Lakes. Regions 4 and
5 both have a large percentage of coastal area where
sea/land breezes are influential, and Region 4 (north-
east) also includes the Appalachian Mountains. Over-
all, the correlations and slopes are smallest where ter-
rain variations are largest (Fig. 4), but marine influence
may also cause local circulations which cause the geo-
strophic wind to be more poorly related to the surface
wind.
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Scatter diagrams are presented in Fig. 7 for observed/
geostrophic v components in Regions 1 (southwest)
and 3 (north central). The slope is clearly less in Region
1 (Fig. 7a) than in Region 3 (Fig. 7b) (0.09 vs. 0.35),
and the correlation coefhicient is also much less (0.32
vs. 0.66). Although these differences are related to the
different character of the terrain in the two regions, the
range of geostrophic winds in Region 1 is unrealistically
large (—40 m s~' to +40 m s™'). This indicates that
the reduction errors also contribute significantly to the
low correlation coeflicients and slopes in Region 1, even
when the MAPS SLP reduction is used, which has the
best performance in this region.

It is notable that correlations and slopes are approx-
imately equal for u and v components in all regions
except for Region 1 (southwestern United States, Fig.
2a, 2b). In Region 1, v correlations tend to be higher
for all four seasons and at both times of day for which
data were collected. A possible explanation for this dif-
ference is related to the fact that terrain features in
Region 1 (southwest) tend to be more oriented in the
north-south direction (east-west standard deviation
larger than that in north-south direction ) than in other
regions. This orientation, shown in directionally de-
pendent terrain standard deviations for north-south
and east-west directions relative to the grid (Fig. 8a
and 8b), channels surface flow preferentially. This
suggests that directionally dependent subgrid roughness
lengths may be quite important for numerical models
to forecast surface flow and terrain effects on flow.

e. Rotation angle variations

Correlations and slopes were calculated for nine dif-
ferent rotation angles. In the north central region (Re-
gion 3) where the highest correlations and slopes were
found in general, the correlation coefficient maximized
at a rotation angle of 35°-40° (Fig. 9). To eliminate
the effect of weak flow on this statistic, only those cases
were used in which observed winds were at least 10
knots (5.14 m s™!) in magnitude. In the southwestern
United States where terrain variations are much greater
and a larger frictional component might be expected,
the largest correlations were found at about 60° (figure
not shown), using the same criteria. Pettersen (1969,
p. 158) stated that rotation angles of 20°-25° with
wind speeds of 60%-70% of geostrophic values may be
expected over smooth grassland at anemometer level,
and that angles of 45° with speeds 40% of geostrophic
may be found over rough terrain. The statistics of this
study give higher rotation angles and lower windspeed
ratios than those suggested by Pettersen. Subsurface
baroclinity effects from using sea level geostrophic
winds instead of surface geostrophic winds in this study
may account for some of this difference over Region
1 (southwest ) but much less over Region 3 (north cen-
tral) where the elevation is relatively low.
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FIG. 8. Same as Fig. 5, but for directionally dependent elevation
standard deviation from five-minute terrain data. a) east—west relative
to grid, b) north-south relative to grid.

The drop-off of correlation on either side of the
maximum was also lower than expected. Even at ro-
tation angles of 100°, the correlations were about half
that found at the maximum. This lack of drop-off is
probably due, in part, to the large scatter in the data.
It is a reflection of the fact that no single rotation angle
is appropriate for all stations over an entire season.
Schaefer and Doswell (1980) have analyzed the vari-
ation of rotation angle over a region at a single synoptic
time in order to produce an antitriptic wind analysis.
In this study, the correlation coefficients obtained for
a single station (Kansas City, Missouri—MKC) are
slightly higher than those for the entire population for
the north central region (Fig. 9). The rotation angle
with largest correlation cofficient for MKC was 45°
(calculations done at 5° increments for this station),
a larger angle than expected for a relatively flat region.
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[ Dependence on wind speed

Correlation coefficients and slopes of regression were
recalculated using only data pairs for observed winds
> 5.14 m s~! (10 knots). The correlation coefficients
were about 0.1-0.2 higher for stronger winds than for
the entire population and were as high as 0.9 for Region
3 (north central United States) at 0000 UTC. The
slopes were also significantly higher, up to 0.5. These
increases were consistent with the hypothesis that the
correlation is dependent on the Froude number. In
weaker wind situations, local circulations become more
dominant, and the observed wind is much less depen-
dent on the larger-scale pressure gradient. This is dem-
onstrated in Fig. 10, comparing scatter diagrams for
the observed/geostrophic wind pairs as weaker winds
are excluded. Below 5.14 m s~! (10 knots) in this region
(southwestern United States), the geostrophic winds
are not often useful predictors of the observed wind
when the rotation angle is fixed (in this case, at 45°)
over all stations and times. Both the correlation coef-
ficient (0.44-0.60) and slope (0.21-0.60) increase as
winds less than 7.7 m s ™! (15 knots) are excluded from
the sample.

When only observed winds greater than 5.14 m s~
(10 knots) were used (no figure shown), the MAPS
SLP reduction again showed superiority to other re-
ductions in Region 1 (southwestern United States),

1

1.0

Correlation coefficient

Region 3 — North Central

02 Spring 1988 0000 UTC
]V| >10 knots
o | | I 1 |
-30 0 30 60 90 120

Rotation angle (deg)

F1G. 9. Rotation angle dependence for correlation of MAPS SLP
geostrophic wind versus observed wind for observed winds > 5.14
m s~' (10 knots) in Region 3-—north central United States. Solid
line is for # component and dashed line is for v component. A second
dashed line for the v component at Kansas City, MO (MKC) only
is also shown.
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but there was no significant difference in other regions,
the same as the result from using the entire population.
g. Comparisons with the Sangster geostrophic wind

A comparison was made between geostrophic winds
derived from station pressure reductions and those
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from the technique described by Sangster (1960, 1987)
over a 31-day period in August-September 1989. The
terrain used was the minimum topography field (Miller
and Benjamin 1988) with a 2-pass smoother/de-
smoother (Shuman 1970). As suggested by Davies-
Jones (1988), the solution for the Sangster potential
field was determined with boundary values set equal
to zero.

A comparison between the MAPS SLP and Sangster
geostrophic winds (Table 2) shows that their perfor-
mances are very close in Regions 2, 3, and 5. The
Sangster method is slightly better in Region 1 and
MAPS SLP is slightly better in Region 4. Both methods
show substantial improvements over the standard SLP
reduction in the western United States especially in
Region 1, but there is little difference elsewhere. The
ALT reduction gives the least correspondence between
geostrophic wind estimates and observed winds in all
five regions for this particular time period. The optimal

" angle of rotation (giving highest correlation coefhicient)

for both Sangster and MAPS SLP geostrophic winds
was about 45° for all five geographical regions in this
comparison.

5. Case study comparison between conventional SLP
and MAPS SLP

A case study for 1 September 1989 is presented as
an example of a situation over the western United
States where MAPS SLP provided a more coherent
picture of the synoptic pattern than the standard SLP
analysis. The differences between reductions in this case
are typical and not exceptional compared with those
on other days, in our judgment. All analyses shown for
this case are produced by an 80-km version of the anal-
ysis package described in Miller and Benjamin (1988);
the Sangster geostrophic winds were calculated on an
111-km grid. The regional fields shown are extracted
from analyses originally calculated over the entire con-
terminous United States and adjacent areas.

In this case, a cold front was moving southward
across the plains from southern Minnesota to eastern
Colorado. The surface potential temperature analysis

TABLE 2. Maximum correlation coefficients over rotation angle at
0000 UTC for period 7 August-6 September 1989. Values are for
mean of ¥ and v components, and bold type indicates maximum
correlation for the region.

Region Sangster MAPS SLP Std SLP ALT
1 0.48 0.43 0.34 0.12
2 047 047 0.45 0.35
3 0.74 0.74 0.71 0.67
4 0.68 0.72 0.71 0.67
S 0.58 0.60 0.61 043
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at 0200 UTC (Fig. 11a) over the region shows the po-
tentially coolest air to the north of this front and the
potentially warmest air over the higher terrain areas of
Colorado, Arizona, and New Mexico. The main frontal
zone appears split west of Wyoming; one gradient zone
extends west through northern Utah and the other ex-
tends northwest toward Montana and Alberta.

The MAPS SLP, standard SLP, and altimeter setting
analyses for this time are shown in Figs. 11b-d, and
may be compared with the surface wind analysis and
Sangster geostrophic winds in Figs. 11e—f. The main
difference between the MAPS SLP (Fig. 11b) and
standard SLP (Fig. 11c) analyses is in the alternating
high and low pressure centers over western Colorado,
Utah, Arizona and New Mexico. The MAPS SLP
analysis shows a pressure gradient supporting the ob-
served westerly flow over New Mexico unlike the stan-
dard SLP or altimeter analyses. The MAPS SLP anal-
ysis also shows a flatter gradient to the west where the
other analyses showed much stronger alternating high/
low center. The flatter gradient in the MAPS reduction
is a result of using the 700 hPa temperature to lessen
anomalies caused by the surface temperature. The
Sangster geostrophic winds (Fig. 11f) are also well be-
haved in this area (i.e., light), but show regions of
strong northerly geostrophic winds in southeastern
Colorado and Nevada that do not appear to be con-
sistent with observed winds.

Comparisons of reductions may also be made for
neighboring stations. For instance, Colorado Springs
(C) and Pueblo (P) in Colorado differ by 0.8 hPa in
the MAPS SLP, 2.1 hPa in the standard SLP, and 4.1
hPa in altimeter setting. Similarly, Prescott (P) and
Flagstaff (F) in Arizona differ by 0.4 hPa in MAPS
SLP, 2.4 hPa in standard SLP, and 4.8 hPa in altimeter
setting. Smaller differences between reduced pressure
at neighboring stations are desirable. These compari-
sons show that the smoothing of the analysis masks
some of the inaccuracies in the standard SLP and al-
timeter reductions.

Overall, results for the case study are consistent with
the statistical results in that the altimeter setting should
not be used over mountainous terrain (See Fujita 1989,
for more examples of this) and in that the MAPS SLP
reduction improves over the standard SLP reduction
because it does not use the observed surface temper-
ature.

6. Discussion and conclusions

A basic goal in sea level pressure reduction is to use
a surface temperature which is representative of the
free atmosphere and minimizes the introduction of fic-
titious baroclinity beneath the surface. A reduction
based on the 700 hPa temperature (MAPS SLP) is
presented to attempt to improve upon the standard
SLP reduction over higher terrain regions. The MAPS
SLP reduction uses the 700 hPa temperature with a
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standard lapse rate to define a “‘new” surface temper-
ature at a station. The observed station pressure, de-
rived from the altimeter setting, can than be reduced
to sea level using the “new” surface temperature and
a standard lapse rate. The estimate of representative
surface temperature is the main difference between the
MAPS SLP, standard SLP and altimeter reductions.

Since the frue horizontal pressure gradient at the
surface cannot be ascertained (Doswell 1988), a 21-
month collection of observations over the contiguous
United States has been used to assess the accuracy of
different reductions by correlating their geostrophic
winds with observed winds. Despite the considerable
ageostrophic influences on surface winds, especially
from terrain-related effects, surface wind observations
are related strongly enough to the sea level pressure
gradient that they can be used to provide independent
verification. The results presented here show statisti-
cally how that relationship between observed surface
winds and geostrophic wind estimates is dependent on
the local stability, wind speed, and terrain variations;
all of which are factors in the Froude number. These
findings are consistent with theoretical studies (e.g.,
Pierrehumbert 1986) showing that blocking effects
from terrain are dependent on the Froude number. If
local terrain effects are strong, the statistical effect over
a large number of such cases is that the correlation
between observed wind and geostrophic wind becomes
very small for all reductions and no particular reduction
is shown to be advantageous. This result implies that
the local Froude number could be used in a multivar-
iate (wind /mass) objective analysis to estimate the de-
gree of geostrophic coupling which should be assigned
to low-level wind or pressure observations.

According to statistical comparisons with observed
winds and subjective case studies (one of which is
shown here), the MAPS SLP reduction is an improve-
ment over the standard SLP reduction in the western
United States. Over flatter, low elevation regions of the
United States, differences in statistical performance for
the various reductions are relatively small. Analyses
using the altimeter setting reduction were generally the
least accurate, especially in higher elevation regions.
(Of course, the station pressure, uniquely defined by
the altimeter setting and station elevation, is necessary
to perform other reductions.) A statistical comparison
for a 1-month data set using the Sangster geostrophic
wind shows that the Sangster method and MAPS SLP
perform similarly.

The Sangster method does not reduce surface pressue
to sea level pressure at individual stations. Nevertheless,
it is influenced by surface temperature, as pointed out
by Sangster (1987) and Doswell (1988). Because of
this influence, the Sangster method can produce large
changes in surface geostrophic wind over sloping terrain
without a change in actual surface pressure (Doswell
1988). The MAPS SLP reduction is immune to such
a problem if the 700 hPa temperature remains un-
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changed. Also, the use of a station reduction allows
the use of any desired analysis scheme as opposed to
the Laplace equation solution required for the Sangster
method.

On the other hand, some error can be produced in
the MAPS SLP reduction from the 700 hPa tempera-
ture gradient. For instance, a nonzero sea level pressure
gradient will be produced between two stations with
equal elevation and equal surface pressure but with
different 700 hPa temperatures. Also, 700 hPa tem-
peratures are not actually free of diurnal influence over
high terrain regions such as the western United States.
If temperatures on terrain-following coordinates were
available at, for instance, 200 hPa above the surface,
using these temperatures might be preferable to using
the 700 hPa temperature as done in the MAPS SLP
reduction.

The Froude number effect on correlations between
observed winds and geostrohic wind estimates was ev-
ident in statistical breakdowns by season (higher cor-
relations in cooler seasons), time of day (higher at 0000
UTC than at 1200 UTC over the United States), region
(higher in flatter areas of the United States), and wind
speed (higher correlations with higher wind speeds).
Maximum correlations occurred with relatively large
rotational angles to account for friction: near 45° in
flat areas and close to 60° in more mountainous regions
{where subsurface baroclinity has a larger effect on sea
level geostrophic winds).

MAPS surface analyses have been available on the
PROFS workstation at the Denver National Weather
Service Forecast Office since late 1986 and have been
used with increasing frequency as forecasters have be-
come familiar with them (Heideman et al. 1989). The
MAPS SLP analysis has been the most commonly used
among the surface analyses (standard SLP and Sangster
surface geostrophic wind analyses are both also avail-
able), and forecasters at Denver have found that the
MAPS SLP reduction provides a more representative
field of surface pressure gradient than the standard SLP
reduction (L. Dunn, personal communication).

Overall, the evidence presented here shows that, de-
spite its imperfections, the MAPS SLP reduction im-
proves over other station reduction methods in high
terrain regions, apparently, because of the use of the
700 hPa temperature to estimate a more representative
“surface” temperature.
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